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ABSTRACT 

 

A recurring theme in biology is the aggregation of mRNA-protein complexes (mRNPs) 

into higher order assemblies. Often these complexes play important roles in the regulation of 

gene expression, but the function of the conserved cytoplasmic mRNP assemblies – P bodies and 

stress granules, is not known. It is believed that the misregulation of granule assembly is related 

to disorders like Amyotrophic Lateral Sclerosis and Frontotemporal Lobe Degeneration. 

Determining the complete composition of these granules may hold the key to understanding the 

function and mechanism of assembly of these granules. This work describes multiple approaches 

taken to identify new protein and mRNA components of P bodies and stress granules. New 

members of the P body and stress granule proteome reveal a role for these granules in diverse 

cellular processes including signal transduction, transcription and metabolism. Additionally, a 

new stress granule resident complex – the CCT complex, was also identified as a novel regulator 

of granule disassembly. This work also describes the first purification scheme for stress granules 

and presents a new system for in vitro study of stress granules. Together, the findings shed new 

light on the composition, function, structure and regulation of P bodies and stress granules in 

yeast.  
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EXPLANATION OF THE DISSERTATION FORMAT 

 

This work is in accordance with the Manual of Thesis and Dissertations of the University 

of Arizona and in accordance with the policies of the University of Arizona Graduate Program of 

Molecular and Cellular Biology. The work is presented in three chapters and three appendices. 

The first chapter reviews the work done in this field and frames the questions at hand. This also 

includes a published book chapter (Appendix A). Present studies constitute chapter two, which 

include a published manuscript (Appendix B) and a manuscript in preparation (Appendix C). 

Chapter three discusses some possible future directions. 

 

Contributions to the work: 

Introduction: 

Appendix A: Published manuscript is of my own work entirely 

Present Study: 

Appendix B: Sarah Mitchell performed the in vivo RBP capture experiments and CLIP analysis. 

Saumya Jain did the microscopy and CLIP analysis. Meitei She performed the CLIP 

experiments. 

Appendix C: Manuscript is of my own work entirely 

 

My graduate advisor, Roy Parker, made essential intellectual contributions to all manuscripts, 

published or unpublished. Additionally, discussions with and support from members of the 

Parker Lab were important contributions to the work. 
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CHAPTER 1: INTRODUCTION 

 

The bulk of the regulation of gene expression in eukaryotic cells has been suggested to 

happen post-transcriptionally, and at the heart of this regulation are mRNA – protein complexes 

called mRNPs (Mitchell and Parker, 2014). A conserved feature amongst eukaryotes is the 

aggregation of these mRNPs into higher order structures (Anderson and Kedersha, 2006; Buchan 

and Parker, 2009; Ramaswami et al., 2013). These mRNP aggregates have been suggested to 

play important roles in biology such as in development and neuronal function (Gkogkas et al., 

2010; Medioni et al., 2012; Schwanhäusser et al., 2011). However, the function for two such 

cytoplasmic granules, P bodies and stress granules, remains unknown (Balagopal and Parker, 

2009; Buchan and Parker, 2009).  

Apart from their function, the mechanisms that lead to the assembly of these aggregates 

also remain unknown. Though many cellular factors have been identified that promote or 

suppress assembly, complete disruption of these granules has not been achieved successfully 

(Buchan et al., 2013; Jain and Parker, 2013; Ohn et al., 2008). Thus, there is a possibility that a 

more thorough description of the granule proteome may reveal factors central to granule 

assembly. Though the mechanisms of assembly and function for these granules remains 

unknown, it is believed that misregulation of granule assembly can have dire consequences. 

Evidence for this comes from their association with various neurological disorders like 

Amyotrophic Lateral Sclerosis (ALS) and Fronto-temporal Lobe Degeneration (FTLD) 

(Ramaswami et al., 2013). Therefore understanding the mechanisms that govern their assembly 

and disassembly is important. Recent studies have suggested that the assembly of mRNPs into 



 

 10 

aggregates could be due to the separation of mRNPs into a different phase, similar to a liquid-

liquid de-mixing event (Li et al., 2012; Weber and Brangwynne, 2012). However, in vivo data to 

support this model is lacking.  

A more thorough review of literature pertinent to P body and stress granule biology is 

given in Appendix A. 

 

Appendix A: The Discovery and Analysis of P Bodies 

Published book chapter: Jain, S. & Parker, R. The discovery and analysis of P Bodies. Adv. Exp. 

Med. Biol. 768, 23–43 (2013) 

 

This book chapter covers the findings that lead to the discovery of P bodies in eukaryotes. 

Also discussed are possible functions of P bodies and stress granules, the known P body 

proteome and a possible model for granule assembly.  



 

 11 

CHAPTER 2: PRESENT STUDY 

 

The present study describes the multiple approaches taken to determine the composition of 

stress granules and P bodies in yeast: First, determination of proteins that bind mRNA under 

stress; second, identification by microscopy of protein factors localizing to granules and last, 

identification of mRNA likely to be targeted to granules by CLIP (Cross-Linking and 

Immunoprecipitation) analysis (see Appendix B). This work is described in the published article 

in Appendix B and the manuscript in Appendix C. Work described in Appendix C also provides 

insight into the structure and biochemical properties of stress granules via in vitro experiments. 

A brief summary of these studies is given below. 

 

Appendix B: Global Analysis of Yeast mRNPs 

Published Article: Mitchell, S. F.*, Jain, S.*, She, M. & Parker, R. Global analysis of yeast 

mRNPs. Nat Struct Mol Biol 20, 127–133 (2013) 

 

One of the major obstacles to determining the mRNP granule proteome is the lack of an 

understanding of which proteins bind mRNA under stress. To answer this question, proteins that 

cross-link to mRNA under stress were analyzed by Mass Spectrometry. A total of 120 proteins 

such proteins were identified, of which 66 were novel mRNA binding proteins. GFP-tagged 

versions of these proteins were then observed by microscopy under log phase and stress 

conditions.  Surprisingly, glucose starvation induced a change in localization for 38% of the 

proteins. This analysis also identified 14 new components of yeast stress granules and P bodies. 
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Lastly, mRNA bound by P body and stress granule proteins, Pat1, Lsm1, Dhh1 and Sbp1 under 

glucose starvation stress were identified by CLIP analysis. Interestingly, the binding sites for 

these proteins seemed to be determined by mRNA landmarks (such as 5’ cap and 3’ poly(A) tail) 

as opposed to specific nucleotide sequences. A high degree of overlap was observed amongst the 

target mRNA of these proteins, and this overlapping set of mRNA could form the bulk of yeast 

granule mRNA-ome.  

 

Appendix C: Stress granules in Saccharomyces cerevisiae are stable assemblies whose 

disassembly is promoted by the CCT complex 

 

A popular model for the assembly of stress granules and P bodies is that these granules 

appear when constituent particles phase transition into a liquid like state, a process also called as 

a liquid-liquid de-mixing event. Important implications of this model are: First, granules should 

be composed of multiple weak interactions; second, granule components should be in dynamic 

equilibrium with molecules in the solvent, and should disassemble when solvent concentration of 

granule components is decreased. However, this work demonstrates that stress granules can be 

purified from cells. Interestingly, it was also observed that they are highly stable assemblies as 

they are resistant to high salt, EDTA and urea. Via biochemical assays with purified granules in 

vitro and bioinformatics analyses of stress granule components, this work suggests that granules 

are composed of multiple specific protein-protein interactions. These specific interactions also 

determine which mRNP granule (P body or stress granule) a protein will be localized to under 

stress. 
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Mass Spectrometric analysis of purified granules identified many possible stress granule 

components, which when observed by microscopy, lead to the identification of 18 new stress 

granule components. One complex identified by mass spectrometry – the CCT chaperone 

complex is also shown to affect stress granule disassembly.  

In summary, this work argues against a simple phase transition model for granule 

assembly; identifies many new stress granule components and a novel disassembly pathway for 

stress granules; and proposes specific protein-protein interactions as the source of the structural 

stability of stress granules. The findings also suggest that the observed dynamicity of granule 

components in vivo is likely due to the action of cellular machines like the CCT complex.  
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CHAPTER 3: FUTURE DIRECTIONS 

 

The ability to purify stress granules allows us to now delve deeper into three main aspects 

of stress granule biology: First, uncovering the range of functions performed by mRNP granules; 

second, understanding the mechanisms of granule assembly and disassembly; and third, 

determining the factors that cause these granules to transform into disease related mRNP 

aggregates.  

Under stress, two kinds of biological functions have been attributed to stress granules: 1) 

Specific sequestration of mRNAs to regulate gene expression post transcriptionally under stress 

(Anderson and Kedersha, 2009; Buchan and Parker, 2009) and 2) sequestration of proteins 

involved in various cellular pathways, to down-regulate their activity (Buchan and Parker, 2009; 

Takahara and Maeda, 2012). The specific sequestration of mRNA in stress granules can be 

investigated by identifying the RNA species in stress granules by deep sequencing. The 

identification of a subset of yeast mRNA will support a specific sequestration role for stress 

granules. New stress granule components identified in this study include enzymes that play 

important roles in cellular metabolism or signal transduction (like Ksp1, Met5 and Sam1). It can 

be assessed if the sequestration of these components correlates with reduced activity under stress. 

If this were true, it would suggest that sequestration of factors in stress granules to inhibit 

activity is a recurring theme that is more frequent than previously known.  

