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Abstract

Proteins regulate gene expression by controlling mRNA biogenesis, localization, translation and 

decay. Identifying the composition, diversity and function of mRNPs (mRNA protein complexes) 

is essential to understanding these processes. In a global survey of S. cerevisiae mRNA binding 

proteins we identified 120 proteins that cross-link to mRNA, including 66 new mRNA binding 

proteins. These include kinases, RNA modification enzymes, metabolic enzymes, and tRNA and 

rRNA metabolism factors. These proteins show dynamic subcellular localization during stress, 

including assembly into stress granules and P-bodies (Processing-bodies). CLIP (cross-linking and 

immunoprecipitation) analyses of the P-body components Pat1, Lsm1, Dhh1 and Sbp1 identified 

sites of interaction on specific mRNAs revealing positional binding preferences and co-assembly 

preferences. Taken together, this work defines the major yeast mRNP proteins, reveals widespread 

changes in their subcellular location during stress, and begins to define assembly rules for P-body 

mRNPs.

Introduction

The control of cytoplasmic mRNA function is dictated by the interactions of mRNA with 

the core translation, localization, and mRNA degradation machinery, as well as sequence 

specific regulatory proteins. Regulation at the level of mRNA is important for cells to 

respond rapidly to environmental changes1. Issues in understanding post-transcriptional 

regulation include determining the spectrum of mRNA binding proteins (RBPs) and how 

they interact with specific mRNAs, as well as understanding how such proteins, individually 

or in combination, affect mRNA function. We set out to determine the major mRNA binding 

proteins in Saccharomyces cerevisiae and to identify some of the basic principles of mRNA-

protein interaction.

Users may view, print, copy, download and text and data- mine the content in such documents, for the purposes of academic research, 
subject always to the full Conditions of use: http://www.nature.com/authors/editorial_policies/license.html#terms

Correspondence should be addressed to R.P. (roy.parker@colorado.edu).
4These authors contributed equally to this work.

Author Contributions
R.P., S.F.M., S.J. and M.S. designed the project. S.F.M. performed the in vivo RBP capture experiments and CLIP analysis, S.J. did 
the microscopy and CLIP analysis and M.S. performed the CLIP experiments and analysis. R.P., S.F.M. and S.J. wrote the paper.

Competing Financial Interests
The authors declare no competing financial interests.

HHS Public Access
Author manuscript
Nat Struct Mol Biol. Author manuscript; available in PMC 2013 July 01.

Published in final edited form as:
Nat Struct Mol Biol. 2013 January ; 20(1): 127–133. doi:10.1038/nsmb.2468.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Yeast cells represent an ideal system for determining the principles of mRNP formation and 

function. A substantial number of yeast mRNA binding proteins have been identified from 

studies of the mechanisms of mRNA biogenesis, localization, translation and degradation. 

Studies of a more global nature in yeast have met with modest success. Purification of 

mRNPs under native conditions was unable to significantly enrich mRNA binding proteins 

over the general cellular population of proteins2. Genome wide protein-RNA interactions 

studies in vitro suggested additional RNA binding proteins, some of which have been 

verified in vivo2.

Recent and historical experiments have utilized cross-linking of proteins to mRNAs in vivo 

and purification of the mRNA under denaturing conditions to identify mRNA binding 

proteins3–5. We have now applied such methods to yeast to identify the major mRNA 

binding proteins under conditions of stress. We performed these experiments under glucose 

deprivation because conditions used to cross-link proteins to RNAs in vivo can trigger a 

stress response6 and we wanted the cells to be in a defined state. Moreover, post-

transcriptional control is important during stress and involves changes in translation, mRNA 

degradation, and the localization of mRNPs into stress granules and P-bodies7, which are 

related to a large family of RNA granules, including maternal mRNP granules, neuronal 

mRNP granules, and some RNP granules associated with neurodegenerative diseases8. Thus, 

an analysis of mRNPs under stress should yield additional information about post-

transcriptional control.

Here we undertake a characterization of yeast mRNPs by identifying the major mRNA 

binding proteins of yeast. We also identify widespread relocalization of mRNA binding 

proteins during stress and characterize the mRNA binding sites of P-body proteins, defining 

principles by which these proteins assemble into mRNPs.

Results

Identification of Yeast mRNA Binding Proteins

To identify proteins directly interacting with mRNAs, we developed a method similar to 

those recently used in HeLa cells and human embryonic kidney cells4,5. In this method, 

previously referred to as “in vivo capture of RBPs”, “interactome capture” and 

“identification of mRNA interacting proteins”, proteins are directly cross-linked to mRNAs 

in vivo using UV light, after which mRNA is purified under denaturing conditions via its 

poly(A) tail (Fig. 1a). After elution from an oligo(dT) column, the RNA-protein complexes 

are RNase treated, separated by SDS-PAGE, and the protein composition analyzed by LC 

MS-MS. We examined proteins cross-linking to mRNAs under conditions of glucose 

deprivation stress for reasons described above.

We found that cross-linking enhanced the amount of protein purifying with the mRNA in 

comparison to the control sample that had not been cross-linked (Fig. 1a). This indicates that 

the observed proteins were predominantly those that had cross-linked directly to the poly(A)

+ RNA. Following two biological replicates (five technical replicates) we identified 120 

proteins reproducibly and statistically enriched in the UV cross-linked sample, thus defining 

the dominant proteins in yeast mRNPs (Supplementary Table 1 and methods).
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Distribution of Major Yeast mRNA Binding Proteins

The 120 proteins that co-purified with mRNA include 54 proteins previously shown to bind 

mRNA or to be intimately involved in mRNA biology (Fig. 1b), demonstrating that this 

method is successful at identifying mRNA binding proteins (Supplementary Table 1, 

examples shown in Table 1). These proteins come from all stages of mRNA metabolism, 

including transcription, splicing, export, localization, translation and decay (Fig. 1c). We 

identified both nuclear and cytoplasmic proteins, indicating that the assay is capable of 

identifying proteins from various regions of the cell in a variety of mRNPs.

