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SUMMARY STATEMENT 1 

 2 

PKA subunits are differentially expressed under heat-shock conditions. The mRNA of the TPK1 3 

subunit is upregulated upon heat-shock at 37℃ and thermotolerance, the half-life increases upon 4 

heat-stress and also this transcript condensates in cytoplasmic foci upon thermal stress and 5 

thermotolerance. The resistance to cycloheximide treatment of TPK1 mRNA foci together with 6 

the analysis by polysome profiling suggest that TPK1 mRNA is impaired for entry into translation 7 

upon thermal stress. An increase in Tpk1 protein and PKA activity was detected after the heat 8 

stress treatments.  9 

Cell Wall Integrity pathway, through Wsc3 sensor, is involved in TPK1 expression. Heat-stress 10 

regulates TPK1 expression through this pathway from an intermediate step of the cascade and 11 

independently of the upstream elements of the CWI pathway activation. These results demonstrate 12 

a new crosstalk between the two signalling pathways.  13 

The increment in Tpk1-dependent PKA activity during cell adaptation to heat stress might 14 

contribute to the overall cellular fitness when more favorable environmental conditions are 15 

restored. 16 

The results indicate the existence of a mechanism that exclusively regulates TPK1 subunit 17 

expression and therefore contributing to the specificity of cAMP-PKA.  18 

 19 

 20 

 21 

 22 
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ABSTRACT 32 

 33 

In Saccharomyces cerevisiae, cAMP regulates a number of different cellular processes, such as 34 

cell growth, metabolism, stress resistance and gene transcription. The intracellular target for this 35 

second messenger in yeast cells is the cAMP-dependent protein kinase (PKA). The way in which 36 

a broad specificity protein kinase mediates one right physiological response after cAMP increase 37 

indicates that specificity is highly regulated in the cAMP / PKA system. Here we address the 38 

mechanism through which cAMP-PKA signalling mediates its response to heat shock 39 

thermotolerance in Saccharomyces cerevisiae. Yeast PKA is a tetrameric holoenzyme composed 40 

of a regulatory (Bcy1) subunit dimer and two catalytic subunits (Tpk1, Tpk2 and Tpk3). PKA 41 

subunits are differentially expressed under certain stress conditions.  In the present study we show 42 

that, although the mRNA levels of TPK1 are upregulated upon heat shock at 37℃, no change is 43 

detected in Tpk1 protein levels. The half-life of TPK1 mRNA increases and this mRNA 44 

condensates in cytoplasmic foci upon thermal stress. The resistance of TPK1 mRNA foci to 45 

cycloheximide-induced disassembly, together with the polysome profiling analysis suggest that 46 

TPK1 mRNA is impaired for entry into translation. TPK1 mRNA foci and TPK1 expression were 47 

also evaluated during thermotolerance. The crosstalk of cAMP-PKA pathway and cell wall 48 

integrity (CWI) signalling was also studied. Wsc3 sensor and other components of the CWI 49 

pathway are necessary for the upregulation of TPK1 mRNA upon heat shock conditions. The 50 

assembly in cytoplasmic foci upon thermal stress shows to be dependent of Wsc3. Finally, 51 

evidence of an increase in the abundance of Tpk1 in the PKA holoenzyme in response to heat 52 

shock is presented, suggesting that a recurrent stress enhanced the fitness for the coming favorable 53 

conditions The results indicate the existence of a mechanism that exclusively regulates Tpk1 54 

subunit expression and therefore contributing to the specificity of cAMP-PKA. 55 

 56 

 57 

 58 
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INTRODUCTION 61 

 62 

The yeast Saccharomyces cerevisiae has developed sensing systems and complex signalling 63 

networks to efficiently respond to sudden and frequent variations in temperature, osmolarity, 64 

environmental acidity, presence of toxins and long periods of nutritional starvation (Hohmann and 65 

Mager, 2003). These adaptive circuits control the expression of numerous genes that are involved 66 

in cell division, metabolic pathways, stress resistance and cell differentiation (Berry and Gasch, 67 

2008; De Virgilio and Loewith, 2006; Zaman et al., 2008).  68 

The inhibition of protein translation plays a key role in the stress adaptation process, saving energy 69 

in this consuming biosynthetic pathway. At the same time, the upregulation of the translational 70 

initiation of specific mRNAs leads to the induction of certain proteins, allowing adaptation 71 

(Crawford and Pavitt, 2019; Simpson and Ashe, 2012). 72 

The cAMP-PKA signalling pathway is involved in the precise coordination of cellular responses 73 

to various stimuli (Conrad et al., 2014; Thevelein et al., 2008).  How signalling specificity is 74 

attained when different stimuli trigger the endogenous production of the same second messenger, 75 

cAMP, is not entirely understood. S. cerevisiae PKA is composed of two regulatory subunits 76 

encoded by a single gene BCY1, and two catalytic subunits encoded by the TPK1, TPK2 and TPK3 77 

genes. Considering the pleiotropic role of PKA in unicellular organisms, and the great diversity of 78 

substrates at different subcellular sites, regulatory mechanisms must exist to ensure the 79 

phosphorylation of specific substrates under certain stimulus. The different catalytic subunits 80 

(Tpks) seem to be functionally redundant for cell viability although several specific functions for 81 

each isoform have been described (Palomino et al., 2006; Pan and Heitman, 2002; Robertson and 82 

Fink, 1998; Robertson et al., 2000). As was previously shown, cAMP-PKA signal transduction 83 

specificity is not only accomplished by the recognition of substrate consensus sequences for each 84 

catalytic PKA subunit (Galello et al., 2010; Mok et al., 2010). The specificity of the response is 85 

achieved by several levels of control which act coordinately. One of these control levels is the 86 

restriction of the localization of each catalytic subunit to subcellular compartments defined by the 87 

interaction of the regulatory subunit with anchoring proteins. In mammals, A-Kinase Anchoring 88 

Proteins (AKAPs) have been described as spatiotemporal modulators of cAMP-dependent protein 89 

kinase activity (Calejo and Taskén, 2015; Dema et al., 2015; Pidoux and Taskén, 2010; Skroblin 90 

et al., 2010).  However, in S. cerevisiae, the existence of AKAPs has been demonstrated. The 91 
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localisation of Bcy1 is dynamic and responsive to environmental and nutritional conditions 92 

(Griffioen et al., 2000; Tudisca et al., 2010). Several N-terminal Bcy1 dependent interacting 93 

proteins have been described in S. cerevisiae. However, the structural determinants necessary for 94 

interaction are different from those of mammalian AKAPs (Galello et al., 2014). In mammals there 95 

are also evidence that indicates the targeting of the catalytic subunits to several proteins in the 96 

cytosol and the nucleus (Søberg and Skålhegg, 2018).The differential localization of each Tpk 97 

isoform in yeast was demonstrated in fermentative, respiratory, and stationary phases of growth, 98 

as well as under several stress conditions (Portela and Rossi, 2020). It has been shown that Tpk2 99 

and Tpk3 isoforms are differently associated with processing bodies (P-bodies) and stress granules 100 

(SGs) during stationary phase, glucose starvation, heat stress and hyper osmotic stress (Tudisca et 101 

al., 2010).   102 

The regulation of the expression of each PKA subunit is another important aspect regarding signal 103 

transduction specificity in which we have also been working on. Some antecedents, in mammals, 104 

indicate that cAMP modulates the expression of PKA subunits (Houge et al., 1990; Hougel, 1992; 105 

Knutsen et al., 1991; Taskén et al., 1991).  In yeast, our antecedents indicate that all PKA subunits 106 

share an autoregulatory and inhibitory mechanism mediated by PKA activity (Pautasso and Rossi, 107 

2014). However, each PKA subunit also presents a distinctive transcription during the growth 108 

phase, the growth in non-fermentable or fermentable conditions and upon heat shock or saline 109 

stress (Galello et al., 2017; Pautasso and Rossi, 2014). TPK1 is the only PKA subunit that is 110 

transcriptionally upregulated during heat shock and saline stress (Pautasso and Rossi, 2014). 111 

Moreover, TPK1 promoter, but not TPK2 and TPK3, presents positioned nucleosomes that are 112 

evicted upon heat stress (Reca et al., 2020). We have previously described a complex network of 113 

specific expression regulators for each PKA subunit with a high-throughput screening (Pautasso 114 

et al., 2016). These results expand our understanding of the importance of transcriptional 115 

regulation of PKA subunits in controlling the specificity of cAMP-PKA signalling. Nevertheless, 116 

the increase in TPK1 transcription during stress appears paradoxical considering that higher PKA 117 

activity in yeast cells leads to lower stress resistance (Thevelein et al., 2000). This would suggest 118 

the existence of an intriguing mechanism that regulates the expression of PKA subunits. 119 

Several mechanisms can allow organisms to be ready for recurring stressors. One of them is the 120 

anticipatory response or cellular memory, through which a current environment acts as a signal or 121 

input, resulting in adaptation to future challenges (Jiang et al., 2020).  122 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted October 7, 2021. ; https://doi.org/10.1101/2021.10.07.463258doi: bioRxiv preprint 

https://www.wordreference.com/es/translation.asp?tranword=intriguing
https://doi.org/10.1101/2021.10.07.463258
http://creativecommons.org/licenses/by-nc-nd/4.0/


6 
 

Different environmental stresses may trigger some overlapping cellular responses involving HOG 123 

(High Osmolarity Glycerol), CWI (Cell Wall Integrity), HSR (Heat Shock Response) or ESR 124 

(Environmental Stress Response) pathways (Engelberg et al., 2014; Morano et al., 2012; Santiago 125 

et al., 2020). Exposure to high temperatures leads to the activation of the CWI, the ESR and the 126 