There are three approaches that one could take to study the mechanisms of assembly and 

disassembly using purified stress granules. Firstly, granules could be purified from yeast cells at 

various time points after the onset of stress, and during recovery from stress. Comparing the 
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stress granule proteome during these different time points could reveal a defined order of 

recruitment to, or exit from, stress granules. This would be useful in identifying various target 

proteins that could be causes of several neuro-proteinopathies associated with altered granule 

assembly/ disassembly. Secondly, the proteome of granules purified from various mutant or 

deletion strains could be used to study the dependence of the recruitment of other granule 

components on the mutated or deleted factor. Similar to the aforementioned approach, this 

approach too could shed light on an order to the recruitment of proteins to stress granules. Lastly, 

purified stress granules could be used to study assembly/ disassembly in vitro. For example, 

stress granules have been proposed to be in equilibrium with translation, and re-activation of 

cellular translation under stress could be a mechanism for stress granule disassembly (Buchan 

and Parker, 2009; Kedersha et al., 1999). This could be tested by adding purified granules to in 

vitro translation extracts and assaying for disassembly in a translation dependent manner.   

Lastly, granule purification could be used to investigate the role for defects in granule 

dynamics in diseases such as ALS and FTLD. Preliminary data suggests that this granule 

purification scheme can be applied to mammalian cell lines (data not shown). The next step 

would be to purify mRNP aggregates from patient cells and determine their proteome. This could 

reveal protein factors that are responsible for causing these proteinopathies and create new 

avenues for the development of novel therapeutic strategies.  
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APPENDIX B 

GLOBAL ANALYSIS OF YEAST MRNPS 

 

Mitchell, S. F.*, Jain, S.*, She, M. & Parker, R. Global analysis of yeast mRNPs. Nat Struct Mol 

Biol 20, 127–133 (2013) 
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APPENDIX C 

STRESS GRANULES IN SACCHAROMYCES CEREVISIAE ARE STABLE ASSEMBLIES 

WHOSE DISASSEMBLY IS PROMOTED BY THE CCT COMPLEX 

 

Jain, S., Walters R. & Parker, R. Stress Granules in Saccharomyces cerevisiae are Stable 

Assemblies whose Disassembly is Promoted by the CCT Complex. Manuscript in preparation. 
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Abstract 

 Stress granules are conserved mRNA-protein granules that form when translation 

initiation is limited.  Stress granules, and related RNA-protein granules, are proposed to 

modulate translation, mRNA degradation, signaling pathways, and mRNA localization.  Stress 

granule composition, and modes of assembly and disassembly are poorly understood.  We 

demonstrate that yeast stress granules are stable in lysates, resistant to EDTA and high salt, but 

sensitive to SDS and RNase.  Mass spectrometric analysis, and validation by fluorescence 

microscopy, identified new components of stress granules including multiple subunits of RNA 

polymerase II, tRNA synthetases and the protein chaperone CCT complex.  Bioinformatics 

analyses of stress granule proteins revealed numerous protein-protein interactions amongst stress 

granule proteins that could provide the basis for their assembly, which suggests the dynamic 

nature of stress granules is dependent on active disassembly of protein-protein interactions.   

Strikingly, we demonstrate that the CCT complex is required for efficient stress granule 

disassembly.   These observations suggest that stress granules are stable assemblies with 

redundant interactions requiring active disassembly machines to remain dynamic.   
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Introduction 

 

The regulation of gene expression at the post-transcriptional level is an important aspect 

of the control of gene expression. This post-transcriptional control of mRNAs is often dictated 

by complexes of proteins and mRNA called mRNPs1. mRNPs have been shown to particularly 

play important roles under biological contexts such as stress response, development and neuronal 

function2-‐4. A conserved mechanism of stress response, is the aggregation of translationally 

repressed mRNPs into microscopically visible cytoplasmic aggregates called stress granules5,6. 

The exact biological role of these granules remains unknown, but it has been observed that 

aberrant assembly or disassembly of these granules is associated with disorders like ALS and 

FTLD7. Thus understanding the biochemical properties of stress factors and what mechanisms 

control their assembly and disassembly are important.  

 

  Several observations have suggested that prion-related domains on RNA binding 

proteins, which are regions of proteins predicted to have a high probability of forming a beta-

amyloid structure, are thought to play some role in stress granule assembly.  First, the prion 

domains of TIA and FUS have been shown to affect targeting of TIA and FUS to stress 

granules8,9.  Second, the assembly of yeast P bodies, a related mRNP granule10, is promoted by 

prion-related domains on several yeast proteins11,12.  Since prion-related domains can self-

assemble into fibers in vitro9,13,14, this has led to a model whereby stress granule assembly is 

driven by homo- and/or heterotypic interactions between prion-related domains on RNA binding 
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proteins15.  Moreover, since stress granule formation is heavily influenced by protein 

modifications9,16,17, a parsimonious model is that stress induced modifications of stress granule 

components promotes their interactions and allows stress granule assembly.   

 

 The biochemical nature of RNA-protein assemblies in general has been suggested to be a 

phase separation, where high concentrations of assembly components reach a critical threshold 

and then spontaneously assemble into the observed RNA-protein granule18,19.  This hypothesis is 

based on the following characteristics of RNP-granules in cells: 1) they are highly dynamic, 

which is explained by weak interactions and surface exchange, 2) they display liquid like 

behavior of fission and fusion, and 3) they flow like liquids when mechanical pressure is applied.   

 

 There are multiple pathways of stress granule disassembly that have been described:  

First, stress granules are in equilibrium with translation, and upon resumption of translation 

during stress recovery, stress granules disassemble possibly due to the release of translationally 

repressed mRNAs into translation20,21. Second, upon persistence of stress conditions, granules 

undergo clearance by autophagy22.  Third, certain chaperone complexes have been suggested to 

disassemble granules8,23.   Gilks et al. observed that Hsp70 regulated the aggregation of the 

prion-like domain of TIA-1, a core component of mammalian stress granules. This lead them to 

hypothesize that Hsp70 and other molecular chaperones could regulate stress granule dynamics8.  

Also, it was also reported in yeast, that the chaperones Ssa1, Hsp26 and Hsp104 colocalize with 

stress granules under heat stress, and that hsp104Δ cells had slower rates of stress granule 

disassembly upon recovery from stress23.  
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 In this work, we initially planned to test the model that stress granules were phase 

separations driven under conditions of high concentration of their requisite components, which 

predicts that stress granules should disassemble in dilute lysates.  Surprisingly, we observed that 

stress granules are very stable ex vivo, which argues that yeast stress granules are not phase 

separations per se and have relatively stable interactions that drive their assembly.  The stability 

of stress granules in lysates allowed us to examine their biochemical properties and use mass 

spectroscopy to identify new components of stress granules such as subunits of RNA polymerase 

II and tRNA synthetases.  Bioinformatics analyses of known stress granule components revealed 

that granule proteins constitute a dense network of physical interactions, highlighting the role of 

specific protein-protein interactions in granule stability and assembly. Finally, amongst the 

factors identified by mass spectrometry were multiple members of the CCT complex, which we 

show is required for the efficient disassembly of stress granules during stress recovery.   These 

results suggest that stress granules are stable assemblies whose dynamics are due to the action of 

cellular machines that drive their disassembly.   
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RESULTS 

 

Stress granules are stable ex vivo 

Current models for mRNP granule assembly is that they represent phase separations 

where multiple weak interactions between components lead to a spontaneous liquid demixing 

event when the components are at a high enough concentration19-‐21.  If stress granules are such 

phase separations they would be expected to disassemble when they are present in lysates at 

reduced concentrations of their constituents.  To examine this possibility, we prepared lysates 

from stressed and unstressed cells carrying Pab1 GFP (stress granule marker21) and examined the 

lysates microscopically for stress granules.  

We observed that when cells were treated with Sodium Azide (NaN3) prior to lysis, 

which induces stress granules22,24, GFP positive granules were observed in the lysate (Figure 1a). 

Treatment of cells with vanillin (another stress granule inducing drug8,23,25) also produced GFP 

positive granules in cell lysates.  However, when no stress was applied before lysis, no granules 

were observed (Figure 1a). The stress dependent appearance of Pab1 GFP containing granules in 

lysates suggests that these granules are stress granules, which are stable ex vivo.  

Four additional lines of evidence argue that the granules observed in lysates are stress 

granules. First, in the lysates the Pab1 GFP foci also colocalize with other mCherry tagged stress 

granule markers (Ded1 and Pbp1) (Figure 1b)5. Second, the Pab1 GFP foci overlap with Sybr 

Gold and Syto61 nucleic acid stains suggesting they contain RNA (Figures 1b, Supplementary 

Figure 2), which is also supported by the presence of poly(A) RNA in ‘stress granule enriched 

fractions’ as detected by northern blot analysis using an oligodT probe (Supplementary Figure 
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1a). Third, blocking stress granule assembly in vivo by the addition of Cycloheximide during 

stress leads to a large decrease in the number of GFP granules observed in lysates (Figure 1a)21.  

Fourth, mutants that cause constitutive stress granules in cells, also lead to the appearance of 

granules in lysates. GFP tagged Ded1Δ141-150 was observed in granules in lysates even in the 

absence of stress, while wild type Ded1 GFP was not (Supplementary Figure 1b)26.  We interpret 

these observations to indicate that yeast stress granules are stable in lysates.   

 

An interesting observation was that the relative stoichiometry of different stress granule 

factors varied greatly between granules. This suggests heterogeneity amongst granules and is 

consistent with the following results from studies on granules in vivo: First, by microscopy no 

two stress granule markers overlap completely in our studies (see below and Table 1) and 

second; the population of stress granule like mRNP aggregates in neurons have been shown to be 

heterogeneous27.  These observations indicate that individual stress granules can be 

heterogeneous both in their components and the relative levels of individual components.   