We identified a number of proteins that are known to bind RNA but not known to interact 

with mRNA (Fig. 1b, 1d, Table 1), including five tRNA synthetases and two tRNA 

modification enzymes (Pus1 and Dus3). Instances of tRNA synthetases modifying the 

stability or translation of mRNAs have been described9–11. Multiple tRNA synthetases 

interacting with mRNAs suggests that this is a more common phenomenon for yeast than 

previously understood. The presence of tRNA modification proteins in the mRNA binding 

pool suggests that these proteins might specifically modify individual mRNAs to modulate 

mRNA fate.

A major category of mRNA binding proteins identified was ribosome-processing proteins. 

Twenty-one of these proteins were enriched in our assay, suggesting that mRNA binding is a 

common secondary role for proteins involved in ribosome processing. One possibility is that 

these proteins were identified due to interactions with contaminating ribosomes. Three lines 

of evidence argue against this scenario. First, two of these proteins, Nop56 and Nsr1, are 

verified mRNA binding proteins12. Second, the highly abundant ribosome structure proteins 

are not identified in the RBP capture assay (with the exception of Rps20A). Finally, Ash1 

mRNA has been observed to pass through the nucleolus during its maturation13. Potential 

mRNA binding activity of ribosome biogenesis factors suggests that there may be 

considerable cross talk between mRNA regulation and ribosome processing.

We identified proteins with no previously known RNA binding activity (Table 1). These 

include Vma1, a subunit of the vacuolar ATPase. Two proteins involved in DNA 

metabolism were identified (Pol2 and Rfa1). Various metabolic proteins were observed 

(Imd2, Imd3, Imd4, Cys4, Cpr1). Proteins that have QN rich domains (for example Psp1) 

and might play a role in stress granules or P-body formation were also found14. Finally, we 

identified the Ste20 and Ksp1 kinases.

Recent surveys in mammalian cell lines have used similar methods to identify mRNA 

binding proteins4,5. Ninety-two of the 120 proteins identified in this study have human 

orthologs or similar human proteins, and 72 (78%) of these human orthologs have been 

shown to interact with mRNA by similar assays (Supplementary Table 2). This defines a 

conserved core of mRNA binding proteins from yeast to humans. As expected this list 

contains a number of canonical mRNA binding factors. Strikingly, the list of conserved 

mRNA binding factors also includes all 21 of the ribosome biogenesis factors identified 

here, indicating that the interaction between rRNA processing proteins and mRNA is 

conserved. Several other proteins that have not been associated with mRNA biology through 

biochemical work are also conserved mRNA binding proteins. These include the tRNA 
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modification enzymes Dus3 and Pus1 and two tRNA synthetases (Tys1 and Hts1) as well as 

the peptidyl-prolyl cis-trans isomerase Cpr1. The conserved interaction between these 

proteins and mRNA suggests that their mRNA binding activity has an important biological 

function that has not yet been characterized.

Intracellular Distribution of mRNA Binding Proteins

We identified the mRNA binding proteins described above under stress conditions, thus they 

may function in post-transcriptional stress response pathways. A conserved aspect of the 

eukaryotic stress response is the aggregation of non-translating mRNPs into stress granules 

and P-bodies15. We monitored the localization of these proteins in both the presence and 

absence of stress to reveal if regulation of mRNA under stress is spatially restricted in the 

cell or if it occurs in diverse compartments. Additionally, this data could determine the 

possibility of proteins being in the same mRNP, as components of the same mRNP would 

have similar intracellular localization patterns.

We looked at the subcellular location of the enriched proteins using appropriate strains from 

the library of C terminally GFP tagged yeast proteins. Due to either the unavailability of the 

GFP strain or inadequate signal, 13 of the 120 enriched proteins could not be observed. 

These localization experiments revealed the following key points.

First, we observed that the mRNP proteins are found in various cellular regions under log 

phase growth and stress conditions including two proteins (Scp160 and Bfr1) preferentially 

associated with the ER (Fig. 2 and Table 2). Despite the diversity in the localization of these 

proteins, we mainly observed localization in one of four compartments under stress 

conditions: the nucleus, stress granules, P-bodies, or diffuse in the cytosol. As proteins 

located in different compartments are less likely to be parts of the same mRNP, we conclude 

that there are at least four discrete types of mRNPs under these conditions. As the protein 

pool is different in these four compartments, it is likely that mRNA within separate 

compartments would be subject to distinct functional consequences.

Secondly, we observed that glucose starvation induced intracellular relocalization in 41 of 

the 107 (38%) mRNA binding proteins tested (Table 2). Consistent with prior work, the 

majority of mRNP protein re-localization was to P-bodies or stress granules (see below). 

However, we observed novel relocalizations of mRNP proteins, including disassociation 

from the ER (Bfr1 and Scp160) and movement into the vacuole (Scw4) (Fig. 2). 

Interestingly, nuclear proteins involved in rRNA processing remained in the nucleolus under 

stress conditions. One possibility is that under stress the binding of these proteins to specific 

mRNAs retains the mRNA in the nucleolus. Consistent with this idea, evidence suggests that 

at least some yeast mRNAs pass through the nucleolus during biogenesis13.