HSR pathways. HSR can be considered a subset of the ESR and is governed by the action of 127 

primarily two transcription factors, Hsf1 and Msn2/4. TPK1 shows to be dependent on Msn2/4 but 128 

not on Hsf1 upon heat-shock (Pautasso and Rossi, 2014). Thermal stress not only affects internal 129 

cellular processes but also impacts the cell surface. It has been shown that CWI, a complex 130 

signalling pathway, links transmembrane proteins with a kinase cascade that ends in the activation 131 

of effector transcription factors. The CWI pathway is activated in response to perturbations in the 132 

cell ultrastructure, including compounds that interfere with cell wall synthesis and changes in pH 133 

and temperature (Engelberg et al., 2014). Several CWI sensors have been described, namely 134 

Wsc1–3, Mid2 and Mtl1 (Kock et al., 2015; Rodicio and Heinisch, 2010). These sensors recruit 135 

Rom1/ Rom2 (guanine nucleotide exchange factors) which activates the small G-protein Rho1. 136 

The Rho1-GTP then stimulates the downstream effector Pkc1, which regulates the MAPK cascade 137 

(Bck1 and Mkk1/2). Finally, the kinases Mkk1/2 activate the MAPK Slt2 (or Mpk1). Slt2 controls 138 

two transcription factors, Rlm1 and Swi4/6, which trigger the transcription of genes involved in 139 

cell wall biogenesis (Levin, 2011; Verghese et al., 2012). Temperature increases activates the Slt2 140 

kinase to restore cell membrane fluidity. In the absence of the sensors Mid2 or Wsc1-4, the HSR 141 

is activated, but cells are heat shock sensitive, autolytic and the CWI transcription factor Rlm1 is 142 

not activated. 143 

During stress, reprogramming of gene expression occurs, which involves the global inhibition of 144 

translational initiation and the large-scale induction of stress‐responsive mRNAs (Causton et al., 145 

2001; Crawford and Pavitt, 2019; Gasch et al., 2000). In addition, coordinated regulation of mRNA 146 

abundance, translation, localization and turnover rates of individual mRNAs have been described 147 

during several stresses such as heat shock (Crawford and Pavitt, 2019; Halbeisen and Gerber, 148 

2009; Preiss et al., 2003). Therefore, both transcriptional and translational regulations contribute 149 

to stress‐induced changes in gene expression, albeit the exact effect of each process and the 150 

equilibrium between them depend on the type of stress.  151 

In this post-transcriptional control, the specific localization and compartmentalization of mRNAs 152 

within the cytoplasm plays an important role (Gehring et al., 2017; Pizzinga and Ashe, 2014). 153 
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Particular sets of proteins and translationally repressed mRNAs colocalize in cytoplasmic discrete 154 

ribonucleoprotein (RNP) foci that differ in composition according to various external and internal 155 

signals. P-bodies and SGs contain mRNAs and specific but overlapping proteins as constituents 156 

(Corbet and Parker, 2020). P-bodies are defined as sites of mRNA storage and/or decay. SGs 157 

represent a reservoir of translational inactive mRNAs, translation factors and associated proteins 158 

(Mittag and Parker, 2018). Other granules have been described in yeast associated with different 159 

biological activities, like the foci of several proteins involved in intermediary metabolism and 160 

stress response and actin bodies in quiescent cells (Narayanaswamy et al., 2009; Sagot et al., 2006).  161 

In this study, we analyse the regulation of TPK1 expression during thermal stress adaptation. When 162 

cells grown at 25ºC are subjected to heat shock treatment at 37℃ for 60 minutes, the TPK1 mRNA 163 

is upregulated while the protein levels show no change. However, when yeast cells are subjected 164 

to a scheme of temperature shifts (heat shock at 37℃ (1) - recovery period at 25℃ (1) - heat shock 165 

37℃ (2) - recovery period at 25℃ (2)) to induce heat shock memory, an upregulation of Tpk1 166 

protein expression can be detected in both recovery phases at 25℃. Upon incubation at 37℃, the 167 

half-life of TPK1 mRNA increases and this mRNA is detected in cytoplasmic foci. These foci are 168 

disassembled when stress is removed but not after cycloheximide treatment. This suggests that 169 

these mRNAs are impaired for entry into translation. It was also demonstrated a crosstalk between 170 

cAMP-PKA pathway and CWI signalling in the regulation of TPK1 expression. The upregulation 171 

of the TPK1 during heat shock is dependent on the CWI pathway and the sensor Wsc3. Wsc3 is 172 

also necessary for the induction of TPK1 mRNA cytoplasmic foci during heat shock. Finally, the 173 

proportion of the Tpk1 isoform in the holoenzyme is significantly higher during the second 25°C 174 

recovery period than at any of the other conditions tested.  These results indicate a particular 175 

mechanism of Tpk1 subunit expression during thermal stress memory that contributes to 176 

holoenzyme conformation and thus to cAMP-PKA specificity. 177 

 178 

 179 

 180 

 181 

 182 

 183 

 184 
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RESULTS 185 

 186 

TPK1 mRNA decay kinetics during heat shock 187 

 188 

We have previously demonstrated that the TPK1 promoter, but not the other PKA subunit 189 

promoters, is activated upon heat shock and osmostress (Pautasso and Rossi, 2014; Reca et al., 190 

2020). We also demonstrate that, during exponential growth, the BCY1 promoter has the lowest 191 

activity of the four PKA subunit promoters and does not respond to thermal stress (Pautasso and 192 

Rossi, 2014). This discrepancy between the promoter activity and the transcript abundance could 193 

be the consequence of differences in mRNA stability. With this background in mind, we evaluated 194 

the mRNA stability and the protein levels of TPK1 and BCY1. As none of the TPK2, TPK3 or 195 

BCY1 promoter activities or their mRNA levels significantly change after heat shock, we decided 196 

to assess only BCY1 mRNA half-life and Bcy1 protein levels to compare with TPK1 mRNA and 197 

protein levels (Pautasso and Rossi, 2014). Figure 1 shows the protein and mRNA levels of TPK1 198 

and BCY1 upon heat shock stress. A three-fold increase in TPK1 mRNA levels was determined 199 

upon stress while no change in Tpk1 protein levels was detected (Fig. 1A). On the other hand, 200 

neither Bcy1 protein nor BCY1 mRNA levels showed any difference in response to thermal stress 201 

(Fig. 1C). TPK1 and BCY1 mRNAs decay rates were assessed in unstressed exponentially growing 202 

cells using the transcriptional inhibitor 1,10-phenanthroline. At 25℃, BCY1 mRNA decayed with 203 

a t1/2 = 19.5 min, whereas TPK1 mRNA decayed with a t1/2 = 4.6 min (Fig. 1B, D and E). This 204 

result indicated that BCY1 mRNA is more stable than TPK1 mRNA. To test whether the decay of 205 

these mRNAs is modified by heat stress, exponentially growing cells were incubated with the 206 

transcriptional inhibitor after the thermal treatment. Both TPK1 and BCY1 mRNAs were more 207 

stable upon stress than at 25℃, being both t1/2 values > 60 min (Fig. 1B, D and E).  208 

As already mentioned in the introduction, organisms are continually challenged by changing 209 

environments and develop physiological adaptations to deal with such changes. Several 210 

mechanisms as cellular memory allow organisms to be ready for recurrent stressors (Jiang et al., 211 

2020). To further understand the molecular process that mediates the regulation of TPK1 212 

expression, gene expression during thermotolerance was evaluated. To this aim we exposed the 213 

cells to a scheme of two consecutive heat shocks (60 min the first one and 30 min the second) each 214 

one followed by a period of recovery at 25°C (Fig. 2A). Then, protein and mRNA levels of TPK1 215 
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and BCY1 were assessed. As shown in Figure 2B, the Tpk1 protein level detected after each heat 216 

shock significantly increased during both recovery periods. It was also observed that during the 217 

first 25℃ period, the level of Tpk1 protein was substantially lower than the level detected during 218 

the second one.  In contrast, the levels of TPK1 mRNA presented an inverted pattern, with a 219 

significant increase at 37℃ (Fig. 2C, left panel). Bcy1 protein and BCY1 mRNA levels remained 220 

unchanged throughout the entire experiment (Fig. 2B and C, right panels). 221 

 222 

TPK1 mRNA associates with granules upon heat stress 223 

 224 

It is known that higher PKA activity leads to lower stress resistance. However, our antecedents 225 

and the above results indicate that TPK1 mRNA is upregulated and stabilized upon stress. Thus, 226 

we considered that TPK1 mRNA could accumulate in cytoplasmic foci for storage in response to 227 

heat stress. To assess this possibility, we analysed its localisation within the cell. The method 228 

chosen utilizes RNA loops (MS2SL) co-expressed with a coat protein (MCP), both derived from 229 

the bacteriophage MS2. Several MS2SL were inserted in the 3′ UTR of the endogenous TPK1 230 

mRNA by a gene-tagging procedure called m-TAG and MCP was expressed as a fusion protein 231 

with GFP (MS2-GFP). This system allows endogenous mRNAs in living yeast to be visualized 232 

(Haim-Vilmovsky and Gerst, 2009). The constructions were performed in a wild-type yeast strain 233 

(W3031A DCP2-CFP eIF4E-RFP). The heat-shock treatment was performed on exponential 234 

growing cells for 60 min at 37℃. Images obtained through confocal microscopy, showed that 235 