Whether this reflects different distinct populations of stress granules or heterogeneity in a 

common type of stress granule remains to be determined.  

 
 

Stress granules are dense, heavy complexes 

We developed a biochemical scheme to highly enrich for stress granules.  The key aspect 

of this approach is after a 10 min spin at 18,000Xg, over 90% of the stress granules were 

observed in the pellet as observed by microscopy (data not shown).  Consistent with stress 

granules pelleting under these conditions, the majority of Pab1 GFP accumulates in the ‘stress 
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granule enriched fraction’ by western analysis (Figures 3a, 3d). However, at a lower speed of 

850Xg, stress granules remain in the supernatant. These properties of stress granules were useful 

in enriching them further for Mass Spectrometric analysis (see below).  

Since stress granules are altered during translation, and polysome analyses are often used 

to study the translation distribution of mRNAs, we considered how stress granules would 

fractionate under standard polysome analyses.  We note that many polysome analyses involve a 

high speed “lysate clarification”, which would be expected to remove stress granules from the 

lysate.  Thus, any polysome type of analysis with a high-speed clarification step will miss any 

contribution of stress granules to the translation distribution of mRNAs, potentially biasing the 

results.  

We examined the distribution of stress granules on sucrose gradients similar to those used 

in polysome analysis. We quantified the number of granules in each fraction of a 15-50% sucrose 

gradient, and observed that ~92% of granules settled in fractions at or heavier than 80S (Figure 

2).  mRNAs and proteins settling in deep fractions on a sucrose gradient are frequently assumed 

to be polysome associated. However, this observation suggests that these mRNAs and proteins 

could also be in stress granules. Interestingly, there appeared to be different populations of stress 

granules, ones concentrating around fraction 6 and ones running around fraction 9 or deeper. As 

assessed by microscopy, the granules settling in heavier fractions were visibly brighter than the 

ones running in lighter fractions (data not shown). This suggests that based on size, there may be 

two distinct populations of stress granules in yeast. An interesting possibility is that these 

different populations of stress granules represent different stages of assembly/disassembly. It 
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remains to be seen if different populations exist simultaneously in a single cell, or if different 

populations reflect on the heterogeneity of stress response amongst individual yeast cells.  

 

 

Biochemical properties of stress granules 

 To understand the structural and biochemical properties of stress granules, we assessed 

their stability in vitro over time and in the presence of various compounds. It was observed that 

stress granules were stable in vitro at 30°C for at least an hour (Figure 3a).  Various studies have 

suggested that stress granules and other similar RNA-protein granules are phase transitions, and 

thus their stability should be dependent on the concentration of constituent components in 

solution19,28. However, the stability of stress granules in dilute lysates suggests that they may not 

be typical phase transitions.   

 Stress granules appear to be composed of strong inter-molecular interactions based on the 

following observations: Firstly, they are resistant to up to 1M NaCl (Figure 3b); secondly, they 

are stable in up to 2M Urea (data not shown); and lastly, they do not disassemble in up to 50mM 

EDTA (Figure 3c).  

 Recent studies have shown that prion-like domains are important for granule formation in 

vivo, which suggests that prion-like interactions could be important for granule stability8,11. We 

decided to test the sensitivity of stress granules to 2% SDS, which fails to break down prion 

aggregates29. We observed that in the presence of 2% SDS, Pab1 GFP shifted from being 

entirely in the pellet to almost completely in the supernatant after an 18000xg spin (Figure 3d). 
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This suggests that interactions that occur within canonical prion aggregates are not the inter-

molecular interactions necessary for stress granule stability. 

 It has previously been shown that P bodies are dependent on RNA for stability and are 

sensitive to RNase treatment in vitro30. Interestingly, after treatment with RNases for 30min 

(5U/ml RNase A and 400U/ml RNase T1), only a partial shift of Pab1 GFP from the pellet to the 

supernatant after an 18,000xg spin was observed (Figure 3e). (A consistent but not significant 

reduction in number of granules upon RNase treatment as determined by microscopy, was also 

observed (data not shown)). This observation suggests that either stress granules are not heavily 

dependent on RNA for stability, or that RNA in stress granules is not accessible to RNases. The 

latter is consistent with the observation that stress granules still stained positive with Syto 61, 

after RNase treatment (Supplementary Figure 2).  We interpret this as, RNA molecules promote 

stress granule assembly and that at least a portion of the mRNA within stress granules is resistant 

to nuclease digestion.  

 

 

Mass Spectrometric analysis of stress granules 

 To identify novel proteins that are targeted to stress granules, we immuno-precipitated 

semi-purified stress granules and analyzed the pull downs by Mass Spectrometry.  Rabbit IgG 

conjugated epoxy Dynabeads were used to pull down stress granules via a C terminal TAP tag on 

eIF4G1, an abundant known component of yeast stress granules31.  Interestingly, stress granules 

did not bind to Dynabeads when the pull down was performed from cell lysates. However, pull 

down from the ‘stress granule enriched fraction’ showed ample binding of stress granules to 
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Dynabeads, as judged by microscopy (Figure 4a).  This suggests that there is an excess of soluble 

stress granule targeted proteins in the lysate, which saturates binding sites on Dynabeads. 

However, once heavy complexes are selected for as in the ‘stress granule enriched fraction’, 

more binding sites become available to stress granules. Under these conditions, various TAP-

tagged strains were tested, and it was determined by microscopy that granules from an eIF4G1-

TAP (Tif4631-TAP) strain, bound to Dynabeads with the highest efficiency (Figure 4b).  

 

 Mass Spectrometry identified a total of 551 proteins in a pull down from eIF4G1-TAP, 

Pab1 GFP cells that had been stressed with NaN3 prior to lysis. Only 22 proteins were identified 

in an IP from a stressed, no TAP-tag control, suggesting that there was minimal non-specific 

binding to the Dynabeads. Of the 551 proteins, 229 proteins had ≥ 2 fold more peptides as 

compared to a pull down from an unstressed control and were not identified in the no TAP-tag 

control (Supplementary Table 1).  These 229 proteins are in heavy complexes and associate with 

eIF4G1 in a stress dependent manner, and are consequently candidate stress granule proteins. 

Two observations suggest that members of the “stress granule-ome” populate this list of 229 

proteins: First, 12 known stress granule proteins including Pab1, Ded1 and Pbp1 were identified 

(Table 2) and thus this list is enriched for stress granule proteins (p-value 1.34 X 10-13)5. Second, 

GO term analysis identified regulation of translation (corrected p-value = 9.17 X 10-6) and 

Ribonucleotide binding (corrected p-value = 8.76 X 10-9) as the enriched GO categories.  

There are four categories of known stress granules proteins that were not identified in our 

list of 229 proteins: First, factors that commonly associate with translation such as eIF4G, eIF4E, 

eIF4A and eIF332. Eleven such proteins were identified in pull downs from both stressed and 



 

 62 

unstressed cells, as they interact with eIF4G1 in the presence and absence of stress. Second, 

proteins that may localize to granules only under specific stresses. For example, Hsp31 and 

Hsp32 have been observed to localize to stress granules under heat stress and may not localize to 

granules under NaN3 stress33. Similarly, Hrp1 has been described to localize to granules under 

glucose starvation conditions and not under NaN3 stress24.  Third, proteins that are low 

abundance in cells or localize weakly to stress granules. For example stress granule factors like 

Slf1 and Ecm32 have been identified as very low abundance cellular proteins and have fewer 

than 1000 copies per yeast cell34. Last, we cannot rule out that some proteins might be bound to 

stress granules less tightly and may dissociate during lysis or granule purification.  

 

 

Validation of hits by microscopy 

As a secondary method for validating the potential stress granule components identified 

by Mass Spectrometry, we tested their colocalization with an established stress granule protein 

Ded1 (mCherry labeled) under NaN3 stress.  This is a conservative approach since validation by 

microscopy requires the ratio of strength of GFP signal of the protein in stress granules to 

strength of GFP signal from diffuse protein in cytoplasm to be sufficiently high. Thus, proteins 

that are components of stress granules, but are not depleted from the cytosol, would not be 

identified by this approach.  

 

Of the 229 proteins, GFP-tagged strains were available for 188 proteins in the yeast GFP 

collection. These 188 strains were transformed with a plasmid carrying Ded1 mCherry. Of these 
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188 strains, the GFP signal in 32 strains was weaker than autofluorescence, and these strains 

were thus removed from analysis (Figure 4c). Interestingly, 22 proteins out of 156 localized to 

the mitochondria (Figure 4d). It has been previously reported that eIF4G can localize to the 

mitochondria35,36. The increased association of eIF4G1 with these proteins under stress suggests 

that there could be cross talk between mitochondrial function and translation regulation in cells 

under stress. 24 proteins aggregated in foci that did not localize with stress granule markers 

under stress (Figure 4d, Supplementary Table 1). Large complexes are selected for in ‘stress 

granule enriched fractions’, and this could explain the identification of these proteins by Mass 

Spectrometry. Two of these proteins, Cdc10 and Shs1 localize to the septin ring. Interestingly, 

physical interactions have been identified between eIF4G1 and members of the septin ring37. 

Other proteins are known to localize to actin cortical patches, golgi, proteasome particles or lipid 

droplets. A stress dependent association of eIF4G1 with these complexes could have interesting 

implications for the regulation of translation under stress.  