Thirdly, we identified 14 new components of yeast stress granules and P-bodies by 

examining the co-localization of each of the GFP fusion proteins that accumulated in 

cytoplasmic foci with known markers of stress granules (Pub1-mCherry) or P-bodies (Edc3-

mCherry) following glucose deprivation. The exact composition of stress granules and P-

bodies can depend upon the specific stress applied to the cells16–18. Thus, we may miss 

some proteins that assemble into stress granules or P-bodies under different stresses.
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Since yeast stress granules and P-bodies can spatially overlap and are likely to represent a 

continuum of mRNP states, we used a quantitative assay to assess if an individual protein 

was more prevalent in stress granules or P-bodies. In this assay, for each new mRNP protein 

accumulating in cytoplasmic foci, we determined the fraction of GFP foci that co-localized 

with Pub1-mCherry or with Edc3-mCherry in separate experiments (Fig. 3a). While P-body 

and stress granule components show high degrees of co-localization with Edc3; stress 

granule factors are likely to overlap with Pub1 more often than P-body components 

(Supplementary Fig. 1). Thus, components having greater than 67% overlap with Edc3 were 

considered to be either P-body or stress granule factors. Certain proteins like Pin4 and Rfa1 

did not clear this criterion, and are categorized as components of “Other Foci” (Table 2, 

Supplementary Fig. 1). To quantify the P-body or stress granule like feature of the 

remaining proteins, they are represented on a gradient in Figure 3b based on their overlap 

with Pub1-mCherry. This analysis identified new P-body factors including: Khd1, known 

for its role in Ash1 localization; translational regulators Gis2 and Mrn1; suppressors of DNA 

polymerase mutations Psp1 and Psp2; ubiquitin protease cofactor Bre5, and mitochondrial 

membrane protein YBR238C (Fig. 3b). New stress granule factors include the polysome 

associated proteins Tae2, Ecm32 and Slf1; and kinase Ksp1 (Fig. 3b). Ste20 and Dbp1 were 

sporadically found to associate with granules and may be weak granule components.

Analysis of mRNAs Bound to Granule Proteins

Using the above analysis we identified the major mRNP components and demonstrated that 

they are localized in different subcellular regions before and during stress responses, 

suggesting there are multiple types of mRNPs. To investigate how specific mRNPs are 

organized and on which mRNAs, we have begun an analysis of the interaction of mRNA 

with proteins in P-bodies. Specifically, we utilized CLIP (see methods) to map the 

interaction sites of the P-body components Pat1, Lsm1, Dhh1, and Sbp1 on mRNAs19. Sbp1 

can be contrasted to the others since it is found in both P-bodies and stress granules (Fig. 3a 

and 3b). CLIP experiments were performed in duplicate and both mRNA targets and peak 

locations on transcripts showed significant levels of reproducibility (Fig. 4a, Supplementary 

Fig. 2a). Sites of binding were identified in two classes. We defined a rigorous set of peaks 

(referred to as Tier 1, Supplementary Table 3) using a False Discovery Rate (FDR) of < 1%, 

and requiring at least 20-fold enrichment of peak height over overlapping or proximal peaks 

from profiles generated using a fragmented mRNA library (see methods). We are highly 

confident that Tier 1 peaks represent bona fide sites of mRNA-protein interaction. However, 

since this standard is likely to exclude some real sites of binding, we also identified binding 

sites using an FDR of <2% and a twofold enrichment over proximal control peaks, (Tier 2 

sites, Supplementary Table 3). Analyses were then carried out with both sets of peaks. Since 

the results were similar for both sets, we present the analyses for Tier 1 peaks, revealing the 

following key observations.

First, we observed that all four proteins showed substantial overlap in the set of bound 

mRNAs with high scores for statistical significance (Fig. 4b). Replicate CLIP data sets 

demonstrate the highest levels of similarity, indicating that the data is repeatable and that 

similarity does not appear due to non-specific mRNA background (Supplementary Fig. 2a). 

This is consistent with these proteins tending to co-assemble on mRNAs that accumulate in 
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P-bodies and with previous biochemical and genetic data since Pat1 directly interacts with 

both the Lsm1–7 complex and Dhh1 (ref. 20); and Sbp1 promotes mRNA decapping in a 

Dhh1-dependent manner21. An additional trend is that Pat1, Lsm1 and Dhh1 share a higher 

degree of similarity to one another than to Sbp1 (Fig. 4b). This is consistent with the fact 

that Pat1, Lsm1 and Dhh1 associate more with P-bodies, while Sbp1 also has substantial 

presence in stress granules (Fig. 3b)19.

Second, based on the analysis of the genome wide distribution of binding sites we observed 

positional bias in the sites of mRNA interaction of these proteins (Fig. 4c). Pat1 and Lsm1 

both preferentially bind the 3′ end of the mRNA (Fig. 4c, 4d and Supplementary Fig. 2b, 

2c), which is consistent with biochemical experiments showing that this complex prefers to 

bind oligoadenylated 3′ ends22 and protects the 3′ end from trimming in vivo23. However, it 

should be noted that Pat1 and Lsm1 also interact with mRNAs in the ORF and 5′ UTR 

(Supplementary Fig. 3). These positional biases are significant, as 63% of all Pat1 binding 

sites and 51% of all Lsm1 binding sites are in the 3′ UTR whereas based on average 3′ UTR 

to total mRNA length ratio, this number would be ~10% by chance (p<0.0001 for both Pat1 

and Lsm1). Analysis of sites of interactions by DREME24 (Discriminative DNA Motif 

Discovery v. 4.8.1) fails to identify any strong consensus sequence suggesting that the 

binding of Pat1 and Lsm1 to mRNAs may be more strongly dictated by the 3′ end and 

oligo(A) tail. Similar analysis of Dhh1 binding sites also failed to yield a consensus 

sequence.

In contrast to Lsm1 and Pat1, Sbp1 shows bias towards the 5′ UTR (Fig. 4c, 4d and 

Supplementary Fig. 2b, 2c), which may be explained by its direct binding to eIF4G25. This 

interaction might explain why Sbp1 can also be observed in stress granules (Fig. 3a and 3b). 

Analysis of Sbp1 peaks demonstrates enrichment in TCTTC/G (p=5.9×10−10). However this 

consensus is only present in 18.1% of the Sbp1 Tier 1 peaks and therefore makes a relatively 

minor contribution to the overall occupancy of this protein.