TPK1 mRNA was distributed in discrete granules in the cells upon heat stress but not in non-236 

treated cells (25℃) (Fig. 3A). Importantly, control cells containing the pMS2-CP-GFPx3 plasmid 237 

but lacking MS2SL on TPK1, exhibited diffuse GFP signal throughout their cytoplasm, showing 238 

that the MS2-GFP fusion per se does not produce any aggregation in the cells (Supplementary 239 

Figure 1). Some publications argue against the use of the MS2-GFP tool. Firstly, it has been 240 

reported that the introduction of MS2SL can affect mRNA processing, as their presence inhibits 241 

5′ to 3′ degradation resulting in the accumulation of 3′ mRNA fragments containing MS2 binding 242 

sites (Garcia and Parker, 2015). Secondly, the transcripts containing MS2SL binding sites showed 243 

unusual localisation in glucose starvation conditions, with altered nuclear mRNA processing and 244 

stem–loop fragments enrichment in P-bodies (Heinrich et al., 2017). Accordingly, we performed 245 

Northern blot experiments to detect TPK1 transcripts that contain MS2SL arrays using a specific 246 
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probe directed to MS2SL sites. As 3′-end mRNA fragments, originated from mRNA degradation, 247 

were not detected in neither control nor heat shock treated cells and the mRNA detection was the 248 

same in both conditions (Supplementary Fig. 2), we can rule out that significant TPK1 mRNA 249 

fragmentation occurs under our experimental conditions.  250 

To shed more light on the characteristics of the TPK1 mRNAs granules, cycloheximide was used 251 

to block translational elongation. Cycloheximide cause polyribosome stalling and prevents the 252 

formation of cytoplasmic granules avoiding the movement of mRNA across the granules and 253 

leading to their disassembly (Anderson and Kedersha, 2009; Buchan et al., 2008; Grousl et al., 254 

2009; Grousl et al., 2013; Kato et al., 2011; Teixeira et al., 2005). Cells were treated or not with 255 

cycloheximide before the heat shock and the presence of the TPK1 mRNA granules was analysed 256 

(Fig. 3A). No changes in the number of granules per cell were observed after cycloheximide 257 

treatment suggesting that TPK1 mRNA in the granules is prevented from entry to translation. 258 

Further characterization of the TPK1 mRNA granules was assessed by analysing their 259 

colocalization with marker proteins of P-bodies or SG. Thus, the colocalization of heat shock 260 

responsive TPK1 mRNA granules with CFP-Dcp2p (P-body component) or mCherry-Pub1p (SG 261 

marker) was assessed. In our experimental conditions, after 60 min at 37℃ neither Dcp2 nor Pub1 262 

foci were assembled, and this result suggests that the TPK1 mRNA containing granules does not 263 

include these P-bodies or GS markers (Fig. 3A). As Dcp2p or Pub1p containing granules were not 264 

observed at 37℃ 60 min, experiments to confirm the correct expression of these proteins were 265 

performed. Cells were subjected to known P-bodies and SG inducing conditions as glucose 266 

deprivation and severe heat shock at 46℃. Interestingly, even though the glucose deprived cells 267 

were efficient in P-body formation (Dcp2-GFP granules) and cells subjected to severe heat stress 268 

(46℃ 10 min) formed SGs (Pub1-mCherry granules), TPK1 mRNA granules were not detected 269 

under these conditions, and thus, colocalization with those markers could not be observed (Fig. 270 

3B). As a control, the localization of another MS2-tagged mRNA was also assessed. It was 271 

previously described that VNX1 mRNA localises into P-bodies at a late phase during glucose 272 

starvation (Simpson et al., 2014a). Thus, the localization of the VNX1 was assessed in 273 

exponentially growing yeast subjected to 37℃ or to 37℃ plus cycloheximide. VNX1 mRNAs were 274 

not detected in granules after these heat stress conditions but were distributed throughout the 275 

cytoplasm (Fig. 3B). This result indicates that the presence of the MS2-tag was not sufficient to 276 
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drive mRNA granule assembly after the heat shock. Altogether, these results indicate that, upon 277 

mild heat stress, TPK1 mRNAs associate to granules that do not contain Pub1p nor Dcp2p. 278 

Next, the dynamics of TPK1 mRNA granules during thermal adaptation were evaluated. The 279 

number of granules evoked during the first heat shock (58% of the cells contained granules), 280 

decreased after 40 min at 25℃ (18% of the cells contained granules). After the second heat shock, 281 

the number of cells with TPK1 mRNA granules increased (70% of the cells contained granules) 282 

and this number was again reduced after the second recovery period at 25°C (20% of the cells 283 

contained granules) (Fig. 3C, left bar charter). This TPK1 mRNA localization pattern correlates 284 

with the variations in protein production and mRNA abundance detected upon heat shocks and 285 

recoveries (Fig. 2A). Western blot analysis in both BY4741 and TPK1-MS2SL strains showed 286 

similar Tpk1 expression patterns (data not shown).  287 

The number of granules formed per cell varied between the first and the second heat shock. The 288 

second 37°C incubation evoked more TPK1 mRNA foci per cell than the first one (Fig. 3C, right 289 

bar charter).  290 

All these results suggest that the TPK1 mRNAs upregulated upon thermal stress could be 291 

translationally silenced and stored in mRNP granules. Furthermore, the fact that Tpk1 levels during 292 

the second incubation at 25℃ are higher than those during the first one, possibly represents a stress 293 

adaptation mechanism.  294 

 295 

TPK1 mRNA granules in heat-stressed cells can be associated with repressed translation 296 

 297 

There are a few examples of cycloheximide resistant foci that contain mRNA. In response to α-298 

pheromone, MFA2 mRNA is assembled in two types of mRNA granules. The smaller ones contain 299 

untranslatable MFA2 mRNA and are involved in mRNA transport to the tip of the shmoo 300 

contributing to the localised translation of MFA2 (Aronov et al., 2015). TT foci, present in the 301 

cytosol of THO/TREX-2 yeast mutant cells, are also cycloheximide resistant and contain aberrant 302 

exported mRNPs (Eshleman et al., 2016). For both examples, the authors concluded that the 303 

mRNAs in these foci are translationally incompetent. Taking into account these antecedents and 304 

the discrepancy between the levels of both steady state TPK1 mRNA and Tpk1 protein during heat 305 

stress, we understand that the unsensitivity of TPK1 mRNA foci to cycloheximide treatment could 306 

be a consequence of TPK1 mRNA being incompetent for translation. 307 
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Thus, we performed polysome profiling followed by RT-qPCR to determine the levels of the TPK1 308 

mRNA associated with polysome (P) and sub-polysome fractions (M and F). Figure 4A shows the 309 

polysome analysis performed in exponentially grown wild type cells without MS2-tagging (WT-310 

A) incubated at 25°C and 37°C. Around 40% of the TPK1 mRNA in untreated cells was present 311 

in the polysome fraction. After heat stress, this proportion declined up to 20% with a concomitant 312 

increase of TPK1 mRNA in sub-polysome fractions (Fig. 4A). The quality of the approach was 313 

controlled by analysing the presence of specific major and minor ribosomal subunit proteins by 314 

western blot (Fig. 4B). The correct distribution of these proteins in the fractions confirms that the 315 

polysome profile is suitable. The distribution of HSP30 and ENO2 mRNAs, whose translation is 316 

upregulated upon heat shock, in polysome or sub-polysome fractions was also evaluated. Hsp30 317 

is a negative regulator of the H (+)-ATPase Pma1p and a stress-responsive protein induced by heat 318 

shock  (Barraza et al., 2017). The HSP30 mRNA amount in the polysome fraction increased upon 319 

heat stress (Fig. 4C, right panel). ENO2 encodes the enolase II protein and its translational activity 320 

decreased upon heat stress (Barraza et al., 2017)(Fig. 4C, bottom panel). The distribution of these 321 

mRNAs in P and SP fractions agrees with their increase or decrease protein levels upon heat shock. 322 

Finally, the distribution of BCY1 mRNA to each polysome fraction was also analysed and it did 323 

not change with stress (Fig. 4C, left panel). This distribution agrees with the constant levels of the 324 

Bcy1 protein during heat shock. All these results indicate that the translation of TPK1 mRNAs is 325 

less active upon heat shock.  326 

 327 

TPK1 expression is regulated through the CWI pathway 328 

 329 

Several signalling pathways communicate at different levels to integrate different types of stress. 330 

This crosstalk enables fine-tuned regulation of stress responses. The cAMP-PKA pathway may be 331 

connected to other signalling stress sensing pathways to ensure yeast cells survival. The CWI 332 

pathway regulates the cell wall biosynthesis upon several stresses including temperature shifts 333 

(Donlin et al., 2014; García et al., 2017; Heinisch, 2020; Heinisch and Rodicio, 2009; Petkova et 334 

al., 2010)Fuchs and Mylonakis, 2009; Heinisch, 2020; Levin, 2011; Sanz et al., 2017). We 335 

wondered whether crosstalk between the CWI and cAMP-PKA signalling pathways is involved in 336 

controlling the TPK1 expression in response to heat stress. The activation of the CWI pathway by 337 

heat shock and the participation of the different Wsc receptors in this response have been 338 
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demonstrated  (Levin, 2011; Verna et al., 1997; Zu et al., 2001). The activity of TPK1 promoter 339 

using a promoter-lacZ based reporter assay and the levels of TPK1 mRNA were assessed in yeast 340 

strains with deletions in the cell surface sensors wsc1Δ, wsc2Δ, wsc3Δ (Fig. 5A and B), mid2Δ and 341 

mtl1Δ (Supplementary Fig. 3). The results show that the transcriptional induction of TPK1 upon 342 

heat shock depended only on the Wsc3 sensor (Figure 5A and 5B; Supplementary Figure 3 A and 343 

