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Summary
In response to stress, eukaryotic cells accumulate mRNAs and proteins at discrete sites, or foci, in
the cytoplasm. However, the mechanisms regulating foci formation, and the biological function of
the larger ribonucleoprotein (RNP) assemblies, remain poorly understood. Here, we show that the
cAMP-dependent protein kinase (PKA) in Saccharomyces cerevisiae is a key regulator of the
assembly of Processing-bodies (P-bodies), an RNP complex implicated in mRNA processing and
translation. The data suggest that PKA specifically inhibits the formation of the larger P-body
aggregates by directly phosphorylating Pat1, a conserved constituent of these foci that functions as
a scaffold during the assembly process. Finally, we present evidence indicating that P-body foci
are required for the long-term survival of stationary phase cells. This work therefore highlights the
general relevance of RNP foci in quiescent cells, and provides a framework for the study of the
many RNP assemblies that form in eukaryotic cells.

Introduction
When an essential nutrient or growth factor is lacking, eukaryotic cells arrest growth and
may enter into a distinct resting state, known as G0 or stationary phase (Gray et al., 2004;
Pardee, 1989). A number of characteristic changes are associated with this transition,
including a decreased rate of metabolism and a heightened resistance to stress (Gray et al.,
2004; Werner-Washburne et al., 1993). These growth-arrested cells can also accumulate
particular proteins and mRNAs at discrete sites, or foci, in the cytoplasm (Narayanaswamy
et al., 2009; Teixeira et al., 2005). Two of the best-characterized of these RNP foci are the
P-bodies and stress granules that have been suggested to play a role in mRNA decay and/or
storage (Anderson and Kedersha, 2008, 2009; Buchan et al., 2008; Eulalio et al., 2007a; Lui
et al., 2010). These RNP particles are found in all eukaryotes, from the single-celled yeasts
to humans, suggesting that their biological functions have been conserved through evolution.

P-bodies were initially identified as cytoplasmic foci that contain non-translating mRNAs
and proteins important for the decapping and degradation of these transcripts (Balagopal and
Parker, 2009; Eulalio et al., 2007a). For example, the Dcp1-Dcp2 decapping enzyme and the
Xrn1 exonuclease are both associated with P-bodies (Bashkirov et al., 1997; Cougot et al.,
2004; Eystathioy et al., 2003; Ingelfinger et al., 2002; Sheth and Parker, 2003; van Dijk et
al., 2002). The maintenance of these foci requires the continued presence of the associated
mRNA and there appears to be a dynamic equilibrium between P-body formation and active

© 2011 Elsevier Inc. All rights reserved.
Correspondence: herman.81@osu.edu.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Mol Cell. Author manuscript; available in PMC 2012 September 16.

Published in final edited form as:
Mol Cell. 2011 September 16; 43(6): 973–981. doi:10.1016/j.molcel.2011.06.032.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



translation (Anderson and Kedersha, 2009; Balagopal and Parker, 2009; Brengues et al.,
2005; Kedersha et al., 2005; Teixeira et al., 2005). Based on these data, the assembly of the
large P-body foci has been proposed to occur in two distinct stages (Figure S1) (Decker et
al., 2007; Franks and Lykke-Andersen, 2008). In the first step, mRNAs associate with the
protein constituents of P-bodies to form RNP monomers. Several of these P-body proteins
likely contribute to the translationally-repressed state of these mRNAs (Coller and Parker,
2005; Franks and Lykke-Andersen, 2008). The P-body monomers then aggregate in the
second stage to form the larger cytoplasmic foci detected in stressed cells. This aggregation
may be mediated by the prion-like domains present in a number of P-body proteins (Decker
et al., 2007; Gilks et al., 2004; Reijns et al., 2008). However, the physiological role of the
larger foci remains unclear as mRNA decapping and decay, and the inhibition of translation,
have all been found to proceed normally in cells lacking these larger assemblies (Decker et
al., 2007; Eulalio et al., 2007b; Stoecklin et al., 2006). Moreover, a recent study has
suggested that decapping and decay occur while the mRNA is still associated with actively
translating ribosomes (Hu et al., 2009).