A third interesting observation is the occurrence of co-assembly of some proteins on the 

mRNA. This was assessed by identifying co-localized peaks and comparing the number of 

sequence reads26 (see methods). As expected, we observed that replicate experiments for 

individual proteins generally showed the highest degree of similarity (Fig. 4a, 

Supplementary Fig. 4a, 4b). The most significant overlap between different proteins was 

observed amongst Pat1, Lsm1 and Dhh1 (Fig. 4a), which is consistent with biochemical 

experiments showing strong physical interactions between these proteins20,21,27. We 

interpret this observation to suggest that the direct physical interaction of Pat1 with Dhh1 

and (or) the Lsm1–7 complex frequently leads to local co-assembly on the mRNA. We also 

observed a certain degree of overlap between Dhh1 and Sbp1 peaks (Fig. 4a), consistent 

with Sbp1 having functional interactions with Dhh1 (ref. 21). In contrast, the correlation 

between Sbp1 and Pat1 or Lsm1 peaks, where there is no evidence for a direct physical or 

functional interaction, is lower (Fig. 4a). Examples of the overlap of individual protein 

peaks on specific mRNAs are shown in Figure 5a and Supplementary Figure 4c.

The co-assembly of individual proteins on the mRNA implies that these proteins may 

influence each others binding to the mRNA. In this light, we observed that the location of 
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Sbp1 binding sites in the mRNA is influenced by Dhh1, Lsm1 and Pat1, such that Sbp1 is 

more likely to bind the or 3′ UTRs in the presence of binding sites for any of these factors 

(Fig. 5b, Supplementary Fig. 5a, 5b, 5c). Specifically, the percentage of Sbp1 targets with a 

binding site in the 5′ UTR doubles from 10% to 20% for those mRNA that are shared 

targets. The effect is greater in the 3′ UTR, where there is a three-fold increase in Sbp1 

binding (30% vs. 11%). These observations demonstrate that the preferred site of Sbp1 

binding is influenced by the presence of other components of the mRNP.

A final trend is the variation in peak number per mRNA for the four proteins. Both Pat1 and 

Lsm1, which have the strongest positional bias, have a high percentage of Tier 1 mRNA 

targets with only a single peak (87.7% and 84.3% respectively). This suggests that each P-

body mRNA typically contains only one Pat1 or Lsm1–7 complex. In contrast, only 53.2% 

of Sbp1 mRNA targets contain a single peak. Dhh1 shows a moderate level of specificity, 

with 65.2% of mRNAs having a single peak. Thus Dhh1 and Sbp1 either bind in a less 

specific manner, such that the position of those proteins on an mRNA would be variable, or 

multiple copies of these proteins are bound to an mRNA. The latter possibility is consistent 

with the fact that Dhh1 and Sbp1 are more abundant (42,900 and 12,800 copies per cell 

respectively) than Pat1 and Lsm1 in the cell (626 and 3,490 copies per cell respectively)28.

Discussion

In this work we applied three methods to understand mRNP structure and composition in 

yeast: zero distance cross-linking and mass spectrometry to identify mRNA binding 

proteins, fluorescence microscopy to identify the location of these proteins, and CLIP to 

characterize the nature of mRNA binding of several proteins. Via these methods we have 

revealed some basic principles of protein-mRNA interactions as discussed below.

The RBP capture assay identified 120 proteins that compose the major yeast mRNA binding 

proteins under glucose deprivation conditions. Several important findings come from this 

list. First, nearly half are known mRNA binding proteins, indicating that this method 

robustly identifies mRNA binding proteins. Second, many of the proteins interact with other 

areas of RNA metabolism, suggesting considerable cross talk between various areas of RNA 

biology, particularly with ribosome biosynthesis. Third, a large percentage of these mRNA 

binding proteins are conserved between yeast and mammals. Fourth, proteins unrelated to 

RNA biology were identified. In this category, interactions between DNA biology and 

metabolic enzymes have been identified, consistent with similar mammalian surveys4,5. One 

protein (Vma1) with a role in vacuole biology was also identified. This protein may target 

specific mRNAs to vacuoles for degradation. During ribophagy, 60S ribosomal subunits are 

degraded in the vacuole29, and recent work from our lab has linked vacuole biology to 

granule formation (J.R. Buchan and R. Parker unpublished). We also identified two kinases 

(Ste20 and Ksp1) as mRNA binding proteins. One interesting possibility is that these 

kinases could specifically regulate proteins associated with the mRNAs that they bind. This 

type of cis-regulation within an mRNP would be an effective mechanism for altering the fate 

of an mRNA in response to environmental stimuli. This model is supported by a role for 

Ste20 in controlling mRNA degradation and stress granule formation during oxidative 

stress30. Alternatively, RNA binding could modulate the activity of these kinases.
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Some mRNA binding proteins will be missed by our analysis. Proteins will be missed if they 

are in poor geometry to cross-link to mRNA. For example, while we observe eIF4G1, 

eIF4G2 and Sto1, the large subunits of the cytoplasmic and nuclear cap binding complexes, 

we did not detect Cbc2 or eIF4E, perhaps because being bound to the cap presents a small 

region of RNA for cross-linking. We anticipate that proteins expressed at low levels or only 

binding a few mRNAs are missed in our analyses. For example, we did not observe Sgn1 

and She2, which bind few mRNAs (10 and 22 respectively), and are estimated to be 

expressed at relatively low levels12. Such proteins could be identified by deeper mass 

spectroscopy analysis. Our data is also missing components of the decay machinery that 

preferentially bind mRNA after deadenylation, including Dcp1–Dcp2, Edc3, the Lsm1–7 

complex, and the exosome31. Ccr4–Pop2 may be absent because stress inhibits 

deadenylation32, or because cross-linking of Ccr4–Pop2 to the poly(A) tail interferes with 

binding to oligo(dT). It is notable that we did observe many decay factors (e.g. Pat1, Dhh1, 

Sbp1, Upf1, Upf3) that would be expected to interact with poly(A)+ mRNAs33.