B). The Tpk1 protein levels in wsc3Δ cells upon thermal stress were also analysed by western blot. 344 

The levels of Tpk1, at t=0 and after the heat shock, were higher in the wsc3Δ than in the WT strain 345 

(Fig. 5C). Heat shock induces the activation of Slt2/Mpk1 and therefore an increase in its 346 

phosphorylation (González-Rubio et al., 2021; Jiménez-Gutiérrez et al., 2020; Martín et al., 2000; 347 

Zarzov et al., 1996). We assessed the activation of CWI pathway and the involvement of Wsc3 in 348 

our stress conditions, evaluating Stl2 phosphorylation by western blot. Figure 6A shows that the 349 

Slt2 phosphorylation in the WT strain, but not in the wsc3Δ, significantly increased in response to 350 

the heat shock.  351 

We showed above that, in heat stressed wild type cells, TPK1 mRNA is assembled in untranslated 352 

TPK1 mRNA granules. Since a role of Wsc3 in the regulation of TPK1 expression was 353 

demonstrated, the localization of TPK1 mRNA using the MS2-tagged endogenous mRNA in a 354 

wsc3Δ strain was also analysed. Cells were subjected to the scheme of temperature shifts described 355 

before (Figure 2A). In a wsc3Δ strain, TPK1 mRNA localisation was altered compared to WT 356 

strain upon heat stress. Diffuse distribution of TPK1 mRNA was observed throughout the 357 

cytoplasm in the mutant strain (Fig. 6B). Thus, TPK1 mRNA foci, observed in heat stressed wild-358 

type cells were dependent on the Wsc3 sensor. Changes in Tpk1 protein levels throughout the 359 

experiment were also analysed (Fig. 6C). Initial Tpk1 levels (time 0) were higher in the wsc3Δ 360 

than in the WT strain and these levels did not increase after thermal stress (Fig. 5C and 6C). Only 361 

during the second 25℃ incubation, the protein levels detected in wsc3Δ cells were significantly 362 

higher than the observed before any stress. It is noteworthy that the increase was relatively small 363 

compared to that observed in wild-type cells (Fig. 2B and 6C). The results indicate that the Wsc3 364 

sensor is involved in the regulation of TPK1 expression during heat shock and stress adaptation. 365 

The translation of TPK1 mRNA in wsc3Δ cells was assessed by analyzing TPK1 mRNA levels 366 

associated with polysome and sub-polysome fractions before and upon heat stress. The amount of 367 

TPK1 mRNA in polysome fractions was higher than that observed in the same fraction in wild-368 

type cells (55% versus 40%, Fig. 6D and Fig. 4A), but the thermal stress did not alter the polysome 369 
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profiles in the mutant (Fig. 6D). These results suggest that the TPK1 mRNA, though less abundant, 370 

may be more actively translated in wsc3Δ cells. 371 

Some studies indicate that the signal that activates Slt2 in the CWI pathway is not transduced in a 372 

simple top–down cascade form since the CWI sensors showed to be dispensable for Slt2 373 

phosphorylation in response to some stresses (Harrison et al., 2001; Krause and Gray, 2002), such 374 

as heat shock (Harrison et al., 2004). It was demonstrated that heat-shock triggers this signalling 375 

pathway regulating either Mkk1/2p or Slt2/Mpk1p activity directly without the participation of 376 

Rho1p GTP (Harrison et al., 2004; Kuravi et al., 2011). We analysed the involvement of different 377 

CWI pathway components as Rom2, Pkc1, the downstream MAP kinase cascade, Bck1, Mkk1 and 378 

Slt2 in TPK1 expression using the TPK1-lacZ reporter plasmid system and the quantification of 379 

the mRNA levels (Supplementary Fig. 3B and C). The results showed that Mkk1 and its 380 

downstream effector, the transcription factor Swi4, but not Swi6, regulated TPK1 transcription. 381 

Intriguingly, although the heat shock-induced phosphorylation of Slt2 was impaired in the wsc3∆ 382 

mutant, TPK1 expression was not affected by the lack of this kinase (Supplementary Fig. 3B and 383 

C). There are antecedents of genes whose expression is dependent on Swi4 but independent on 384 

both Swi6 and Slt2. Moreover, a little overlap was described between swi4∆ and stl2∆ gene 385 

profiles after heat shock (Baetz et al., 2001). Thus, together with these antecedents, our results 386 

support a unique and specific role of the CWI pathway in TPK1 expression. 387 

 388 

Wsc3 modulates PKA activity in vivo.  389 

 390 

Having established a connection between the sensor Wsc3 and TPK1 expression, the in vivo PKA 391 

activity in wsc3∆ strains was analysed. We assessed some physiological readouts of the cAMP-392 

PKA pathway and PKA activity, such as heat resistance, glycogen accumulation and intracellular 393 

distribution of Msn2 (Cameron et al., 1988; Görner et al., 1998; Shin et al., 1987; Smith et al., 394 

1998; Thevelein and Winde, 1999). The mutant wsc3∆ was less resistant to a 52℃-heat shock than 395 

the wild-type strain indicating a higher PKA activity in the mutant strain (Supplementary Fig. 4A). 396 

This result agreed with a higher level of Tpk1, detected by western blot, in the mutant strain than 397 

in wild-type cells when they were unstressed (Fig. 6C). In unstressed wsc3∆ cells this higher PKA 398 

activity was also confirmed by the lower glycogen accumulation observed (Supplementary Fig. 399 

4B, left panel). Glycogen accumulation in cells from both recovery periods at 25°C, after each heat 400 
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shock, was assessed. wsc3∆ strain showed lower glycogen levels than wild-type cells 401 

(Supplementary Fig. 4, right panel). This result suggests a lower PKA activity in the mutant than 402 

in the wild-type strain during the recovery periods at 25℃.  403 

Since high PKA activity leads to nuclear Msn2 redistribution to the cytoplasm, the 404 

nuclear/cytoplasmic localisation of Msn2 in WT and wsc3∆ cells expressing Msn2-GFP was 405 

assessed under control and heat shock conditions. The results indicate that the Msn2 localization 406 

kinetics were similar in both strains (Supplementary Fig. 4C). The translocation of Msn2 to the 407 

nucleus occurred within the first 5 min of the first heat shock and it was transient. However, the 408 

percentage of wsc3∆ cells with nuclear localization of Msn2 through the temperature shifts was 409 

lower than that detected in the wild type except for the unstressed cells (t=0) (Supplementary Fig. 410 

4C). These results suggest that, during the recovery periods, PKA activity is higher in wild-type 411 

than mutant cells. Collectively, all these results demonstrate that the Wsc3 sensor is involved in 412 

the modulation of PKA activity in vivo when yeast cells are exposed to heat shock. 413 

Finally, we performed experiments to assess whether the increment in Tpk1 protein upon heat 414 

shock results in a higher proportion of the Tpk1 catalytic subunit in the PKA holoenzyme. The 415 

rationale behind this new approach is based on the idea that the differential expression of Tpk1 416 

isoform may contribute to the cAMP-PKA signalling specificity. Yeast cells were treated with 2% 417 

formaldehyde to cross-link complexes. Lysates were incubated at 65°C and 100℃ and analyzed 418 

by western blot using anti-Tpk1 and anti-Bcy1 antibodies (Kast and Klockenbusch, 2010). As 419 

formaldehyde cross-linking is reversed by boiling, cross-linked complexes would be hardly 420 

detected in the samples heated at 100℃. After heating at 65℃, cross-linked complexes are much 421 

less disassembled and would be detected. Figure 7A shows that in the sample treated with 2% 422 

formaldehyde and 65°C complexes containing Bcy1 were detected. Figure 7B shows the Tpk1-423 

Bcy1 complexes detected in extracts obtained from yeast grown at 25°C (line 1) or from the first 424 

(line 2) and second recovery periods (line 3). The amount of Tpk1 relative to Bcy1 in the 425 

holoenzyme was higher in the second 25°C recuperation period than in the first one or before any 426 

thermal stress (Fig. 7B). However, the amount of Bcy1 does not change in the samples at the 427 

recuperation periods (Figs. 2 and 7B). The amount of Tpk1 in purified holoenzyme was also 428 

assessed using tandem affinity purification (TAP) assay and a strain expressing the fusion protein 429 

Bcy1-TAP. The presence of Tpk1 and Bcy1 subunits in the purified holoenzyme complex was 430 

evaluated by immunoblotting (Fig.7 C). Even though the differences between Tpk1 amounts in 431 
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the control and after the second recuperation period were not statistically significant, the results 432 

show the same tendency observed in the crosslinking assays.  433 

These results suggest that the induced expression of Tpk1 during adaptation to thermal stress 434 

results in PKA holoenzymes that contain a greater proportion of the Tpk1 isoform which would 435 

assure the phosphorylation of its specific substrates. 436 

  437 

DISCUSSION 438 

 439 

Several levels of control acting simultaneously and in coordination allows the specificity of the 440 

cAMP-PKA signal transduction. Our previous results have demonstrated that the mechanisms 441 

involved in TPKs and BCY1 expression in response to stress or growth conditions are subunit-442 

specific (Galello et al., 2017; Pautasso and Rossi, 2014; Reca et al., 2020).  443 

Yeast cells respond to a variety of environmental stresses, such as heat shock, by reprogramming 444 

the expression of specific sets of genes for any particular stress (Berry and Gasch, 2008; Gasch et 445 

al., 2000; Guan et al., 2012; Molina-Navarro et al., 2008; Morano et al., 2012; Rienzo et al., 2015). 446 