A variety of stress conditions induce P-body formation but the signaling pathways mediating
these responses have not been identified. In this study, we examined the signaling
requirements for P-body formation in response to glucose deprivation in S. cerevisiae. These
RNP structures form rapidly upon glucose starvation and dissipate upon re-addition of this
carbon source (Teixeira et al., 2005). The work here demonstrates that the cAMP-dependent
protein kinase (PKA) is a key regulator of this P-body assembly process. In contrast, the
inactivation of other pathways important for nutrient sensing, including the Target of
Rapamycin Complex 1 (TORC1) and AMP-activated protein kinase (AMPK) pathways, did
not influence the formation of these RNP structures (Hedbacker and Carlson, 2008;
Wullschleger et al., 2006). The results indicate that these effects of PKA are due, at least in
part, to the direct phosphorylation of Pat1. This protein is a conserved core constituent of
eukaryotic P-bodies that has been suggested to act as a scaffolding molecule during the
assembly process (Braun et al., 2010; Marnef and Standart, 2010; Pilkington and Parker,
2008). Finally, we present evidence that suggests that the larger P-body foci are required for
the long-term survival of stationary phase cells. In all, this work identifies a key regulator of
P-body assembly in S. cerevisiae, a primary target of this signaling pathway in the P-body
machinery and a potential biological function for the larger assemblies in quiescent cells.

Results
The inactivation of PKA signaling was both necessary and sufficient for P-body formation

Since PKA is a key effector of glucose signaling in S. cerevisiae, we tested whether this
pathway had a role in the regulation of P-body assembly (Santangelo, 2006; Slattery et al.,
2008; Zaman et al., 2009; Zaman et al., 2008). Four different GFP-tagged reporters for P-
body foci were used for these studies. In addition to Dcp2, Xrn1 and Pat1, we examined the
localization of Dhh1, an RNA helicase that is also associated with P-bodies (Teixeira et al.,
2005). Using these reporters, we found large P-body foci in the cytoplasm of wild-type cells
following either an acute or gradual deprivation of glucose (Figure 1A, B). In general, one,
or perhaps two, such foci were observed in a fraction of the glucose-starved cells.
Interestingly, the number of these large foci was diminished significantly in cells with
constitutively-elevated levels of PKA activity (Figure 1A, B; 2SA-D). PKA signaling was
up-regulated either moderately by the introduction of the dominant positive RAS2val19 allele,
or more dramatically by deletion of the BCY1 locus that encodes the regulatory subunit of
PKA (Toda et al., 1987; Toda et al., 1985). In this yeast, PKA activity is positively regulated
by the Ras proteins, Ras1 and Ras2 (Toda et al., 1985). We found that the severity of the P-
body defect was proportional to the PKA activity present. For example, large P-body foci
were rarely detected in bcy1Δ cells (Fig. S2A, B). Instead a disperse cytoplasmic GFP
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pattern was generally observed and the number of cells with foci was reduced by more than
ten-fold for each reporter tested. In the presence of the RAS2val19 allele, the number of cells
containing large P-body foci was reduced by three- to seven-fold depending upon the
reporter being examined (Figure 1A, B; S2C, D). In addition, RAS2val19 cells often
contained numerous, smaller foci in their cytoplasm (see Figure 1A). Finally, we found that
diminished signaling through the PKA pathway was sufficient to induce P-body formation
in glucose-replete conditions (Figure 1C, D). PKA activity was lowered either by
inactivating an analog-sensitive version of PKA or by the over-expression of the cAMP
phosphodiesterase, Pde2 (Bishop et al., 2001; Sass et al., 1986; Stephan et al., 2009).
Therefore, the inactivation of PKA activity was both a necessary and sufficient condition for
P-body formation in S. cerevisiae.