By visual inspection, 59 proteins demonstrated some degree of colocalization with Ded1-

mCherry (Table 1). For these proteins, the amount of overlap with Ded1-mCherry per cell was 

quantified bioinformatically. The degree of overlap identified for a cytoplasmic protein (Ola1) 

that did not change localization under stress was used as negative control. Through this analysis 

we verified 7 known stress granule components and Dcp1 (Figure 4d) (the decapping complex 

mainly localizes to P bodies but has been shown to overlap with stress granules38-‐40) to have 

significant overlap with Ded1.  

We identified 18 new stress granule factors that span a range of biological processes 

(Figure 4d and see Discussion).   For example, we identified RNA polymerase II subunits Rpo21 
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and Rpb2 as components of stress granules suggesting a possible connection between stress 

granule formation and transcription regulation (Figure 5).  Another novel class of proteins that 

was observed to aggregate in stress granules was tRNA synthetases (Figure 5).  This is consistent 

with the growing body of data that suggests that tRNA synthetases bind and regulate mRNA 

fate41-‐44, which could explain how various mutations in the human homolog of Tys1, YARS, that 

do not affect its acyl-transferase activity, lead to Charcot Marie Tooth Neuropathy45,46.   

 

It should be noted that our analysis of stress granule components might underestimate the 

components of stress granules for a variety of reasons.  First, some proteins we were not able to 

test due to a lack of a functional detectable GFP fusion.  Second, proteins that are components of 

stress granules, but are not appreciably depleted from the bulk cytosol will not show an obvious 

relocation to stress granules although they could still be present. One such class of proteins is 

members of the proteasome. Even though they were not validated by microscopy (due to a weak 

cytoplasmic signal or possibly weak re-localization to stress granules), there is evidence that they 

may affect stress granule aggregation since inhibition of the proteasome induces stress granule 

formation47.  

 

 

Analysis of Stress Granule components reveals core principles of stress granule assembly 

 With a goal of identifying features characteristic of stress granule proteins, we compiled a 

list of proteins currently known to localize to yeast stress granules from this work and other 

studies (a total of 73 proteins, Table 2).  This analysis revealed the following characteristics of 
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yeast stress granule proteins: First, less than 50% of stress granule proteins (35/73) have known 

mRNA binding activity. Second, the list of stress granule proteins is enriched for proteins with 

predicted Prion Like Domains (PrLDs) (p-value = 1.81 X 10-18) This is consistent with the 

findings from various studies that suggest that PrLDs are important players in mRNP granule 

assembly8,11,28. However, only 20 of the 73 proteins have predicted PrLDs. Third, the sets of 

proteins with mRNA binding activity and proteins with predicted PrLDs are highly overlapping 

(17/20 stress granule proteins with a predicted PrLD have known mRNA binding activity, p-

value 5.53X10-5). Fourth, stress granule proteins are highly interconnected by protein-protein 

interactions.  On an average, each stress granule protein physically interacts with 4.25 other 

stress granule proteins (Figure 6a). By random chance, the average number of binding partners 

per protein for a set of 73 proteins would be 0.23, which is significantly lower than that for stress 

granule proteins (p-value < 10-100) (Similar trends were also observed when only known direct 

interactions were taken into account). Taken together, these observations suggest that rather than 

just protein-RNA and PrLD based interactions, specific protein-protein interactions play a major 

role in the recruitment of various proteins to stress granules. A similar analysis of P body 

proteins revealed that in contrast to stress granules, a majority of P body proteins have mRNA 

binding activity (~73%), which suggests that mRNA-protein interactions may contribute more to 

P body structure than stress granule structure (Supplementary Table 2). However, like stress 

granule proteins, P body proteins also displayed a high degree of interconnectivity (Figure 6b) 

(on average, each P body protein interacts with 7.65 other P body proteins). Interestingly, when a 

network consisting of both P body and stress granule proteins was created, P body and stress 

granule proteins were segregated (Supplementary Figure 3). Also, proteins that localize to both 
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granules (like Dhh1 and Scd6) appeared at the interface of these two populations. This further 

supports the hypothesis that specific protein-protein interactions determine the localization of 

proteins to one of these two granules.  

Based on these findings and results from other studies, some core principles of stress 

granule assembly can be proposed (Figure 8): First, proteins with PrLDs and mRNA binding 

activity could function as recruitment hubs and trap other proteins in stress granules. This is 

supported by the observation that proteins with identified mRNA binding activity or predicted 

PrLDs had more binding partners amongst stress granule proteins than proteins without these 

features (on average, 5.37 binding partners for proteins with RNA binding activity vs. 3.21 for 

proteins without, p-value 0.0098; and 6.00 binding partners for proteins with predicted PrLDs vs. 

3.58 for proteins without, p-value 0.0098). Second, specific protein-protein interactions 

determine the recruitment of proteins to stress granules. This principle leads to the prediction that 

proteins with PrLDs but no specific protein-protein interactions with other stress granule proteins 

would not be targeted to stress granules. This is consistent with the observations that: a) all 

proteins with PrLDs are not targeted to stress granules41 and b) PrLDs from stress granule 

proteins when expressed in yeast are not localized in stress granules23 (Decker and Parker, 

unpublished). Importantly, this suggests that some proteins could be recruited to stress granules 

by protein-based interactions, even though these proteins may not bind mRNA or participate in 

mRNA biology. Lastly, after aggregation of mRNPs into stress granules, various cellular factors 

would be required to keep granule factors dynamic as stress granule proteins exchange rapidly in 

vivo while stress granules are extremely stable in vitro.  
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Chaperone Containing T complex promotes stress granule disassembly in vivo 

 The stability of stress granules in lysates is in contrast with their dynamics in vivo as 

measured by FRAP48,49.  This difference suggested specific ATP driven disassembly machines 

might modulate that stress granule dynamics or disassembly in vivo. In this light it was striking 

that our mass spectroscopy analysis identified multiple members of the CCT chaperone complex 

in stress granules (Supplementary Table 1). Unfortunately, C terminal GFP tagging of either of 

the 8 subunits impedes the formation of the complex in vivo and causes lethality or a severe 

growth phenotype50, preventing our ability to examine if the CCT complex is associated with 

stress granules by microscopy. However, several observations suggested that the CCT complex 

might disassemble stress granules.  First, members of the CCT complex have been shown to 

disassemble polyQ/N rich protein aggregates51. Second, this complex can disassemble polyQ 

rich Huntingtin aggregates in vivo52. Third, CCT3 mutants show a hyper-aggregation phenotype 

for P bodies – which are mRNP aggregates related to stress granules53.  

 

 To test if the CCT complex affects stress granule assembly or disassembly, we first 

examined how a temperature sensitive allele of Cct4 (cct4-1), which has reduced ATPase activity 

at higher temperatures54, affected the induction of stress granules after 10’ of NaN3 stress.  We 

observed that cct4-1 strains formed more stress granules per cell than wild type (p-value = 

0.0146). Upon prolonged stress (20’), the cct4-1 strain also formed larger granules than in WT 

(Figure 7a) (p-value <0.001).  Higher numbers of stress granules were also observed under 1M 

KCl stress in cct4-1 cells (Figure 7a). We also monitored stress granules disassembly during 

recovery from NaN3 stress in cct4-1 and wild type cells at 37°C.  We observed that more cct4-1 
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cells still carried stress granules after an hour of recovery at 37°C than wild type cells (Figures 

7d, 7e) (p-value = 0.0056).  These observations indicate that the cct4-1 allele causes defects in 

stress granule disassembly.   

 

 In a second set of experiments we examined how a series of hypomorphic alleles in the 

CCT complex affected stress granules.   In this experiment, we took advantage of D to E alleles 

that have been made in each subunit of the CCT complex in the ATPase site, which are viable 

alleles (with the exception of CCT4) but moderately reduce the CCT complex ATPase activity 

under normal growth conditions53. We observed that mutations in all CCT subunits tested (cct2, 

cct3, cct5, cct6, cct7 and cct8) led to increased formation of stress granules during NaN3 stress, 

and similar effects were seen when stress granules were induced by growth to high cell densities 

(Figures 7b, 7c).  These observations provide additional evidence that the CCT complex 

modulates stress granule disassembly in yeast cells.  
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DISCUSSION 

 

 We describe several biochemical properties of yeast stress granules.  Yeast stress 

granules are stable in lysates, sediment as large complexes, and are resistant to 1 M NaCl, 50mM 

EDTA, and 4M urea, but sensitive to 2% SDS, and RNase treatment.  Moreover, their 

components show a large number of physical interactions between themselves.  These properties 

have several implications for understanding stress granules.  

 

 The physical properties of observable stress granules are inconsistent with the hypothesis 

that RNP granules, such as stress granules, are simple phase separations19.  Classical phase 

separations would be expected to disassemble with dilution and are often sensitive to changes in 

the nature of the solute.  The fact that stress granules are stable in dilute lysates, and resistant to 

high salt and urea is more consistent with stress granules being a biological assembly based on 

classical protein-protein and protein-RNA interactions.  Interestingly, evidence that RNP 

granules are phase separations is based on their dynamics and liquid-like behavior in vivo49,55-‐58. 

Isolated stress granules did not show this behavior in vitro, as they did not disassemble in 

solution or incorporate free protein from solution (data not shown). We also did not observe any 

liquid droplet like behavior for these granules, which would be expected of such phase 

transitions.  One simple possibility is that the liquid like behavior of stress granules is based on 

active mechanisms in vivo, such as the CCT complex, that keep these granules dynamic.  
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 A second implication is that the interactions holding stress granules together are 

reasonably stable, which is based on their stability in lysates and their resistance to 1M NaCl, 

50mM EDTA and 4M Urea.  Given the abundance of prion-like domains in stress granule 

components, one possibility is that these prion domains would form beta-amyloid like structures 

to contribute to stress granule assembly.  However, the observation that stress granules are 

sensitive to 2% SDS suggests that if any such beta-amyloid like structure forms it is not stable in 

the presence of SDS.   