By examining the subcellular location of mRNP proteins during glucose deprivation, we 

observed a large-scale rearrangement of mRNA binding proteins, with 38% changing 

localization pattern in response to stress. This change in localization is likely to reflect some 

change in mRNP function. These changes revealed several facts. First, the major change is 

aggregation into P-bodies or stress granules. This suggests that these aggregates may be 

major sites of mRNA control under stress. However, as mRNA binding proteins are not 

limited to these granules, there are likely other important sites of mRNP regulation under 

these conditions. Second, we identified 14 new members of these granules. Some of these 

new members are post-translational modification proteins (a kinase, Ksp1, and a ubiquitin 

protease cofactor, Bre5) that could potentially modify the ability of some mRNPs to enter or 

exit these granules. An additional protein that was occasionally found to associate with 

granules, Ste20, has been implicated in stress granule formation, suggesting that it might be 

involved in targeting specific mRNAs to granules, which is consistent with its role in stress 

granule formation30. Third, nearly all translation related factors tested entered granules, 

suggesting that many proteins involved in translation enter granules under stress conditions. 

Fourth, we identified novel changes in protein localization associated with stress response. 

Such changes include movement into the vacuole, exit from the nucleus and aggregation 

into novel foci. In sum, subcellular rearrangement of mRNPs is a major and global response 

to stress.

In the final part of this work we identified the mRNAs bound by P-body associated proteins 

Pat1, Lsm1, Dhh1 and Sbp1 using CLIP. These proteins bind a highly overlapping list of 

mRNAs, reflecting their co-localization to granules in vivo. The extent of similarity of their 

mRNA targets is consistent with known physical and genetic interactions between these 

proteins. Lsm1, Pat1 and Dhh1, which share an intricate network of physical interactions20, 

also have the most significant level of overlapping targets (Fig. 4b). Moreover, the mRNAs 

cross-linked to Sbp1 are most related to those interacting with Dhh1 (Fig. 4b), consistent 

with Sbp1 enhancing the ability of Dhh1 to stimulate decapping21, and the fact that Sbp1 

and Dhh1 both co-localize in stress granules to some extent34 (Fig. 3).
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A surprising observation to come from the identification of binding sites for these four 

granule associated proteins is that none of them have strong sequence specificity. Rather, all 

four proteins have positional specificity relative to mRNA landmarks. Pat1 and Lsm1 co-

localize at the very 3′ end of mRNAs, while Sbp1 (and to a lesser extent Dhh1) 

demonstrates a preference for the 5′ UTR. This mode of binding allows for a broad set of 

targets, a potentially desirable effect for proteins affecting the metabolism of many mRNAs. 

Such positional preference can have clear functional advantages (particularly for roles in 

suppressing translation initiation, decapping, deadenylation, etc.). One envisions that 

positional preference for mRNA binding proteins is either dictated by end specific features 

(such as a cis-diol or oligo(A) tail at the 3′ end), or by other position specific protein 

interactions. One candidate for such a linker protein is eIF4G, a canonical translation 

initiation factor and part of the cap-binding complex. Recent work has demonstrated that 

eIF4G is able to bind Sbp1 (ref. 25). This interaction could tether Sbp1 to the 5′ region of an 

mRNA, its preferred binding site.

We observed evidence of co-assembly of proteins on mRNA. Most strikingly, we observed 

that the peaks of Pat1 overlapped strongly with the peaks of Dhh1 and Lsm1 (Fig. 4a). This 

is consistent with strong physical interactions between Pat1 and these proteins20,22,27. The 

simplest interpretation of these observations is that the direct interactions between these 

proteins can lead to local co-assembly on the mRNA. A corollary of this interpretation is 

that individual proteins can affect either the recruitment of other proteins, or their binding 

site. Consistent with that view, it is known that Pat1 is required for the recruitment of the 

Lsm1–7 complex to P-bodies, and presumably to mRNAs35. Moreover, we observe that the 

presence of Dhh1, Lsm1, or Pat1 on the mRNA can alter the preferred location of the Sbp1 

protein (Fig. 5b). An important area for future research will be to determine how the binding 

patterns of each mRNP component influences the localization and function of others.

The co-assembly and influence of mRNP components on the binding of one another 

highlights two principles. First, the interaction between proteins and mRNA is highly 

complex and not solely determined by sequence specificity. Thus it is important to take the 

entire mRNP structure into account when predicting binding sites, rather than relying solely 

on sequence and (or) mRNA structure. Second, it is likely that function of mRNA binding 

proteins may vary as a function of other protein factors within the mRNP. For instance, Pat1 

may have different activities when co-assembled with Dhh1 than with the Lsm1–7 complex. 

This combinatorial ability could lead to a wide variety of functional consequences for 

mRNAs bound to a smaller number of proteins.

Here we have begun to gather global information about mRNP structure and function. We 

have established the major components of yeast mRNPs, determined that re-localization is 

one mechanism by which post-transcriptional control of mRNA fate may occur and found 

that the mRNA targets of granule associated proteins are an overlapping set and that 

positional specificity and mRNP environment are important determinants of binding. In the 

future it will be of great interest to synthesize the increasing body of protein-mRNA 

interaction data being produced by a variety of investigators to create a global model for 

mRNP structure. Such a model could both elucidate the principles by which mRNPs form as 
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well as predict the structure of mRNPs, and potentially the fates of mRNAs, under various 

conditions.

Online Methods

In vivo Capture of RBPs Procedure

Cells were pelleted and resuspended in 1X PBS for 30 minutes. Cells were exposed to 1,200 

mJ/cm2 of 254 nm UV in Stratalinker 1,800 (Stratagene) with two 2-minute breaks on ice 

and gentle mixing. Control cells were incubated in PBS but not UV treated. Cells were then 

resuspended in Lysis Buffer (10 mM Tris pH 7.4, 600 mM NaCl, 10 mM EDTA, 0.2% SDS, 

10 mM vanadyl complex (New England Bioscience), 2 mM DTT, complete EDTA-free 

cocktail tablet (Roche)) frozen in pellets and lysed in a ball mill grinder (Retsch PM200). 