P-body formation was not influenced by either TORC1 or AMPK signaling activity
The TORC1 complex is sensitive to the drug, rapamycin, and has been implicated in the
growth response to nutrients in a number of eukaryotes, including S. cerevisiae (De Virgilio
and Loewith, 2006; Sengupta et al., 2010; Wullschleger et al., 2006). We therefore
investigated whether the inactivation of TORC1 would also result in P-body formation. In
contrast to the above results with PKA, we did not observe P-bodies in cells that were
treated with rapamycin (Figure 2A; S3A). Moreover, P-body foci were not detected in cells
that were deprived of a nitrogen source, a condition that has been shown to result in
diminished TORC1 signaling (Figure 2A) (Sengupta et al., 2010; Wullschleger et al., 2006).
Neither rapamycin treatment nor the lack of a nitrogen source interfered with the formation
of P-bodies induced by glucose starvation (Figure 2B; S3B). However, as noted previously,
P-body formation was disrupted by the presence of the translation elongation inhibitor,
cycloheximide (Figure S3C). Finally, we found no significant decrease in the number or size
of P-body foci in cells lacking the AMPK ortholog, Snf1 (Figure 2C). Altogether, these data
indicated that P-body assembly in S. cerevisiae was regulated by PKA signaling, but not
TORC1 or Snf1 activity.

Pat1 is a substrate for PKA
A bioinformatics study from our laboratory identified Pat1 as a candidate substrate for PKA
based on the evolutionary conservation of a PKA consensus site in this protein (Budovskaya
et al., 2005). This sequence, R-R-R-S456-S457-Y, was found to be conserved in all of the
Saccharomyces species examined. Moreover, recent phosphoproteome studies have
indicated that these two serine residues, Ser-456 and Ser-457, are phosphorylated in vivo
(Albuquerque et al., 2008; Chi et al., 2007). We tested whether this phosphorylation was
catalyzed by PKA and found that Pat1 was indeed phosphorylated by PKA in vitro at both
Ser-456 and Ser-457 (Figure 3A). A Pat1 variant where both of these serines were replaced
by an alanine, Pat1-AA, was not recognized by PKA (Figure 3A). To determine whether this
site was also phosphorylated by PKA in vivo, we used an antibody that specifically
recognizes phosphorylated PKA sites (see Experimental Procedures). We have used this
reagent previously to analyze a number of different PKA substrates (Budovskaya et al.,
2005; Chang et al., 2004; Deminoff et al., 2006; Deminoff et al., 2009; Stephan et al., 2009).
Here, we found that this antibody recognized a Pat1 fusion protein that was precipitated
from log phase cultures of wild-type cells (Figure 3B). This recognition was lost upon
phosphatase treatment and was restored upon a subsequent incubation with PKA and ATP
(Figure 3B). In contrast, the Pat1-AA protein was not recognized by this antibody (Figure
3C). Finally, the signal with this anti-substrate antibody was elevated in cells with increased
PKA activity and dramatically reduced following the inactivation of PKA (Figure 3D, E).
Therefore, both the PKA site in Pat1 and the presence of PKA activity in cells were required
for recognition by this antibody. Taken together, these data demonstrated that Pat1 was both
an in vivo and in vitro substrate for PKA.

Ramachandran et al. Page 3

Mol Cell. Author manuscript; available in PMC 2012 September 16.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The phosphorylation of Pat1 by PKA regulates P-body formation
If Pat1 was the target responsible for the PKA effects on P-body assembly, we would expect
that this phosphorylation would be rapidly lost upon glucose deprivation. We used the anti-
substrate antibody described above to test this possibility, and found that this
phosphorylation was significantly reduced within 10 min of glucose starvation (Figure 4A).
Thus, the kinetics of dephosphorylation were consistent with Pat1 being a physiologically-
relevant target for PKA. We also tested whether the presence of the nonphosphorylatable
variant, Pat1-AA, would suppress the P-body defects associated with constitutive PKA
activity. For these experiments, we introduced a GFP-tagged Pat1-AA into bcy1Δ cells and
assessed P-body assembly after glucose deprivation. With both the acute and gradual
deprivation regimens, we found that the Pat1-AA variant was more efficiently incorporated
into P-bodies in bcy1Δ cells than the wild-type Pat1 protein (Figure 4B-D). These data
therefore suggest that the inhibition of P-body foci formation by PKA is due, at least in part,
to the direct phosphorylation of Pat1.