 

 Another property of stress granules is that they pellet at >18,000xg. Various studies that 

look at RNA or RNA binding proteins under stress often include a clarification spin post lysis. 

This spin is usually >18,000xg, which implies that all RNA and RNA binding proteins within 

stress granules are excluded from subsequent analysis. We also observed that stress granules 

migrate to dense fractions on a sucrose gradient. Often migration of an mRNA or mRNA binding 

protein deep into a sucrose gradient is assumed to show its association with polysomes. 

However, these observations suggest that mRNA and proteins could also be in stress granules 

and not engaged in active translation.  

 

 Mass Spectrometric analysis of stress granules followed by validation by microscopy 

identified many novel stress granule components (Table 1). Amongst these was the metabolic 

enzyme Met5. We also observed genes implicated in Ribosome biogenesis (Rbg1 and Kap123) 

in stress granules. Both these classes of molecules have recently been shown to bind mRNA41,59. 

Together these suggest extensive cross talk between various cellular pathways and mRNA 
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biology. Gus1 and Tys1, both tRNA synthetases were also identified as stress granule proteins. 

This is particularly interesting as both of these bind mRNA41. Additionally, several members of 

this class of enzymes have been shown to regulate the translation of certain messages42-‐44,60. 

Their noticeable accumulation in stress granules suggests that this regulation might be more 

general than previously described. This has important implications for disorders like Charcot 

Marie Tooth Neuropathy, which are associated with mutations in tRNA synthetases. 

Interestingly, several of these mutations do not affect their aminoacylation activity and could be 

targeting their role in translation regulation or their accumulation in granules45,46.  

 

The localization of RNA polymerase subunits, Rpo21 and Rpb2 to stress granules implies 

that either: a) RNA polymerase subunits are sequestered in stress granules to down-regulate 

transcription under stress or b) RNA polymerase subunits play additional roles in 

posttranscriptional regulation of mRNA, which places them in cytoplasmic mRNPs under stress. 

We observed that in most cells, the majority of these subunits were still in the nucleus, which 

would make the former less likely. However, we cannot rule out that a small reduction in nuclear 

localization could affect the transcription of a subset of genes, which are tuned to be shut off 

under stress.  It is also a formal possibility that RNA polymerase II could function with stress 

granules to produce new RNA based on its RNA-dependent RNA polymerase activity61.   

 

Our analysis of stress granule components underscores the role of protein-protein 

interactions in the assembly of these structures.  The key observation is that the components of 

stress granules constitute a dense network of interacting proteins, which has two important 
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corollaries (Figure 6a).  First, the dense set of protein-protein interactions could form the basis of 

a redundant set of interactions that drive stress granule assembly.  This is supported by genetic 

analyses in yeast, which have failed to identify any single gene that is absolutely required for 

stress granule formation21,40,62.  A second key point is that the network of protein interactions 

argues that some proteins will be recruited to stress granules independent of binding RNA. An 

example of this phenomenon is the localization of the TOR subunit Kog1 to stress granules, 

which leads to the inactivation of the TOR pathway under stress63.  A larger implication is that 

stress granules could function as general sequestration centers under stress conditions and not 

just assemblies of translationally repressed mRNA5. 

 

We present several observations that the Chaperonin Containing Tcp1 complex (CCT 

complex) plays a role in promoting stress granule disassembly.  First, we observed several 

subunits of the CCT complex as enriched in yeast stress granules (Supplementary Table 1).  

Second, mutants that have reduced ATPase activity in any one of its 8 members (we tested cct2, 

cct3, cct5, cct6, cct7 and cct8) caused a hyper-assembly of granules under stress (Figures 7b, 7c).  

Third, the temperature sensitive cct4-1 allele leads to the accumulation of more stress granules 

under stress, and shows delayed disassembly of stress granules during recovery  (Figures 7a, 7d, 

7e). The simplest hypothesis for how the CCT complex affects stress granule recovery is that the 

complex uses the energy of ATP to disrupt specific protein-protein interactions within stress 

granules, thereby allowing for their disassembly.  This possibility is suggested by the 

accumulation of CCT complex within stress granules as assessed by mass spectroscopy and by 
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the observation that mutations decreasing the ATPase activity of the complex lead to increased 

stress granules.   

 

A role for the CCT complex in disassembling stress granules has two important 

implications.  First, the CCT complex is one of a growing number of ATP driven machines that 

disassemble stress granules including the Ded1/DDX3 RNA helicase26, the VCP/CDC48 

ubiquitin segregase22 and Hsp70/Hsp40 complexes8,23  (Walters and Parker, unpublished).  This 

argues that stress granules are dynamic in cells due to the action of ATP driven disassembly 

machines, and as such represent a type of “active liquid”.   

 

A second implication is that mutations in humans that decrease the activity of the CCT 

complex might be expected to contribute to the formation and/or progression of inclusion body 

proteinopathies wherein excess stress granule formation and/or persistence appears to contribute 

to the disease7.  Thus, sequencing of patients with these diseases may reveal new pathogenic 

mutations in the CCT subunits.  



 

 74 

MATERIALS AND METHODS 
 

Yeast strains and growth conditions 

For all biochemical experiments, yeast strain BY4741 was transformed with pRP 1363, 

pRP 1556 or pRP 2071 and grown in –Ura minimal media with 2% glucose to an OD600 of 0.4-

0.6 at 30°C. For stress granule purification, TIF4631-TAP tag strain from the yeast TAP tag 

library was transformed with pRP 1363 and grown in –Ura minimal media with 2% glucose to an 

OD600 of 0.4-0.6 at 30°C. For the microscopic validation of Mass Spectrometry hits, strains from 

the yeast GFP library were transformed with pRP 2132 and grown in –Ura minimal media with 

2% glucose to an OD600 of 0.4-0.6 at 30°C. All strains harboring mutations in a CCT subunit 

were also grown cultured and grown similarly. For experiments with temperature sensitive 

strains, the cultures were shifted to 37°C for 20min before stressing. Yeast strains were 

transformed using standard chemical transformation techniques.  

 

Stressing yeast cells and Cycloheximide treatment 

NaN3 stress: Cells were treated with 0.5%NaN3 for 30min at 30°C (unless otherwise 

stated). Vanillin stress: Cells were treated with 50mM vanillin (2M stock made in DMSO) for 

30min at 30°C. KCl stress: Cells were treated with 1M KCl for 30min, 20 min after shifting cct4-

1 and WT cells to 37°C . For high OD stress, cells were grown at OD600 = 3.0 at 30°C.  

Treatment with Cycloheximide was performed with a final concentration of 100ug/ml 

Cycloheximide added at the same time as NaN3.  
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RNase treatment 

1μL	  of	  Ambion	  RNase	  cocktail	  (5U/ml RNase A and 400U/ml RNase T1) was added per 50μL	  

of	  stress	  granule	  enriched	  fraction	  and	  incubated	  at	  room	  temperature	  for	  30min.	  

 

Microscopy and image analyses 

All images were taken using a DeltaVision Elite microscope with a 100X objective using 

a PCO Edge sCMOS camera. At least 3 images were taken for each experiment comprising of 8 

or 10 Z-sections each. ImageJ was used for all image analyses. For counting granules ex vivo, all 

images were Z-projected using maximum projection. The Z-projections were thresholded 

between 1000 and 30,000 counts. Then the “Analyze particles” feature was used to count the 

number of foci. For overlap between different markers for granules ex vivo, granules were 

identified as described above in channel1. Then background intensities were determined for the 

channel2 by measuring intensity in 20 different parts of the image with no discernable granule. 

This was used to determine intensities above background (using 1% FDR). Intensities of 

channel2 at granule positions (as determined by channel1) were obtained. A higher than 

background intensity at that position was interpreted as overlap.  

To evaluate the overlap between Ded1 mCherry and a GFP tagged protein, Z-projections 

were created by summing all Z-sections for both channels.  A single Freehand line was drawn for 

each cell, such that a) most Ded1 mCherry foci were traversed by the line and b) nuclei and 

vacuoles were not intersected. An intensity profile was generated using ImageJ and the “peak 

finder” plugin in Matlab was used to determine peak positions. A similar profile was created for 

the green channel for the same line and peak positions were identified such that they were above 
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the levels of autofluorescence (as determined by the intensity in the GFP channel for different 

exposure times for BY4741 under stress). An overlap was called if for a peak positions in the 

mCherry channel, there existed a peak in the GFP channel within 200nm (resolution power of the 

setup).   

Staining for RNA was done by mixing in either 100 μM	   (final	   concentration)	   of	  

SYTO61	   (Invitrogen)	   or	   1X	   (final	   concentration)	   SYBR	   Gold	   (Invitrogen)	   at	   room	  

temperature	  for	  20min.	   

  

RNA extraction and oligodT Northern analysis 

RNA was isolated from ‘stress granules enriched fraction’ from NaN3 and unstressed 

cells by Phenol – Chloroform extraction. All extracted RNA was run on a 1.25% formaldehyde 

agarose gel. RNA was transferred onto a Nitrocellulose membrane and hybridized with an αP32 

labeled oligodT probe overnight at room temperature. Membrane was exposed to a 

phosphorimager screen. Image was obtained using a Typhoon scanner.  