Studies on stress responses demonstrate that mRNA levels result from the balance between the 447 

transcription rate and the decay rate of each particular mRNA (Pérez-Ortín et al., 2019).  448 

Through this study, we were successful in further understanding the mechanisms involved in the 449 

regulation of TPK1 expression during heat shock. The analysis of mRNA half-lives showed that  450 

t1/2 of BCY1 mRNA is higher than that of TPK1 mRNA (19.5 min versus 4.6 min) at control 451 

conditions., However, both BCY1 and TPK1 mRNA t1/2 are increased upon heat shock.  The 452 

assessment by western blot of protein levels during the first and second heat shocks showed that 453 

there were no changes in Tpk1 levels after the incubations at 37°C, although an increase in protein 454 

levels was observed during the incubations at 25°C (first and second recovery periods). The levels 455 

of Bcy1 protein showed no significant changes even though the mRNA half-life was greater at 456 

37°C than at 25℃. It has been previously reported that the half-life values of Tpk1 and Bcy1 457 

proteins remain unchanged after a heat shock at 37℃ (Budhwar et al., 2010; Christiano et al., 458 

2014, Haesendonckx et al., 2012). Thus, the lack of changes in Bcy1 and the variations in Tpk1 459 

levels at the evaluated temperatures do not seem to result from differences between the protein 460 

half-life values. 461 
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The results obtained in the evaluation of mRNA localization allow us to conclude that the increased 462 

TPK1 mRNA is assembled in foci upon heat shock. Recently, some reports have pointed out that 463 

the study of mRNA localization using MS2-tethering techniques should be approached with 464 

caution when interpreting data, since the MS2 stem loops may stabilize mRNA fragments and alter 465 

the RNA processing (Garcia and Parker, 2015; Garcia and Parker, 2016; Haimovich et al., 2016; 466 

Heinrich et al., 2017). However, it has also been demonstrated that this phenomenon is limited to 467 

a subset of endogenous MS2-tagged transcripts and associated with plasmid-based expression 468 

systems (Haimovich et al., 2016). We have performed Northern blot assays to analyse the possible 469 

accumulation of 3’end fragments from TPK1 mRNA tagged with the MS2SL–MCP system. The 470 

results showed that TPK1 mRNA, from both heat shock and control conditions, did not lead to the 471 

formation of 3′ decay fragments containing MS2 arrays, and in both conditions the integrity of the 472 

mRNA are equivalent. We conclude that the addition of MS2SL to the TPK1 mRNA does not 473 

affect the processing nor stability of the mRNA as it has been previously observed for other 474 

mRNAs (Simpson et al., 2014). In addition, the increased TPK1 mRNA half-life upon heat shock 475 

was assessed using endogenous mRNA without MS2SL-tagging and oligo probes complementary 476 

to the TPK1 CDS, in the middle of the coding sequence. The increased abundance of the TPK1 477 

mRNA upon heat shock, assessed by RT-qPCR, was performed analysing endogenous TPK1 478 

mRNA without MS2SL-tagging. Finally, the measurement of Tpk1 protein levels throughout the 479 

scheme of consecutive heat shocks was assessed to the two strains, WT-A and TPK1-MS2SL, and 480 

the observed expression pattern was the same in both (data not shown). Thus, we consider that our 481 

results of TPK1 mRNA foci kinetics are valid and not artifacts produced by the tagged mRNA-482 

MS2SL technique.  483 

The TPK1 mRNA foci evoked upon heat shock differ from other cytoplasmatic RNA granules. 484 

The composition and assembly of RNP granules as P-bodies and SGs are complex and appear to 485 

vary in a stress-dependent manner (Guzikowski et al., 2019; Thomas et al., 2011). Most studies 486 

describe that SGs are assembled at severe but not at mild heat stress conditions  (Grousl et al., 487 

2009; Grousl et al., 2013; Kato et al., 2011). Dcp2-CFP positive foci were detected after incubation 488 

at 37°C for 10 min or 30 min (Barraza et al., 2017; Brengues et al., 2005; Grousl et al., 2009; 489 

Grousl et al., 2013). Under our conditions (37°C 60 min), neither P-bodies nor SGs were detected. 490 

TPK1 mRNA foci were assembled upon the mild heat shock conditions assessed in this work, but 491 

they were not evoked under severe heat shock conditions. Taking into account these results we 492 
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conclude that TPK1 mRNA foci constitute another class of RNA granule that differs from P-bodies 493 

and SGs. Granules that differ from P-bodies and SGs may be assembled through a distinct 494 

biological process or different stresses and these structures may be composed of particular 495 

proteins. In stationary-phase yeast cells, proteins associated with the actin cytoskeleton and the 496 

proteasome are found in actin bodies and proteasome storage granules, respectively (Laporte et 497 

al., 2008; Sagot et al., 2006). RNP granules also appear when yeast cells stop dividing and become 498 

quiescent (Narayanaswamy et al., 2009; Noree et al., 2010).  499 

The SG and P-body assembly in yeast cells is avoided by cycloheximide which causes the stalling 500 

of polyribosomes on mRNA (Brengues et al., 2005; Buchan et al., 2008). However, mRNA TPK1 501 

granules were resistant to cycloheximide treatment. We demonstrated that, while these foci are 502 

present, TPK1 mRNA associates more to subpolisome (M plus F) than to polysome fractions. We 503 

conclude that TPK1 mRNA less translated upon thermal stress, which agrees with the lack of Tpk1 504 

protein increase upon heat stress. There are examples of cycloheximide resistant foci, such as the 505 

smallest MFA2 mRNA granules which are not translated (Aronov et al., 2015) and the TT foci 506 

related to the THO/TREX-2 complex (Eshleman et al., 2016). Low correlations between steady 507 

state mRNA and protein levels have been shown, which is a consequence of substancial post-508 

transcriptional regulation (Csárdi et al., 2015; Wu et al., 2008). We have demonstrated that Tpk1 509 

levels upon heat stress are modulated by a post-transcriptional mechanism that involves the 510 

assembling of translationally silent TPK1 mRNA granules. During recurrent thermal stress the 511 

changes in TPK1 mRNA assembling and Tpk1 levels shows that yeast cells regulate the TPK1 512 

expression. The final result is a high level of Tpk1 protein at 25 ℃ when yeast cells are not exposed 513 

to the stress. 514 

Our results demonstrate that CWI pathway is involved in Tpk1 expression. The involvement of 515 

different CWI sensors in response to environmental changes has been established. None of the 516 

single sensor mutants wsc1Δ, wsc2Δ, or wsc3Δ are thermosensitive, while combinations of these 517 

mutants show a thermosensitive phenotype (Verna et al., 1997). Later on, it was concluded that 518 

Wsc proteins produce an additive effect in response to specific stresses as heat shock (Zu et al., 519 

2001). It has been reported that some stress events can regulate this pathway at different steps 520 

downstream Rho1-GTP. Heat shock activates the CWI pathway at the level of Mkk1/2p and/or 521 

Mpk1p (Harrison et al., 2004). This study demonstrates that the Wsc3 sensor and Mkk1, but not 522 

Mpk1, are necessary to activate the TPK1 promoter upon heat shock. The polysome profiles of 523 
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wild type and wsc3∆ cells were similar (data not shown), which indicates that the mutation does 524 

not affect the general translation process. However, Tpk1 translation upon thermal stress in wsc3∆ 525 

mutant was different that in the wild type.  The transcription factor Swi4 also seems to be necessary 526 

for the regulation of the TPK1 promoter. However, we are not able to distinguish the role of Swi6 527 

since different results were obtained when TPK1 promoter activity and mRNA levels were 528 

assessed. It has been described that there is little overlap between swi4∆ and slt2∆ gene profiles 529 

upon heat shock, and that there are genes whose expression is dependent on Swi4 but independent 530 

on both Swi6 and Slt2 (Baetz et al., 2001). Finally, although phosphorylation of Slt2 was 531 

diminished  in the wsc3∆ strain upon heat shock, this kinase does not appear to play a role in the 532 

positive regulation of TPK1 by heat stress.  533 

All these results indicate the involvement of the CWI pathway in TPK1 expression upon heat 534 

stress. CWI pathway may be activated from Mkk1 of the MAPK cascade, resulting in an 535 

appropriate PKA output. Wsc3 would be the sensor of this lateral input in a way that seems 536 

independent of the activation of upstream elements of the CWI route. In fact, Rom2 does not seem 537 

to be involved either. This highlights the flexibility of the CWI signalling pathway and a crosstalk 538 

between CWI and PKA vias. 539 

While trying to understand the implication of heat stress on the conformation of PKA holoenzyme, 540 

the levels of Tpk1 relative to Bcy1 were studied. Tpk1 proportion increased during both recovery 541 

periods compared to the amount observed before the stress.  542 

We have previously proposed the existence of an apparent paradox during stress: TPK1 PKA 543 

subunit transcription is stimulated during stress, despite higher PKA activity leading to lower stress 544 

resistance. The increment in Tpk1-dependent PKA activity during the adaptation of cells to heat 545 

stress could contribute to the overall cellular fitness when more favorable environmental 546 

conditions are restored. Our findings support the idea that the specificity in the cAMP-PKA 547 

signalling also results from differences in the PKA holoenzyme composition.  548 

 549 

 550 

 551 

 552 

 553 

 554 
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MATERIALS AND METHODS  555 