Lysed cells was resuspended in additional lysis buffer and thawed on ice. Lysate was 

clarified at 2,300×g for 5 minutes. This soft pellet was rinsed in lysis buffer and re-spun. 

Supernatants from the two spins were combined. One gram of oligo(dT) cellulose (Sigma-

Alrdrich) was rinsed in water, 20 mL of 0.1 M NaOH then equilibrated in lysis buffer. 

Oligo(dT) cellulose and lysate were mixed and rocked at room temperature for 1 hour. The 

cellulose was spun down at 1,000 rpm for 1 minute and the supernatant was removed. The 

cellulose was resuspended in Lysis Buffer and gently poured into a column then washed 

with 20 mL of Lysis Buffer, 30 mL of Wash Buffer A (10 mM Tris pH 7.4, 150 mM NaCl, 

1% SDS, 10 mM EDTA, 2 mM DTT) and 30 mL Wash Buffer B (10 mM Tris pH 7.4, 150 

mM NaCl, 10 mM EDTA, 2 mM DTT). The poly(A) RNA was eluted in 1 mL fractions of 

TE pH 7.5 heated to 65 °C. Fractions containing RNA were pooled and digested with 

micrococcal nuclease (NEB) at 37 °C for 15 minutes. Reactions were quenched with EGTA. 

0.2% SDS and 300 mM NaCl were added to prevent protein aggregation and samples were 

concentrated to ~20 μL in 0.5 mL 10 kD MWCO concentrators (Millipore). Samples were 

run on a 4–12% NuPAGE Novex acrylamide gel (Life Sciences) at 150 V for ~1.5 hours and 

stained with Sypro ruby dye (Biorad) then imaged on a phosphorimager (Typhoon 9410, 

Molecular Dynamics). Lanes were cut into 5 pieces with approximately equal amounts of 

protein for MS analysis. Two biological replicates of this procedure were performed.

Tandem mass spectrometry coupled to liquid chromatography (LC-MS-MS)

Excised Sypro Ruby-stained protein gel bands (or regions of bands) following 1D SDS-

PAGE were digested with trypsin (10 μg/mL) at 37°C overnight. LC-MS-MS analysis of in-

gel trypsin digested-proteins1 was carried out using a LTQ Orbitrap Velos mass 

spectrometer (Thermo Fisher Scientific) equipped with an Advion nanomate ESI source 

(Advion), following ZipTip (Millipore) C18 sample clean-up according to the 

manufacturer’s instructions. Peptides were eluted from a C18 pre-column (100-μm ID × 2 

cm, Thermo Fisher Scientific) onto an analytical column (75-μm ID × 10 cm, C18, Thermo 

Fisher Scientific) using a 5–20% gradient of solvent B (acetonitrile, 0.1% formic acid) over 

65 minutes, followed by a 20–35% gradient of solvent A over 25 minutes, all at a flow rate 

of 400 nl/min. Solvent A consisted of water and 0.1% formic acid. Data dependent scanning 

was performed by the Xcalibur v 2.1.0 software2 using a survey mass scan at 60,000 

resolution in the Orbitrap analyzer scanning m/z 350–1,600, followed by collision-induced 

dissociation (CID) tandem mass spectrometry (MS-MS) of the fourteen most intense ions in 
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the linear ion trap analyzer. Precursor ions were selected by the monoisotopic precursor 

selection (MIPS) setting with selection or rejection of ions held to a ± 10 ppm window. 

Dynamic exclusion was set to place any selected m/z on an exclusion list for 45 seconds 

after a single MS-MS. All MS-MS spectra were searched against a Saccharomyces 

cerevisiae protein database downloaded July 29, 2011 from UniProtKB (http://

www.uniprot.org/uniprot/?query=taxonomy:4932) using Thermo Proteome Discoverer 1.2 

(Thermo Fisher Scientific). At the time of the search, the Saccharomyces cerevisiae protein 

database contained 34,577 entries. Proteins were identified at 95% confidence with XCorr 

scores3 as determined by a reversed database search.

Only proteins identified by two or more unique peptides, each with a 99% or higher level of 

confidence, were included in the analysis. From this pool those that were enriched over the 

non-cross-linked control by two-fold or greater either in the number of peptides identifying 

them or in the total signal area associated with that protein in both replicates were 

considered to be positive hits. The list of enriched proteins does not correlate with protein 

abundance.

Microscopy and Image Analysis

Available strains carrying GFP tagged proteins were obtained from the Life TechnologiesTM 

Yeast GFP Fusion Collection. These strains were grown to 0.4 – 0.6 OD600 in complete 

minimal medium. The culture was then split into two equal halves. One half was used to 

observe localization under log phase conditions. Other half was spun down, rinsed with 

complete minimal medium without glucose, and then re-suspended in medium without 

glucose for 30 min before microscopy. Imaging and image processing was done as described 

(Buchan et al. 2008)4. All GFP fusion proteins that aggregate into foci with or without 

glucose starvation stress, were transformed with Pub1-mCherry (pRP 1661) and Edc3-

mCherry (pRP 2148) separately to check for co-localization with stress granules and P-

bodies respectively. Glucose starvation and co-localization experiments were done as in 

Buchan et al. 2008 with the following differences: First, glucose starvation was performed 

for 15 min4. Second, 10 Z stacks were taken for each image.

Image quantification was done by manually counting foci for three independent images for 

each protein.