 

Stress granule purification 

 For each sample, 1.8L of culture was grown in the appropriate selection medium and 

grown to OD600 0.4-0.6. After NaN3 stress, cells were pelleted at 3220Xg for 1min at RT in 50ml 

falcon tubes. Cell pellets were flash frozen in liquid nitrogen and stored at -80°C till ready for 

lysis. Cell pellets were resuspended in lysis buffer (50mM Tris HCl pH 7.4, 100mM Potassium 

Acetate, 2mM Magnesium Acetate, 0.5mM DTT, 50μg/ml Heparin, 0.5%NP40, 1:5000 

Antifoam emulsion, 1 complete mini EDTA free protease inhibitor tablet/ 50ml of lysis buffer), 
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such that cell pellet from 50ml of lysis buffer was resuspended in 0.5ml of lysis buffer. 

Resuspended cell pellets were transferred to 2ml microcentrifuge tubes. ~0.3ml of acid washed 

glass beads were added to each tube. Cells were lysed at 4C by 3 cycles of vortexing for 2min 

followed by 2min on ice. Lysate was spun at 805Xg for 2min and supernatant was taken. Stress 

granule enriched fraction was obtained from this supernatant as in Fig. 5. Granules were bound 

to Dynabeads conjugated with Rabbit IgG at room temperature for 15min. Dynabeads were then 

washed with lysis buffer 3 times, followed by 1 short wash with Lysis Buffer + 2M Urea, 

followed by 1 wash with Lysis Buffer + 300mM Potassium Acetate and another wash with Lysis 

Buffer. Dynabeads were then resuspended in 2X SDS PAGE loading buffer and boiled at 100°C 

for 10min. Supernatant was loaded onto a 4-12% Novex precast SDS PAGE gel. Gels were 

stained with Sypro Ruby to visualize protein. In gel trypsin digestion was performed for Mass 

Spectrometry as described in Shevchenko and Mann, 200664. 

 

Mass Spectrometric Analysis 

 Tryptic peptides were analyzed using a Waters nanoAcquity UPLC coupled directly to a 

linear ion trap (LTQ)-Orbitrap hybrid mass spectrometer (Thermo Scientific).  The desalted, 

vacuum-dried peptide mixture was resuspended in 0.1% formic acid in water and 8 uL of the 

mixture was injected onto a nanoAcquity 1.7 um particle size, 75 um x 250 mm BEH130 C18 

analytical column (Waters).  A 150 min, linear, one-dimensional reversed-phase UPLC gradient 

implementing a flow rate of 300 nL/min was used to elute peptides for electrospray ionization-

aided MS/MS analysis (solvent A: 0.1% formic acid in water, solvent B: 0.1% formic acid in 

acetonitrile).  Accurate mass data were acquired on intact peptide ions using 60,000 resolution 
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(at 400 m/z) in the Orbitrap (MS) and were followed by data-dependent, low resolution MS/MS 

analysis on the top 6 most abundant peptide ions per scan cycle in the linear ion trap.  Charge 

state rejection was used to reject MS/MS scans on precursor ions with +1 or unassigned charge 

states.  Dynamic exclusion was turned on with the following parameters: repeat count of 1, 

repeat duration of 30 s, exclusion list length of 500 ions and exclusion duration of 180 s. 

Raw mass spectral data were converted to mzxml format using ReAdW (v4.3.1), searched using 

the Mascot search algorithm (Matrix Science) and further processed using IsoformResolver65.  

All data were searched against the Uniprot yeast proteome database (release-2013_04) forward 

and reversed protein databases with the following search criteria: trypsin enzyme specificity, 2 

possible missed cleavages, a single fixed modification (carbamidomethyl Cys), two variable 

modifications (conversion of N-terminal Gln to pyro-Glu, oxidized Met), ± 20 ppm precursor ion 

mass tolerance, ± 0.5 Da fragment ion mass tolerance, and 1% false discovery rate based on 

MOWSE score.  IsoformResolver processing required a minimum peptide length of 6 amino 

acids and a minimum of 1 peptide reported per protein.  Spectral counts (the number of MS/MS 

spectra assigned to peptides for a given protein) were used as a relative measure of protein 

abundance and evaluated for significance of differential expression using a G-test as in Old et al. 

200566. 

 

Bioinformatics analysis 

Cytoscape v2.8.2 was used to identify known physical interactions between and create 

interaction maps for stress granule proteins, P body proteins or random sets of yeast genes 

(Biogrid tab file: BIOGRID-ORGANISM-Saccharomyces_cerevisiae-3.1.79.tab2.txt). We wrote 
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a Perl script to create sets of random yeast genes. The plugin BiNGO 2.44 was used to identify 

enriched GO categories. 

 

Stress granule disassembly experiments 

cct4-1 or wild type cells carrying Pab1 GFP were grown to log phase at 30°C and then 

shifted to 37°C.	   After	   40min,	   cells	  were	   stressed	  with	   0.5%	  NaN3	   for	   30min	   and	   imaged.	  

Cells	  were	  then	  washed	   in	  media,	  and	  resuspended	   in	  media	  and	  returned	  to	  37°C. After 

60min, cells were imaged again, and fraction of cells carrying stress granules was determined.  

 

Statistical analysis 

 Hypergeometric distribution was used to determine the chance overlap between 

two lists. Based on this distribution, p-values for greater than chance overlap between two lists 

was determined. Unpaired student’s t test was used to determine significant changes.
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FIGURE LEGENDS 
 
Figure 1 

Stress granules ex vivo. (a) Pab1 GFP cells and granules in cell lysates from cells ± treatment 

with NaN3 for 30min and ±	  treatment	  with	  Cycloheximide	  (CYH)	  during	  NaN3	  treatment	  

prior	  to	  lysis. Also shown, cells and lysate from cells treated with 50mM Vanillin for 30min. (b) 

Lysates from cells carrying Pab1 GFP and Ded1 mCherry, Pab1 GFP and Pbp1 mCherry or 

lysate from cells carrying Ded1 mCherry stained with nucleic acid stain Sybr Gold. Numbers 

indicate average percentage of Pab1 GFP foci with overlapping Ded1 mCherry foci, or average 

Ded1 mCherry foci that positively stain with Sybr Gold (N = 3 images). White scale bars 

indicate 2 μm.  

 

Figure 2 

Stress granules run deep on sucrose gradients. Lysate from cells stressed with 0.5% NaN3 for 

30min loaded onto a sucrose gradient. Red trace depicts OD260 for each fraction. Blue bars depict 

number of granules in each fraction as counted by microscopy.  

 

Figure 3 

Biochemical properties of stress granules. (a) Number of granules at time (t) as a fraction of 

number of granules at 0min after incubation of lysate from stressed cells at 30°C. (N=3 

experiments) (b) Number of granules at different concentrations of NaCl as a fraction of number 

of granules at 0mM NaCl. (N=3 experiments) (c) Number of granules at different concentrations 

of EDTA as a fraction of number of granules at 0mM EDTA. (N=4 experiments). For (b) and (c), 
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granules incubated at room temperature for 20min under each condition. (d) Western blot, 

blotted for Pab1 GFP (α GFP Antibody) showing amounts of Pab1 GFP in supernatant and pellet 

from 18,000xg (10’) centrifugation of ‘stress granule enriched fraction’  ±	  2%	  SDS	  treatment.	  

(e)	  Same	  as	  (d),	  but	  ±	  RNase	  treatment	  at	  RT	  for	  30min. 

 

Figure 4 

Purification of stress granules. (a) Schematic for purification of stress granules. (b) DIC	  and	  

Pab1	  GFP	  fluorescence	  microscopy	  images	  for	  stress	  granules	  isolated	  from	  cells	  ±	  genome	  

integrated	  eIF4G1-‐TAP	  ±	  treatment	  with	  NaN3	  for	  30min	  prior	  to	  lysis.	  White scale bars 

indicate 2 μm. (c) Distribution of Mass Spectrometry hits. Numbers indicate total number of 

proteins in that category. (d) Distribution of protein with signal > autofluorescence. Green 

fraction represents number of previously known stress granule proteins. Proteins not represented 

in plot were localized to different cellular compartments but were not in other foci or in 

mitochondria. 

 

Figure 5 

RNA Polymerase II subunits and tRNA synthetases Gus1 and Tys1 localize to stress granules. 

Fluorescence microscopy images showing cells carrying genomically tagged GFP (as labeled) 

and Ded1 mCherry (on a plasmid) ±	  treatment	  with	  NaN3.	  White	  arrows	  indicate	  sites	  of	  GFP	  

and	  Ded1	  mCherry	  colocalization.	  White	  scale	  bars	  represent	  2	  μm.  
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Figure 6 

Physical interaction networks for stress granule and P body proteins. (a) Representation of 

physical interactions between stress granule proteins. Stress Granule proteins with no known 

physical interactions with other stress granule proteins are not shown. (b) Similar representation 

for P body proteins. 

 

Figure 7 

CCT complex regulates stress granule disassembly. (a) WT	  or	  cct4-‐1	  cells	  carrying	  Pab1	  GFP	  

imaged	  after	  shifting	  to	  37°C	  either	  untreated,	  after	  NaN3	  treatment	  for	  10min,	  NaN3	  

treatment	  for	  20min	  or	  1M	  KCl	  for	  20min.	  	  Average	  number	  of	  granules	  per	  cell	  after	  NaN3	  

treatment	  for	  10min	  in	  WT	  cells	  =	  0.73,	  in	  cct4-‐1	  cells	  	  =	  1.97	  (N	  =	  at	  least	  54	  cells,	  p-‐value	  =	  

0.0146).	  Average	  intensity	  counts	  of	  granules	  after	  NaN3	  treatment	  for	  20min	  in	  WT	  cells	  =	  

15,242	  counts,	  in	  cct4-‐1	  cells	  =	  16,900	  counts	  (N	  =	  at	  least	  126	  granules,	  p-‐value	  =	  0.0006).	  