 556 

Yeast strains, plasmids, culture conditions  557 

 558 

 S. cerevisiae strains and plasmids used in this study are summarized in Supplementary Table 1 559 

and Table II, respectively. The plasmid used to measure promoter activity is derived from YEp357 560 

plasmid (Myers et al., 1986). The TPK1-lacZ fusion gene contains the 5’ regulatory region and 561 

nucleotides of the coding region of TPK1 gene (positions -800 to +10 to the AUG). Strains were 562 

grown to mid log phase in synthetic media (SD) containing 0.67% yeast nitrogen base without 563 

amino acids, 2% glucose plus the necessary additions to fulfill auxotrophic requirements (SC). 564 

MS2 binding sites (MS2SL) were inserted into the 3’UTR of TPK1 gene and were verified using 565 

PCR and RT-PCR (Haim et al., 2007). Cells were grown at 25°C until exponential phase (OD600: 566 

0.8-1). For heat shock treatment exponential cells were exposed to 37°C for 1 hour or the indicated 567 

times.  568 

 569 

RT-qPCR  570 

 571 

Total RNA was prepared from different yeast strains, grown up to OD600 0.8-1 at 25°C and 572 

subjected or not (control) to heat shock (60 min at 37°C), using standard procedures. To determine 573 

the relative levels of specific TPK1 mRNAs, a quantitative RT-PCR experiment was carried out. 574 

Aliquots (~10 μg) of RNA were reverse-transcribed into single-stranded complementary cDNA 575 

using an oligo-dT primer and M-MLV Reverse Transcriptase (Promega). The single-stranded 576 

cDNA products were amplified by PCR using gene-specific sense and antisense primers (mRNA 577 

TPK1: Fw: 5′ CCGAAGCAGCCACATGTCAC 3′, Rv: 5′ GTACTAACGACCTCGGGTGC 3′; 578 

mRNA BCY1: Fw: 5′ CGAACAGGACACTCACCAGC 3′, Rv: 5′ GGTATCCAGTGCATCG 579 

GCAAG 3′; mRNA TUB1: Fw: 5′ CAAGGGTTCTTGTTTACCCATTC 3′, Rv: 5′ 580 

GGATAAGACTGGAGAATATGAAAC 3′; mRNA ENO2: FW 5’ GAGAATCGAAGAAGAA 581 

TTGGGTG3’, Rv: 5’CTATTCGTTAATATAAAGTGTTCTAAACTATGATG 3’; mRNA 582 

HSP30: Fw 5’ GTCTAAGTGATGGTGGTAAC 3’, Rv 5’ CTAAGCAGTATCTTCGACAG 3’). 583 

The PCR products were visualized using SYBR Green. The real-time qPCR reactions were 584 

performed on StepOne system (Applied Biosystems). The reactions were performed in duplicates 585 
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and the results were standardized with the endogenous control of TUB1 (α-Tubulin gene). 586 

Quantitative data were obtained from three independent experiments and averaged. 587 

 588 

Immunoblotting  589 

 590 

Crude extracts from cell grown up to OD 600 0.8-1 were separated by SDS-PAGE and transferred 591 

to GE Health Care or Osmonics nitrocellulose membranes. The blots were probed with anti-Tpk1 592 

(Santa Cruz Biotechnology) and anti-Pyk1 (Polyclonal anti-pyruvate kinase (rabbit muscle) from 593 

Rockland) antibodies. Horseradish peroxidase-conjugated with anti-rabbit HRP and anti-mouse 594 

HRP (Sigma) were the secondary antibodies used. The blots were developed with prepared 595 

Chemiluminescence Luminol reagent (Sigma). The images were analysed by digital imaging using 596 

Amersham Imager 600. The quantification was performed using Image J and expressed as AU 597 

(arbitrary units). 598 

 599 

β-Galactosidase assays  600 

 601 

Cells were grown on SC medium up to an OD600 of 0.8-1. Aliquots (10 ml) of each culture were 602 

collected by centrifugation and resuspended in 1 ml buffer Z (60 mM Na2HPO4, 40 mM 603 

NaH2PO4, 10 mM KCl, 1 mM MgSO4). β-Galactosidase activity measured according to Miller 604 

was expressed as Miller Units (Miller JH, 1972).   605 

 606 

Northern-blot and mRNA half-life analysis 607 

 608 

Yeast cell cultures were grown in SC medium up to OD600 0.8–1 at 25°C and subjected or not 609 

(control) to heat shock (37°C) for the indicated times. 1,10-phenanthroline (Sigma, P-9375) was 610 

added to the cells to a final concentration of 100 µg.ml-1. For northern-blot analysis, aliquots were 611 

collected at the indicated times and the total RNA was extracted by the hot phenol method. Total 612 

RNA was separated in 1.5% agarose plus 6,7 % formaldehyde, transferred onto a nylon membrane 613 

and hybridized with 32P-labelled probes. The radiolabeled probes (200 bp) were generated by 614 

PCR using (γ-32P) dCTP 0.1 mM (3000 Ci. mmol-1 PerkinElmer). The primes used were: BCY1: 615 

Fw: 5′ CGAACAGGACACTCACCAGC 3′, Rv: 5′ GGTATCCAGTGCATCGGCAAG 3′; 616 
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ENO2: Fw +1241 5´ GAGAATCGAAGAAGAATTGGGTG 3´; Rv +1469 5´ GCAATAG 617 

ACAGCAC GAGTCTTTG 3´;  Rv +1336 5´ GCCGAGAGTCTTTTGGACTTTG 3´; TPK1: Fw: 618 

5′ CCGAAG  CAGCCACATGTCAC 3′; Rv: 5′ GTACTAACGACCTCGGGTGC 3′; TUB1: Fw: 619 

5′ CAAGGG TTCTTGTTTACCCATTC 3′; Rv: 5′ GGATAAGACTGGAGAATA TGAAAC 3′. 620 

After washing, the membranes were subjected to digital image analysis (Bio-Imaging Analyzer 621 

Bas-1800II and Image J, National Institute of Health). The intensity at time 0 (before adding the 622 

drug) was defined as 100%, and the intensities at the other time points were calculated relative to 623 

time 0. The mRNA half-lives were determined by the best linear fits of the mRNA band intensities 624 

normalized to 28S and 18S rRNA loading control using the equation Rate = ln (2)/(t1/2). 625 

 626 

Microscopy 627 

 628 

Yeast cell cultures were grown in SC + 2% glucose medium up to OD600 0.8–1 at 25 °C and 629 

subjected or not (control) to heat shock at 37 °C and treated or not with cyclohemide.  Cells used 630 

for fluorescence microscopy were previously fixed with 7.4% formaldehyde and washed with P-631 

bodies. All images were acquired using a spectral confocal microscope FluoView1000 and 632 

acquisition software FV10-ASW 2.0 (Olympus Co., Japan), employing a 60X UPLSAPO, NA 633 

1.35 oil immersion objective. For each data acquisition, a z-stack of optical sections was acquired, 634 

in 1 µm or 0.5 µm steps, from the base of the cells on the coverslip to a total thickness of 9 µm. 635 

To avoid crosstalk, images were recorded in a sequential order. GFP and CFP were excited using 636 

the 488 nm and 458 lines of an argon laser and the emitted fluorescence were detected in the 500–637 

530 nm and 465–480 nm range, respectively. For samples with mCherry or RFP, 543 nm He-Ne 638 

was employed, and the emitted fluorescence was detected in the 580–680 nm or 555–655 nm 639 

range, respectively.  ImageJ (http://rsbweb.nih.gov/ij/) was used to obtain equal contrast and adjust 640 

all images. As indicated in each figure, representative cells from independent cultures are shown. 641 

Cycloheximide treatments (100 µg/ml) were performed with minor modifications as previously 642 

described (Teixeira et al., 2005). For clarity the images shown are single Z-sections. 643 

 644 

Polysome profiling 645 

 646 
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Yeast cell cultures were grown in SC medium up to OD600 0.8–1 at 25°C and subjected or not 647 

(control) to heat shock (60 min at 37°C). 10 μg/ml cycloheximide was added and cells were lysed 648 

with glass beads. 1.5-2 A260 units of pre-cleared lysates were loaded onto 15–50% linear sucrose 649 

gradients. The gradients were centrifugated 1h 20 min at 50.000 rpm using a P55ST2 rotor (Hitachi 650 

100NX), and then were fractionated from the bottom. 200 µl of each fraction were collected in a 651 

96 well microplate absorption at 260 nm was measured to quantify RNA in a Microplate Reader 652 

DR-200Bs X. The tubes were snap-frozen in liquid N2 and stored at -80°C. RNA was extracted 653 

by isopropanol precipitation followed by the hot phenol method. Finally, mRNA levels were 654 

analysed by quantitative RT–PCR. 655 

 656 

Glycogen accumulation assay 657 

 658 

Mid log cells were exposed to the scheme of temperature shifts. Samples were harvested at t=0 659 

and after the first (i) and second (ii) incubation at 25°C. Cells collected were resuspended in a 660 

0.2% iodine/0.4% potassium iodide solution or dilutions (1/2 and 1/4), incubated 3 min and then 661 

spotted onto YPD plates. The darker the color, the higher the amount of glycogen accumulated, 662 

providing an indirect measurement of less PKA activity 663 

 664 

Formaldehyde Cross-Linking.  665 

For cross-linking, yeast cells were pelleted and resuspended formaldehyde solution. Cells were 666 

incubated with mild agitation for 7 min at RT and then pelleted at 7000 g at RT for 3 min, resulting 667 

in 10 minutes exposure to formaldehyde. The supernatant was removed, and the reaction was 668 

quenched with 0.5 ml ice-cold 1.25M glycine/PBS. Cells were transferred to a smaller tube, spun, 669 

washed once in 1.25M glycine/PBS and lysed in 1ml RIPA buffer (50mM Tris HCl, pH 8.0, 670 