CLIP: UV-crosslinking, immunoprecipitation and library construction

Untagged and TAP-tagged Pat1, Lsm1, Dhh1 and Sbp1 strains were obtained (Open 

Biosystems). Strains were grown in YEPD at 30° C to mid-log and re-suspended in PBS for 

10 minutes to induce P-bodies. Stressed cells were UV-crosslinked at 0.8–1.2J/cm2. Cell 

lysates were partially clarified at 4,000 rpm and digested with RNAse A (Sigma). TAP-

tagged proteins were pulled-down with Rabbit IgG conjugated Dynabeads (Invitrogen) and 

washed in lysis buffer with 1M urea to reduce non-specific binding. Purified mRNPs were 

radio-labeled with 32P ATP and resolved on a 4–12% NuPAGE gel (Life Technologies) and 

transferred onto Protran nitrocellulose (Whatman) membranes. Desired bands were excised 

and treated with proteinase K (Roche). RNA fragments were isolated, decapped and cloned 

into RNA libraries following standard protocols5,6. CLIP assays were performed in 
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duplicate and mRNA targets determined correlated well (see Supplementary Fig. 2a). 

Control data was obtained by similarly creating a small RNA library from purified poly(A) 

mRNA.

CLIP: Data collection and analysis

Small RNA libraries were sequenced with an Illumina cassava 1.8 pipeline and raw 

sequences were processed using FASTX-toolkit (http://hannonlab.cshl.edu/fastx_toolkit/) 

before mapping to the S288C yeast genome (SGD) using Novoalign (http://

www.novocraft.com/main/page.php?s=novoalign) or Bowtie 2 (http://bowtie-

bio.sourceforge.net/bowtie2/index.shtml). Reads from duplicated experiments were 

combined for subsequent data analysis. Total sequence reads were: Dhh1=15,425,458 

(replicate 1=11,205,516; replicate 2=4,219,942); Lsm1=2,478,368 (replicate 1=1,376,056; 

replicate 2=1,102,312); Pat1=11,807,063 (replicate 1= 9,092,555; replicate 2=2,714,508); 

Sbp1=17,062,164 (replicate 1=14,003,980; replicate 2=3,058183). Unique sequence reads 

for each protein were: Dhh1= 3,470,728 (replicate 1=2,671,981; replicate 2=805,402); 

Lsm1=426,279 (replicate 1=295,841; replicate 2=129,472); Pat1=1,865,516 (replicate 

1=1,523,345, replicate 2=345,672); Sbp1=13,786,228 (replicate 1=12,016,153; replicate 2 

=1,763,965). Identical reads are treated as independent for all analysis. For mRNA analysis, 

annotated transcription start and stop sites were obtained from a published database7. 

Profiles of the transcriptome were generated with 50 nt extensions at both 5′ and 3′ ends of 

each mRNA. These extensions were trimmed in cases where they overlapped with annotated 

transcripts. When overlap occurred between an ORF and tRNA, snRNA or rRNA the 

mRNA was discarded. Sequence counts in the resulting transcripts were summed. Counts 

were normalized to reflect the depth of sequencing for each protein by multiplying the 

counts across all transcripts by (total counts in control)/(total counts for sample). Perl scripts 

were used to identify significant Tier 1 and Tier 2 peaks (Perl 5.12.13). Ratio of protein 

signal to control was taken as (signal +1)/(control+1) to account for cases with 0 signal in 

control. Average plots were made by normalizing the highest peak in an mRNA to 100. 5′ 

UTRs, ORFs and 3′ UTRs were individually scaled to the average size of these regions 

calculated for the yeast genome prior to averaging, for visualization. Consensus sequence 

was identified by submitting peak sequences to DREME8 (MEME suite) online at 

meme.sdsc.edu/meme/cgi-bin/dreme.cgi.

Statistical Analysis

For significance of overlap between two lists in Figure 4b and Supplementary Figure 2a, Z-

scores were calculated by taking the ratio of the difference between the actual extent of 

overlap and overlap by random chance to the standard deviation obtained from the null 

hypothesis distribution. Hypergeometric distribution was used as null hypothesis. −log P 

values were calculated from Z-scores.

To assess the statistical significance of the positional specificities of P-body proteins, a Chi-

square test was performed to calculate P values.

To assess the significance of differences in Figure 5c and Supplementary Figure 5b P values 

were calculated using unpaired Student’s t-test.
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Yeast Growth Conditions and Additional Statistical Analyses are described in 

Supplementary Note.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Description of the in vivo RBP capture procedure and identified mRNA binding proteins. (a) 

A schematic of in vivo capture of RBPs to identify mRNA binding proteins including an 

SDS PAGE gel stained with SYPRO Ruby dye. (b–d) Proteins identified by mass 

spectrometry (MS). Numbers in parentheses in parts (b–d) indicate the number of proteins 

in each category. Some proteins are found in multiple categories. (b) The distribution of 120 

identified poly(A) RNA binding proteins between known mRNA binding proteins, new 

RNA binding proteins and new mRNA binding proteins previously known to interact with 

other types of RNA. (c) The functional categories of previously known mRNA binding 
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proteins identified by the RBP capture assay. (Total of 54 proteins) (d) The types of RNA, 

other than mRNA, bound by the newly identified proteins (total of 49 proteins). For proteins 

closely associated with RNA biology, but for which a specific RNA binding partner has not 

been identified, or which are predicted to bind RNA based on structural homology to RNA 

binding proteins, the category “undefined RNA” has been used.
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Figure 2. 
Fluorescence microscopy images to show localization of mRNA binding proteins fused to 

GFP under log phase growth (+Glu) and glucose deprivation conditions (−Glu). All white 

scale bars indicate 5 μm. Foci are indicated by white arrows. Vacuoles are indicated by blue 

arrows.
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Figure 3. 
Categorization of new granule components. (a) Fluorescence microscopy of granule 

components of interest (Tae2, Sbp1 and Psp2) tagged with GFP. P-body marker Edc3 and 

stress granule marker Pub1 are tagged with mCherry. All white scale bars indicate 5 μm. 