(b)	  WT	  or	  cct8	  cells	  carrying	  Pab1	  GFP	  under	  log	  conditions,	  under	  NaN3	  stress	  for	  20	  min	  

or	  in	  saturated	  cultures	  (OD600	  =	  3).	  (c)	  Average	  number	  of	  granules	  per	  cell	  in	  WT	  cells	  or	  

ATPase	  mutants	  of	  cct2,	  cct3,	  cct5,	  cct6,	  cct7	  or	  cct8	  (N	  was	  at	  least	  16	  cells,	  except	  for	  cct2	  

and	  cct7	  for	  which	  N	  was	  8	  and	  9	  cells	  respectively,	  because	  of	  a	  slow	  growth	  phenotype,	  p-‐

value	  for	  all	  differences	  compared	  to	  WT	  <0.001).	  (d)	  WT	  and	  cct4-‐1	  cells	  carrying	  Pab1	  

GFP	  imaged	  at	  0hrs	  and	  1hrs	  post	  removal	  of	  NaN3	  stress.	  (e)	  Number	  of	  cells	  with	  at	  least	  

one	  stress	  granule	  at	  0hrs	  or	  1hrs	  after	  removal	  of	  NaN3	  stress.	  (N	  =	  4	  experiments,	  *	  

indicates	  p-‐value	  of	  0.0056).	  White	  scale	  bars	  indicate	  2	  μm.	  
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Figure	  8	  

Core principles of stress granule assembly. (1) Proteins with RNA binding domains and 

predicted PrLDs form the core. (2) Proteins that can make specific protein-protein interactions 

with other stress granule proteins are recruited. PrLDs are not sufficient to get recruited to stress 

granules. (3) Cellular factors such as the CCT complex maintain the dynamicity of granules in 

vivo.  
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TABLES 
 
Table	  1:	  Proteins	  with	  possible	  overlap	  with	  Ded1.	  Proteins	  with	  p-‐value	  <	  0.05	  are	  

identified	  as	  stress	  granule	  proteins.	  

	   Protein	  Name	   Average	  fractional	  overlap	  with	  Ded1	  foci/cell*	   p-‐value**	  

1	   Pab1	   0.77	   <0.0001	  

2	   Whi3	   0.58	   0.0004	  

3	   Dcp11	   0.56	   0.0012	  

4	   Mrn1	   0.61	   0.0019	  

5	   Cam1	   0.48	   0.0027	  

6	   Rbg1	   0.57	   0.003	  

7	   Rpo21	   0.60	   0.0045	  

8	   Mkt1	   0.55	   0.006	  

9	   Sec53	   0.50	   0.006	  

10	   Tys1	   0.44	   0.0063	  

11	   Pbp1	   0.59	   0.0083	  

12	   Map1	   0.39	   0.0113	  

13	   Kap123	   0.49	   0.0127	  

14	   Nab6	   0.45	   0.0141	  

15	   Sui2	   0.49	   0.0142	  

16	   Bmh1	   0.38	   0.0154	  
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17	   Vma2	   0.57	   0.0186	  

18	   Tif3	   0.53	   0.019	  

19	   Rpb2	   0.39	   0.0193	  

20	   Fap7	   0.35	   0.0201	  

21	   Ssb2	   0.47	   0.0235	  

22	   Gus1	   0.43	   0.0279	  

23	   Sam2	   0.43	   0.0285	  

24	   Met5	   0.33	   0.0336	  

25	   Yhb1	   0.48	   0.0356	  

26	   Sam1	   0.34	   0.0398	  

27	   Cpa1	   0.32	   0.057	  

28	   Leu1	   0.32	   0.0629	  

30	   Cys4	   0.32	   0.0931	  

31	   Yvh1	   0.30	   0.0964	  

32	   Arc1	   0.36	   0.1067	  

33	   Arp2	   0.02	   0.1148	  

34	   Ugp1	   0.35	   0.1253	  

35	   Ses1	   0.37	   0.1277	  

36	   Rio2	   0.28	   0.1493	  

37	   Hsp26	   0.29	   0.154	  



 

 91 

38	   Rps0A	   0.26	   0.2185	  

39	   Faa4	   0.35	   0.2186	  

40	   Prs1	   0.28	   0.2242	  

41	   Cdc28	   0.32	   0.2778	  

42	   Otu2	   0.26	   0.2878	  

43	   Rpa135	   0.05	   0.2890	  

44	   Hsp42	   0.21	   0.3156	  

45	   Dld1	   0.23	   0.3247	  

46	   Tsa1	   0.22	   0.3281	  

47	   Tub3	   0.22	   0.3463	  

48	   Pmi40	   0.22	   0.3506	  

49	   Meu1	   0.19	   0.3758	  

50	   Rpc40	   0.06	   0.4628	  

51	   Rpb3	   0.20	   0.4696	  

52	   YDR391C	   0.21	   0.4781	  

53	   Rpl23A	   0.22	   0.4881	  

54	   Tpk3	   0.17	   0.5799	  

55	   Scl1	   0.17	   0.5889	  

56	   Rrp43	   0.20	   0.6003	  

57	   Mcm4	   0.18	   0.627	  
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58	   Lap3	   0.16	   0.6795	  

59	   Shs1	   0.11	   0.9481	  

60	   Ola1	   0.12	   1.000	  

	  

1	  Dcp1	  is	  known	  to	  largely	  be	  a	  P	  body	  protein	  that	  also	  localizes	  to	  Stress	  Granules	  *Average	  

fractional	  overlap	  with	  Ded1	  foci/cell	  is	  calculated	  by	  counting	  the	  number	  of	  Ded1	  mCherry	  

granules	  with	  overlapping	  GFP	  granules	  per	  cell,	  and	  averaging	  over	  N	  cells	  (N	  ranges	  from	  7-‐34	  

cells,	  average	  of	  all	  experiments	  =	  16].	  	  

Protein	  names	  in	  italics	  are	  proteins	  verified	  as	  stress	  granule	  proteins.	  	  

**p-‐values	  are	  calculated	  as	  difference	  from	  Ola1.	  	  
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Table	  2:	  Known	  stress	  granule	  targeted	  proteins	  

	  
Protein	  

Name	  

Systematic	  

Name	  

mRNA	  

binding	  

activity?	  

Predicted	  

PrLD?	  

Identified	  in	  

Mass	  Spec?	  
Reference	  

1	   Bmh1	   YER177W	   	   	   Y	   This	  Study	  

2	   Cam1	   YPL048W	   	   	   Y	   This	  Study	  

3	   Cbk1	   YNL161W	   	   Y	  a,	  b,	  c	   	  
Shah	  et	  al	  

201467	  

4	   Cdc28	   YBR160W	   	   	   Y	  
Shah	  et	  al	  

201467	  

5	   Cdc33	   YOL139C	   Y	   	   	  

Hoyle	  et	  al	  2007,	  

Buchan	  et	  al	  

201124,68	  

6	   Clu1	   YMR012W	   Y	   	   	  

Grousl	  et	  al	  

2009,	  Buchan	  et	  

al	  201124,69	  

7	   Ded1	   YOR204W	   Y	   	   Y	  
Hilliker	  et	  al	  

201126	  

8	   Dhh1	   YDL160C	   Y	   Y	  a	   	  
Swisher	  et	  al	  

201070	  

9	   Eap1	   YKL204W	   Y	   Y	  a	   	   Buchan	  et	  al	  
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200821	  

10	   Ecm32	   YER176W	   Y	   	   	  
Mitchell	  et	  al	  

201341	  

11	   Fap7	   YDL166C	   	   	   Y	   This	  Study	  

12	   Fun12	   YAL035W	   	   	   	  
Buchan	  et	  al	  

201124	  

13	   Fus3	   YBL016W	   	   	   	  
Shah	  et	  al	  

201467	  

14	   Gbp2	   YCL011C	   Y	   	   	  
Buchan	  et	  al	  

200821	  

15	   Gus1	   YGL245W	   Y	   	   Y	   This	  Study	  

16	   Hcr1	   YLR192C	   	   	   	  

Grousl	  et	  al	  

2009,	  Buchan	  et	  

al	  201124,69	  

17	   Hrp1	   YOL123W	   Y	   Y	  a	   	  
Buchan	  et	  al	  

200821	  

18	   Hsp26	   YBR072W	   Y	   	   Y	  
Cherkasov	  et	  al.	  

201323	  

19	   Hsp31	   YDR533C	   	   	   	  
Miller-‐Fleming	  

et	  al	  201433	  

20	   Hsp32	   YPL280W	   	   	   	   Miller-‐Fleming	  
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et	  al	  201433	  

21	   Kap123	   YER110C	   	   	   Y	   This	  Study	  

22	   Kog1	   YHR186C	   	   	   	  
Takahara	  et	  al	  

201263	  

23	   Ksp1	   YHR082C	   Y	   Y	  a,	  b,	  c	   	  
Mitchell	  et	  al	  

201341	  

24	   Lsm12	   YHR121W	   	   	   	  
Swisher	  et	  al	  

201070	  

25	   Map1	   YLR244C	   Y	   	   Y	   This	  Study	  

26	   Mdy2	   YOL111C	   	   	   	  

Arhzaouy	  et	  al	  

2012,	  Cohnen	  et	  

al	  201071,72	  

27	   Met5	   YJR137C	   	   	   Y	   This	  Study	  

28	   Mkt1	   YNL085W	   	   	   Y	   This	  Study	  

29	   Mrn1	   YPL184C	   Y	   Y	  a	   Y	  

Mitchell	  et	  al	  

2013,	  This	  

study41	  

30	   Nab6	   YML117W	   Y	   Y	  a	   Y	  

Mitchell	  et	  al	  

2013,	  This	  

study41	  

31	   Ngr1	   YBR212W	   Y	   Y	  a,	  b	   	   Buchan	  et	  al	  
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200821	  