150mM sodium chloride, 1%NP40, 0.5% sodium deoxycholate, 0.1% SDS, 1mM EDTA, protease 671 

inhibitors. Lysates were spun for 30 minutes at 20000 g at 4◦C to remove insoluble debris. The 672 

supernatant was either used directly or stored at −80◦C.  Cell extracts were heated at 100°C or 673 

65°C and analysed by Western blot using anti-Bcy1. The amounts of Tpk1 and Bcy1 were 674 

analyzed by SDS-PAGE following immunoblot with anti-Tpk1 or anti-Bcy1 (left panel). The 675 

quantification of Tpk1 and Bcy1 in the holoenzymes was performed using Image J.  676 

 677 
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FIGURE LEYENDS 1002 

 1003 

Figure 1. TPK1 mRNA half-life but not Tpk1 protein is increased during heat shock. 1004 

A) TPK1 mRNA levels were assessed by RT-qPCR, normalized to TUB1 mRNA and expressed 1005 

as fold change 37°C/25°C (left panel). Protein extracts were analysed by Western blot with Tpk1 1006 

antibody, quantified and expressed as AU (arbitrary units) (right panel). B) Cells were incubated 1007 

or not at 37°C for 60 min and samples were harvested at the indicated time points following 1008 

transcriptional arrest by 1,10-phenanthroline. TPK1 mRNA levels were meassured at the indicated 1009 

time points after the addition of the drug using northern analysis.  Band intensities were quantified 1010 

by PhosphorImager. 28S and 18S rRNA were used as loading controls. The intensity at time 0 1011 

(before adding the drug) was defined as 100%, and the intensities at the other time points were 1012 

calculated relative to time 0. The decay curves of each mRNA were fitted to an exponential decay 1013 

model. Error bars represent s.e.m. of three assays. C) qRT-PCR was performed to measure BCY1 1014 

mRNA and Western blot to quantify Bcy1 using Bcy1 antibody. D) Idem B, decay kinetics was 1015 

determined by monitoring BCY1 mRNA levels. E) Table summarising the t1/2 values for TPK1 1016 

and BCY1 mRNAs at 25ᵒC or 37ᵒC temperature. 1017 

 1018 

Figure 2. TPK1 mRNA and Tpk1 protein have a particular expression pattern during heat 1019 

shock adaptation. 1020 

A) Scheme of temperature shifts applied. Cells were exposed to a two thermal stress at 37°C, the 1021 

first one for 60 min and the second for 30 min, each one followed by a 25°C incubation. Samples 1022 

were harvested at different times during each incubation. B) Western blot using anti-Tpk1 or anti-1023 

Bcy1 antibodies (right and left panels, respectively). C) TPK1 mRNA and BCY1 mRNA levels 1024 

were measured by qRT-PCR. Results are expressed as mean ± s.e.m. from at least three 1025 

independent experiments. Statistical analysis corresponds to two-way ANOVA, *p<0.05; 1026 

**p<0.01; ***p<0.001; ****p<0.0001. 1027 

 1028 

Figure 3. TPK1 mRNA is assembled in foci upon heat shock.  1029 

A) Cells co-expressing TPK1 mRNA-MS2SL, pMS2-CP-GFP, Dcp2-CFP (P-bodies) and Pub1-1030 

mCherry (SGs) were incubated or not at 37°C for 60 minutes in the presence or not of 1031 

cycloheximide. TPK1 mRNA foci are indicated by arrowheads on panels. B) Cells co-expressing 1032 
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VNX1 mRNA-MSLS2 and pMS2-CP-GFP were then incubated or not at 37°C for 60 minutes in 1033 

the presence or not of cycloheximide (upper panels). Cells co-expressing TPK1 mRNA-MSLS2 1034 

and pMS2-CP-GFP with Dcp2-CFP or Pub1-mCherry were deprived of glucose for 30 min or 1035 

incubated at 46°C for 10 minutes, respectively (lower panels). C) TPK1 mRNA foci kinetics 1036 

through the heat shock adaptation. The left bar chart shows the percentage of cells with granules 1037 

at the indicated temperatures and the right bar chart shows the percentage of cells with 1 granule 1038 

or more than 1 granule per cell at the indicated temperatures. The values represent the mean ± 1039 

s.e.m., obtained from n=4 biological replicates. Statistical analysis corresponds to two-way 1040 

ANOVA, *p<0.05; **p<0.01. 1041 

 1042 

Figure 4. TPK1 mRNA is less translated upon heat shock. 1043 

A) Polysome profile and RT-qPCR analysis of RNA prepared from individual fractions of 1044 

polysome gradients from cells treated or not for 60 min at 37°C. The bar chart represents the 1045 

percentage of TPK1 mRNA abundance in the sub-polysome and polysome fractions. The values 1046 

represent the mean ± s.e.m. from n=4 biological replicates. Statistical analysis corresponds to two-1047 

way ANOVA, *p<0.05; **p<0.01; ***p<0.001. B) Fractions were also analyzed by SDS–PAGE 1048 

and immunoblotting using antibodies raised against the proteins specified adjacent to each panel. 1049 

P (polysome fraction), M (Monosome fraction, 40S, 60S and 80S), F (free RNA). C) Polysome 1050 

distribution of BCY1 mRNA, HSP30 mRNA and ENO2 mRNA as described in A. 1051 

 1052 

Figure 5. TPK1 mRNA upregulation is dependent of wsc3 sensor. 1053 

A) β-Galactosidase activity was determined in WT (BY4741), wsc1Δ, wsc2Δ and wsc3Δ strains 1054 

carrying TPK1-lacZ fusion gene incubated or not at 37°C for 60 min. The results are expressed in 1055 

Miller Units and as the mean ± s.e.m. of biological replicates samples (n= 4). B) TPK1 mRNA 1056 

levels were determined by RT-qPCR from WT, wsc1∆, wsc2∆ and wsc3∆ cells and normalized to 1057 

TUB1 mRNA and expressed as 37°C/25°C fold change. The values represent the mean ± s.e.m., 1058 

obtained from n=3 biological replicates. C) Tpk1 protein levels were analyzed by western blot in 1059 

protein extracts from WT and wsc3∆ cells incubated or not at 37°C for 60 min using anti-Tpk1 1060 

antibody. The values represent the mean ± s.e.m., obtained from n=3 biological replicates. 1061 

Statistical analysis corresponds to two-way ANOVA, *p<0.05; **p<0.01; ***p<0.001 1062 

 1063 
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Figure 6. TPK1 mRNA foci evoked upon heat shock are dependent of wsc3 sensor. 1064 

A) Extracts from the WT and wsc3∆ cells incubated or not at 37°C for 60 min were analysed by 1065 

Western blot with Slt2-p antibody (phosphorylated) or Slt2 (total protein), quantified using Image 1066 

J and expressed as AU (arbitrary units, right panel). B) WT (W303-1A) or wsc3∆ cells co-1067 

expressing mRNA-MSLS2 and pMS2-CP-GFP were incubated or not at 37°C for 60 minutes. 1068 

TPK1 mRNA foci are indicated by arrowhead on panels. C) wsc3∆ cells were treated following 1069 

the scheme presented in Fig 2A. Samples were analysed by Western blot using anti-Tpk1. The bar 1070 

chart represents the quantification of Tpk1 levels expressed in AU (arbitrary unit, left panel). The 1071 

values represent the mean ± s.e.m., obtained from n=4 biological replicates. D) Polysome profile 1072 

and RT-qPCR analysis of RNA prepared from individual fractions of polysome gradients from 1073 

wsc3∆ cells. The values represent the mean ± s.e.m., obtained from n=4 biological replicates. 1074 

Statistical analysis corresponds to two-way ANOVA, *p<0.05; **p<0.01; ***p<0.001.  1075 

 1076 

Figure 7. PKA holoenzyme is composed by a higher proportion of Tpk1 isoform upon heat 1077 

shock. 1078 

A) Cells were crosslinked or not with formaldehyde 2%. Cell extracts were prepared, heated at 1079 

100°C or 65°C and analysed by Western blot using anti-Bcy1. Bcy1 crosslinked complexes were 1080 

overexposed (upper panel). B) Cells were treated following the scheme presented in Fig 2A. The 1081 

samples taken out at t=0 and during the recovery periods were crosslinked with formaldehyde 2%. 1082 

Cell extracts heated at 65°C were analysed by Western blot using anti-Bcy1 or anti Tpk1. Line 1, 1083 

t=0; line 2, 25°C (1); line 3, 25°C (2). Protein molecular weight markers are indicated. Bottom 1084 

panel: Ponceau staining was used as loading control. Right panel: quantification of Tpk1/Bcy1 in 1085 

the holoenzyme relative at t=0, 25°C (1) and 25°C (2). C) The amounts of Tpk1 and Bcy1 from a 1086 

purification of Tpk1-Bcy1-Tap were analyzed by SDS-PAGE following immunoblot with anti-1087 

Tpk1 and anti-Bcy1 (left panel). The graph shows the quantification of Tpk1/Bcy1 in the purified 1088 

holoenzymes (right panel). 1089 

 1090 

Supplementary Figure 1. 1091 

A) Control cells expressing only the pMS2-CP-GFPx3 but lacking MS2SL on TPK1 (control 1092 

TPK1-MS2SL) were incubated at 37°C for 60 minutes in the presence or not of cycloheximide 1093 