White arrows indicate co-localizing GFP and mCherry foci. Blue arrows indicate GFP foci 

that do not co-localize with mCherry foci. Numbers in the upper right hand corner indicate 

the fraction of GFP foci that co-localize with mCherry foci averaged over three images. (b) 

Proteins are characterized as P-body or stress granule-like along a gradient based on 

fluorescence microscopy data, some of which are shown in (a). Orange indicates P-body-

like characteristics and blue indicates stress granule-like features. Newly identified granule 

factors are marked with an asterisk. Numbers above the gradient represent fractional co-

localization of granules with Pub1-mCherry granules averaged over three images.
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Figure 4. 
P-body proteins bind to a shared group of mRNAs with positional specificity. (a) Pearson 

correlation coefficients for CLIP sequence counts of co-localized peaks between two data 

sets. Comparison with self indicates Pearson correlation coefficient for degree of similarity 

between the two replicates. (b) Bar graph showing degrees of similarity between the mRNA 

targets of Dhh1, Lsm1, Pat1 and Sbp1 identified by CLIP as −log P-values. (c) The 

enrichment of CLIP sequence tags over the control averaged across all bound mRNAs for 

each protein is shown. Sbp1 targets are shown in purple, Dhh1 in blue, Lsm1 in red, and 

Pat1 in gray. Limits of the open reading frame (ORF) are indicated by dashed black lines. 

Ends of the UTRs (untranslated regions) and beginnings of the extension regions are 

indicated by dashed gray lines. 50 nucleotide extensions regions were added to both ends of 
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the transcript to account for annotation errors. Lengths are scaled to the average 5′ UTR, 

ORF and 3′ UTR lengths over the entire genome. (d) Plots showing enrichment of CLIP 

sequence tags over the control sequence data for individual mRNAs. Pat1 data is shown in 

gray for Ssa3 mRNA, Lsm1 in red for Pgk1 mRNA and Sbp1 is shown in purple for Atp1 

mRNA. Dashed black lines indicate the limits of the open reading frame. Replicate data sets 

are shown in darker shades for each trace. Additional CLIP data sets for other proteins on 

the same mRNA are shown in Supplementary Fig. 2b.
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Figure 5. 
Interactions between P-body proteins influence mRNA binding. (a) Plots showing 

enrichment of CLIP sequence tags over the control sequence data for individual mRNAs 

Erg4 and YEL025C. Dhh1 is shown in blue, Lsm1 in red, Pat1 in gray and Sbp1 in purple. 

Dashed black lines indicate the limits of the open reading frame. (b) Graph illustrating the 

percent of mRNA with CLIP sequence tag peaks in the 5′ UTR, open reading frame and 3′ 

UTR for Sbp1 target mRNA bound only by Sbp1 (light gray) or by other factors as well 

(“shared,” dark gray). Percentages do not add up to 100% as individual mRNA may have 
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peaks in multiple regions. *** indicates P-value <0.0001 for unpaired Student’s t-test, 

n=755 mRNA for Sbp1 only, 294 mRNA for Shared.
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Table 1

Examples of mRNA binding proteins identified by mass spectrometry

Category Gene Systematic name Function

Known mRNA binding protein Tif4631 YGR162W Translation initiation

Khd1 YBL032W Localization

Xrn1 YGL173C Decay

Puf3 YLL013C Translation repression

tRNA binding protein Gln4 YOR168W tRNA synthetase

Dus3 YLR401C tRNA modification

Ribosome biogenesis Nop56 YLR197W Ribosome biosynthesis

Nsr1 YGR159C Ribosome biosynthesis

Cbf5 YLR175W Ribosome biosynthesis

Other functions Ksp1 YHR082C Kinase

Ste20 YHL007C Kinase

Cys4 YGR155W Cysteine biosynthesis

Imd3 YLR432W GTP biosynthesis

Pol2 YNL262W DNA polymerase
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Table 2

Localization of mRNA binding proteins during log phase growth and under glucose deprivation

+Glu −Glu Proteins

Nucleus Nucleus

Cbf5, Dus3, Hrp1, Mak21, Mlp1, Mtr4, Mud2, Nab2, Nan1, 
Noc2, Nop4, Nop56, Nop58, Nop7, Nop9, Nrd1, Nsr1, Nug1, 
Pap2, Pol2, Prp8, Puf6, Pus1, Pwp2, Rat1, Rpb2, Rrp5, Sof1, 
Spt5, Sto1, Tho2, Urb1, Utp20

Nucleus Nucleus and P-body or stress granule Gbp2, Hrb1, Mex67, Npl3

Nucleus Nucleus and other foci Prp43

Nucleus and other foci Nucleus and other foci Rfa1

Nucleusand cytoplasm Nucleus and cytoplasm Cpr1, Pbp2, Nam8, Sen1

Cytoplasm Cytoplasm
Bem2, Dbp1*, Gln4, Gus1, Hts1, Imd2, Imd3, Imd4, Lsg1, 
Nab3*, New1, Nip1, Rrp12, Ski2, Ste20*, Sup35, Tif3, Tif32, 
Tys1, Ubp3, Yll032c

Cytoplasm Cytoplasm and P-body or stress 
granule

Bre5, Dhh1, Eap1, Ecm32, Gis2, Hek2, Ksp1, Mrn1, Nab6, 
Ngr1, Pab1, Pat1, Pbp1, Psp1, Psp2, Pub1, Puf2, Puf3, Puf4, 
Puf5, Sbp1, Slf1, Slh1, Sro9, Tae2, Tif4631, Tif4632, Upf1, 
Upf3, Xrn1, Ybr238c, Ygr250c

Cytoplasm Cytoplasm and other foci Pin4

Cytoplasm Cell Wall Puf1

Cytoplasm and other foci Cytoplasm and other foci Cys4

Cytoplasmic vesicle or golgi Vacuole Scw4

Endoplasmic reticulum Cytoplasm Bfr1, Scp160

Mitochondria Mitochondria Msc6, Mss116, Rmd9

Vacuole and other foci Vacuole and other foci Vma1

Unidentified organelle Unidentified organelle Tif31
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