32	   Nip1	   YMR309C	   Y	   	   	  

Grousl	  et	  al	  

2009,	  Buchan	  et	  

al	  201124,69	  

33	   Nrp1	   YDL167C	   	   Y	  a,	  c	   	  
Buchan	  et	  al	  

200821	  

34	   Npl3	  
YDR432W	  

	  
Y	   Y	  a	   Y	  

Mitchell	  et	  al	  

201341	  

35	   Pab1	   YER165W	   Y	   Y	  a	   Y	  
Hoyle	  et	  al	  

200768	  

36	   Pbp1	   YGR178C	   Y	   Y	  a	   Y	  
Buchan	  et	  al	  

200821	  

37	   Pbp4	   YDL053C	   	   	   	  
Swisher	  et	  al	  

201070	  

38	   Pbs2	   YJL128C	   	   	   	  
Shah	  et	  al	  

201467	  

39	   Pph21	   YDL134C	   	   	   	  
Shah	  et	  al	  

201467	  

40	   Prt1	   YOR361C	   	   	   	  

Grousl	  et	  al	  

2009,	  Buchan	  et	  

al	  201124,69	  
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41	   Pub1	   YNL016W	   Y	   Y	  a,	  b,	  c	   	  

Buchan	  et	  al	  

2008,	  Buchan	  et	  

al	  201121,24	  

42	   Rbg1	   YAL036C	   	   	   Y	   This	  Study	  

43	   Rio2	   YNL207W	   	   	   Y	  
Shah	  et	  al	  

201467	  

44	   Rpb2	   YOR151C	   Y	   	   Y	   This	  Study	  

45	   Rpg1	   YBR079C	   Y	   	   	  

Grousl	  et	  al	  

2009,	  Buchan	  et	  

al	  201124,69	  

46	   Rpo21	   YDL140C	   	   Y	  a	   Y	   This	  Study	  

47	   Rps30A	   YLR287C-‐A	   	   	   	  
Grousl	  et	  al	  

200969	  

48	   Sam1	   YLR180W	   	   	   Y	   This	  Study	  

49	   Sam2	   YDR502C	   	   	   Y	   This	  Study	  

50	   Sbp1	   YHL034C	   Y	   	   	  
Mitchell	  et	  al	  

201341	  

51	   Scd6	   YPR129W	   Y	   	   	  
Rajyaguru	  et	  al	  

201273	  

52	   Sec53	   YFL045C	   	   	   Y	   This	  Study	  

53	   Slf1	   YDR515W	   Y	   Y	  a,	  b	   	   Mitchell	  et	  al	  
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201341	  

54	   Slh1	   YGR271W	   Y	   	   	  
Mitchell	  et	  al	  

201341	  

55	   Sro9	   YCL037C	   Y	   Y	  a	   	  

Mitchell	  et	  al	  

2013,	  Buchan	  et	  

al	  201322,41	  

56	   Ssb2	   YNL209W	   	   	   Y	   This	  Study	  

57	   Sui2	   YJR007W	   	   	   Y	   This	  Study	  

58	   Tae2	   YPL009C	   Y	   	   	  
Mitchell	  et	  al	  

201341	  

59	   Tef4	   YKL081W	   	   	   	  
Grousl	  et	  al	  

201369,74	  	  

60	   Tif1	   YKR059W	   Y	   	   	  
Buchan	  et	  al	  

201124	  

61	   Tif11	   YMR260C	   	   	   	  
Buchan	  et	  al	  

201124	  

62	   Tif3	   YPR163C	   Y	   	   Y	  
Buchan	  et	  al	  

201124	  

63	   Tif34	   YMR146C	   	   	   	  

Grousl	  et	  al	  

2009,	  Buchan	  et	  

al	  201124,69	  
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64	   Tif35	   YDR429C	   	   	   	  

Grousl	  et	  al	  

2009,	  Buchan	  et	  

al	  201124,69	  

65	   Tif4631	   YGR162W	   Y	   Y	  a	   	  

Hoyle	  et	  al	  2007,	  

Buchan	  et	  al	  

201124,68	  

66	   Tif4632	   YGL049C	   Y	   Y	  a,	  b	   	  

Hoyle	  et	  al	  2007,	  

Buchan	  et	  al	  

201124,68	  

67	   Tma19	   YKL056C	   	   	   	  
Rinnerthaler	  et	  

al	  201375	  

68	   Tys1	   YGR185C	   Y	   	   Y	   This	  Study	  

69	   Vma2	   YBR127C	   	   	   Y	  
Buchan	  et	  al	  

201322	  

70	   Whi3	   YNL197C	   Y	   Y	  a	   Y	  
Cai	  et	  al	  2013,	  

This	  Study76	  

71	   Yef3	   YLR249W	   	   	   	  
Grousl	  et	  al	  

201374	  

72	   Ygr250c	   YGR250C	   Y	   Y	  a	   	  
Buchan	  et	  al	  

200821	  

73	   Yhb1	   YGR234W	   	   	   Y	   This	  Study	  
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a	  Proteins	  with	  predicted	  PrLDs	  –	  Prion-‐Like	  Amino	  Acid	  Composition	  (PLAAC)	  database	  	  

b	  Proteins	  with	  predicted	  PrLDs	  –	  Michelitsch	  and	  Weissman	  2000	  

c	  Proteins	  with	  predicted	  PrLDs	  –	  Prionscan	  database	  
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Table 3: Yeast Strains used in this study 

Strain Name Genotype Reference 

BY4741 (yRP1674) Mat a his3 leu2 met15 ura3 Brachmann et al 199877 

DDY400 (yRP3018) Mat α anc2-1 ura3 his4 lys2 Vinh et al 199354 

DDY401 (yRP3019) Mat a anc2-1 ura3 leu2 lys2 Vinh et al 199354 

CCTWT (yRP3046) 

Mat a leu2, trp1, gal2, ura3-52, leu2-

3, prb1-1122, pep4-3, prc467, 

CCT6::CCT6-CBP-KanMX4 

Amit et al 201053 

MA2 (yRP3047) 

Mat a leu2, trp1, gal2, ura3-52, leu2-

3, prb1-1122, pep4-3, prc467, 

CCT6::CCT6-CBP-Ura3, 

CCT2::cct2-D90E-KanMX4 

Amit et al 201053 

MA3 (yRP3048) 

Mat a leu2, trp1, gal2, ura3-52, leu2-

3, prb1-1122, pep4-3, prc467, 

CCT6::CCT6-CBP-Ura3, 

CCT3::cct3-D91E-KanMX4 

Amit et al 201053 

MA5 (yRP3049) 

Mat a leu2, trp1, gal2, ura3-52, leu2-

3, prb1-1122, pep4-3, prc467, 

CCT6::CCT6-CBP-Ura3, 

CCT5::cct5-D117E-KanMX4 

Amit et al 201053 

MA6 (yRP3050) Mat a leu2, trp1, gal2, ura3-52, leu2- Amit et al 201053 
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3, prb1-1122, pep4-3, prc467, 

CCT6::cct6-D89E-KanMX4 

MA7 (yRP3051) 

Mat a leu2, trp1, gal2, ura3-52, leu2-

3, prb1-1122, pep4-3, prc467, 

CCT6::CCT6-CBP-Ura3, 

CCT7::cct7-D96E-KanMX4 

Amit et al 201053 

MA8 (yRP3052) 

Mat a leu2, trp1, gal2, ura3-52, leu2-

3, prb1-1122, pep4-3, prc467, 

CCT6::CCT6-CBP-Ura3, 

CCT8::cct8-D98E-KanMX4 

Amit et al 201053 

 

 

Table 4: Plasmids used in this study 

Plasmid Name Features Reference 

pRP1363 Pab1-GFP, Ura3 Brengues et al 200731 

pRP1556 Ded1-GFP, His3 Beckham et al 200878 

pRP2071 Ded1Δ141-150-GFP, His3 Hilliker et al 201126 

pRP2132 Ded1-mCherry, Ura3 Hilliker et al 201126 

pRP2152 Edc3-mCherry, Pab1-GFP, Leu2 Buchan and Parker, unpublished 

pRP1920 Pbp1-mCherry, Ura3 Swisher and Parker, unpublished 

pRP2477 Pab1-GFP, His3 Buchan and Parker, unpublished 
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Supplementary Figure 1 

(a) Northern blot probed with oligodT. Total RNA from stress	  granule	  enriched	  fraction	  from	  

stressed	  and	  unstressed	  cells.	  (b)	  Lysates from cells transformed with either Ded1 Δ141-‐150	  

GFP	  or	  Ded1	  GFP.	  White scale bars indicate 2 μm.  

	  

Supplementary	  Figure	  2	  

Lysates	  from	  stressed	  Pab1	  GFP	  cells	  stained	  with	  nucleic	  acid	  stain	  Syto61	  ±	  treatment	  

with	  RNase.	  	  

	  

Supplementary	  Figure	  3	  

Network map of interactions between P body and stress granule proteins. P body proteins co-

segregate (region highlighted in red) while stress granule proteins segregate as a separate 

population (region highlighted in green). 
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APPENDIX D 

PERMISSIONS 
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