(Chx). B and C) WT 303-1A and WT-A cells co-expressing TPK1 mRNA-MS2SL and pMS2-CP-1094 
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GFPx3 and neither Dcp2-CFP nor Pub1-mCherry were treated following the scheme of 1095 

temperature shifts presented in Fig. 2A.        1096 

 1097 

Supplementary Figure 2.   1098 

A)  Cells were incubated or not at 37°C for 60 min and samples were harvested at the indicated 1099 

time points following transcriptional arrest by 1,10-phenanthroline. TPK1 mRNA levels at the 1100 

indicated time points after the addition of the drug was analised by Northern blot. B) Cells co- 1101 

expressing TPK1 mRNA-M2SL and pMS2-CP-GFP (TPK1-M2SL) or expressing only TPK1 1102 

mRNA-MS2SL (control TPK1-M2SL) were incubated at 37°C for 60 min and RNA integrity was 1103 

determined by monitoring TPK1 mRNA-MS2SL using a specific radiolabeled probe 1104 

corresponding to the MS2SL sites.  1105 

 1106 

Supplementary Figure 3.  1107 

A and B) β-Galactosidase activity was determined in WT (BY4741), wsc3Δ, mid2∆ and mtl1∆, 1108 

rom2∆, bck1∆, slt2∆, rlm1∆, swi4∆ and swi6∆ strains carrying TPK-lacZ fusion gene. The results 1109 

are expressed in Miller Units and as the mean ± s.e.m. of replicate samples (n= 4) from independent 1110 

assays. C) TPK1 mRNA levels of mutant strains used in A and B were determined by RT-qPCR, 1111 

normalized to TUB1 mRNA and expressed relative to 25°C for each strain. The values represent 1112 

the mean ± s.e.m., obtained from n=3 biological replicates. Statistical analysis corresponds to two-1113 

way ANOVA, *p<0.05; **p<0.01; ***p<0.001. 1114 

 1115 

Supplementary Figure 4.  1116 

A) Cell viability assay of WT and wsc3∆ cells by spot assay. Cells were incubated at 52°C, 10 min 1117 

and serial dilutions were spotted in YPD plates. B) Glycogen accumulation analysis, B) Bars graph 1118 

depicts the percentage of cells showing nuclear Msn2-GFP localization in the wild-type strain and 1119 

wsc3∆ treated at the indicated times and temperatures. The values represent the mean ± s.e.m., 1120 

obtained from n=3. 1121 
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TABLE 1. List of strains and nomenclature used in this study 

 

TABLE 2. List of plasmids used in this study 

 

Plasmid Description Source 

TPK1-LACZ YEp357, 2 µ, URA3, TPK1 promoter (-800 to +10)  Rossi lab 

pLOXHIS5-MS2L pUG27, His5, 2 µ, loxP–URA3–lox Haim L et al 2007 

pSH47 2 µ, GAL1-cre, URA3 EUROSCARF 

pMS2-CP-GFP(X3) pCP-GF, CEN, MET25-MS2-CP, HIS Haim L et al 2007 

pRP1661 Pub1-mCherry, CEN, URA Buchan et al 2008 

pMsn2-GFP YCplac111, CEN, LEU Görner, W et al 1998 

 

Thomas,B.J.,and Rothstein,R.(1989) Cell 56,619–630 

Görner W; Durchschlag E; Martinez-Pastor MT, Estruch F, Ammerer G, Hamilton B, Ruis H, Schüller C,  

(1998) Genes Dev 12,586-97. 

 

Strain Genotype Source or reference 

BY4741 (WT)   MATa his3Δ1 leu2Δ0 met15Δ0 ura3Δ0   EUROSCARF 

W303-1A (WT) MATa ade2-1 his3-11,15 leu2-3,112 trp1-1 ura3-1 (Thomas et al 1989) 

DCP2-CFP eIF4E-RFP (WT-A) MAT ADE2 his3-11,15 leu2-3 112 trp1-1 ura3-1 can1-100 

GCD1-S180 DCP2-CFP-TRP CDC33-RFP::NAT 

(Tudisca et al 2012) 

wsc1Δ (BY4741) wsc1::KanMX4 EUROSCARF 

wsc2Δ (BY4741) wsc2::KanMX4 EUROSCARF 

wsc3Δ (BY4741) wsc3::KanMX4 EUROSCARF 

rom2Δ (BY4741) rom2::KanMX4 EUROSCARF 

mkk1Δ (BY4741) mkk1::KanMX4 EUROSCARF 

bck1 Δ (BY4741) bck1::KanMX4 EUROSCARF 

msn2/4Δ (W303 1A) msn2::LEU2 msn4::HIS3 (Estruch and Carlson, 1993) 
swi4Δ (BY4741) swi4::KanMX4 EUROSCARF 

swi6Δ (BY4741) swi6::KanMX4 EUROSCARF 

slt2Δ (BY4741) slt2::KanMX4 EUROSCARF 

rlm1Δ (BY4741) rlm1::KanMX4 EUROSCARF 

 TPK1-MS2L  

(DCP2-CFP eIF4E-RFP) 

MATα his3-11,15 leu2-3 112 trp1-1 ura3-1 CDC33-

RFP::Nat  DCP2-CFP::Trp TPK1-MS2   

This study 

BY-TPK1-MS2L (BY4741) MATa, his3Δ,1 leu2Δ0, met15Δ0, ura3Δ0, TPK1-MS2 +  

pMS2-CP-GFP(X3) 

This study 

W303-TPK1-MS2 (W303-1A) (W303-1A) + pMS2-CP-GFP(X3)   This study 

BY4741-Msn2 (BY4741) + pMsn2-GFP This study 

wsc3∆-Msn2 (BY4741) wsc3::KanMX4+pMsn2-GFP This study 
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Checklist of key methodological and analytical information 

This checklist is used to ensure good reporting standards and reproducibility in your paper (this 

checklist is compatible with the reporting standards recommended by the National Institutes of 

Health).  

You must ensure that the following information is included in your manuscript. In general, this is 

best achieved by having specific subsections in the Materials and Methods section for reagents, 

animal models, statistics and data availability. 

Reagents 

1. For cell lines, detail their source and state whether they were recently authenticated and

tested for contamination.

Confirm - in Materials & Methods: 

Reported elsewhere (specify)/NA: 

2. For antibodies, provide a citation, catalogue number and/or clone number and batch

number. Provide details on antibody validation, either in Supplementary Information or by

referencing an antibody validation profile (where possible). Give the dilutions used.

Confirm – in Materials & Methods: 

Reported elsewhere (specify)/NA: 

Animal models
We recommend consulting the ARRIVE guidelines to ensure that other relevant aspects of animal 
studies are adequately reported.  

1. Report species, strain, sex and age of animals.

Confirm – in Materials & Methods: 

Reported elsewhere (specify)/NA: 
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Confirm – in Materials & Methods: 

Reported elsewhere (specify)/NA: 

Human subjects 
1. Provide details on compliance with relevant ethical regulations and identify the

committee(s) approving the study protocol.

2. Provide a statement confirming that informed consent was obtained from all subjects.

3. Where photographs of patients are included, provide a statement confirming that consent

to publish was obtained.

4. For work involving human eggs or embryos, any financial recompense to donors must be

declared.

5. Where the work reports new clinical trial data or includes a tumour marker prognostic study,

appropriate guidelines for reporting must be followed (e.g. reporting the clinical trial

registration number, submitting a CONSORT checklist, following REMARK reporting

guidelines). Please contact the editorial office for further guidance if required.

Confirm – in Materials & Methods: 

Reported elsewhere (specify)/NA: 

Data availability 

For further details on our policies regarding data availability, please see here. 

1. Include accession codes for deposited data.

Confirm – in Materials & Methods: 

Reported elsewhere (specify)/NA: 

2. Include the source of all software. For any custom software, include a statement of how it
can be obtained.

Confirm – in Materials & Methods: 

Reported elsewhere (specify)/NA: 

Methodology and statistics 

The Materials and Methods section should provide information on all points listed below. Please 

read these carefully and confirm that your manuscript conforms to these standards. 

1. State how the sample size (n) was defined to ensure adequate power to detect a pre-

specified effect size.

2. Describe inclusion and exclusion criteria if samples or animals were excluded from the

analysis. State whether the criteria were pre-established.

Provide details on compliance with relevant ethical regulations including, where necessary,

the identity of the committee(s) approving the experiments.

2.
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3. Describe any methods of randomisation used to determine how samples or animals were

allocated to experimental groups and processed.

4. If the investigator was blinded to the group allocation during the experiment and/or when

assessing the outcome, state the extent of blinding.

5. For data presented, statistical tests must be appropriate to the type of data. For example,

do the data meet the assumptions of the tests (e.g. normal distribution)? Is there an

estimate of variation within each group of data? Is the variance similar between the groups

that are being statistically compared?

For small sample sizes (n<5), descriptive statistics are not appropriate, and instead individual data 

points should be plotted. 

Confirm:   or Reported elsewhere (specify):

Figure legends 

The following should be reported in every figure legend. 

The exact sample size (n) for each experimental group or condition, given as a number, 

not a range.

A description of the sample collection that allows the reader to understand whether 

the samples represent technical or biological replicates (including how many animals, 

cultures, etc.).

A statement of how many times the experiment shown was replicated in the laboratory.

Definition of average values as median or mean; definition of error bars as s.d., s.e.m. 

or c.i. (please write as e.g. mean±s.e.m.). Error bars should reflect independent 

experiments and not technical replicates.

Statistical test results, e.g. P values.

Details of statistical method.

t-test, simple χ2 tests, Wilcoxon, Mann–Whitney tests and one-way and two-way

ANOVA tests can be identified by name only in the figure legend. More complex

tests should be described in the Materials and Methods.

Are tests one-tailed or two-tailed?

Are there adjustments for multiple comparisons?

Confirm:       or Reported elsewhere (specify):

1.

2.

3.

4.

5.

6.

•

•

•
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