Multiple activities have been attributed to Pat1 including a role in the repression of
translation, in the stimulation of mRNA decapping (and hence decay) and as a scaffolding
element during the assembly of P-body foci (Bonnerot et al., 2000; Braun et al., 2010; Coller
and Parker, 2005; Holmes et al., 2004; Marnef and Standart, 2010; Pilkington and Parker,
2008). PKA phosphorylation could be influencing any one of these activities. However,
previous work has clearly demonstrated that elevated PKA activity does not prevent the
decrease in translation initiation that accompanies an acute starvation for glucose (Ashe et
al., 2000). Consistent with this result, we found that neither elevated PKA activity or
alterations of the Pat1 PKA site influenced the growth defect caused by the over-expression
of Pat1 (Figure S4A; data not shown). We therefore tested whether PKA activity might be
affecting mRNA decay. A block to mRNA decay, like that associated with an xrn1Δ strain,
has been shown to result in an increased number of P-body foci, even in glucose-rich
conditions (Cougot et al., 2004; Eulalio et al., 2007a; Sheth and Parker, 2003). Therefore,
the PKA inhibition of foci formation could be due to an increased rate of mRNA decay that
would result in fewer mRNA templates upon which to build the P-body structures. However,
in contrast to this prediction, we found that there were similar levels of total polyA+ RNA in
wild-type and RAS2val19 cells following a 15 minute period of glucose starvation (Figure
S4B). In addition, the half-life of the PGK1pG transcript was not significantly affected by
the presence of elevated PKA activity (Figure S4C) (Hatfield et al., 1996). Finally, we found
that the introduction of the RAS2val19 allele into an xrn1Δ strain led to a significant decrease
in the number of P-body foci present (Figure S4D). This latter result indicated that the
inhibitory effects of PKA on P-body assembly did not require the activity of the primary 5′-
to-3′ exonuclease in eukaryotic cells. In all, these data suggest that PKA is not influencing
earlier events in the P-body assembly pathway, like the inhibition of translation or mRNA
decay. Instead, the data are more consistent with PKA affecting a later step in P-body foci
formation.

Dhh1 recruitment into P-bodies is disrupted by the PKA phosphorylation of Pat1
Pat1 binds to a number of P-body proteins, including Dhh1, and has been proposed to act as
a scaffold during P-body assembly (Braun et al., 2010; Nissan et al., 2010; Pilkington and
Parker, 2008). Here, we tested whether this interaction with Dhh1 was influenced by the
presence of either elevated PKA activity or the Pat1-EE variant. The presence of a glutamic
acid can functionally substitute for a phosphorylated serine, and thus the Pat1-EE variant
may mimic the PKA phosphorylated form of Pat1. We found that the amount of Dhh1 co-
precipitating with Pat1 was dramatically lower in both of these conditions (Figure 5B, C;
S5A). Moreover, the frequency of Dhh1 foci was significantly decreased in cells containing
only the Pat1-EE variant (Figure 5C, D). This latter effect was not specific to Dhh1 as the
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frequency of Edc3 and Dcp2 recruitment to cytoplasmic foci was also diminished in cells
containing the Pat1-EE variant (Figure S5B). The localization of Pat1-EE to foci was itself
impaired by a factor of two-fold; the fraction of cells with large foci was 20% for Pat1-EE as
compared to 39% for the wild-type protein, Pat1-SS. In all, these data suggested that PKA
influences P-body assembly by directly phosphorylating Pat1 and thereby disrupting
particular protein-protein interactions important for foci formation.

PKA phosphorylation of Pat1 is important for cell survival in stationary phase
The Ras/PKA signaling pathway in S. cerevisiae is thought to regulate the entry into
stationary phase and thus the survival of cells within this resting state (Dechant and Peter,
2008; Herman, 2002). For example, mutants with constitutive PKA activity, like RAS2val19,
fail to enter into a normal stationary phase and rapidly lose viability upon nutrient
deprivation (Figure 6A) (Toda et al., 1985). However, the key PKA substrates responsible
for these viability defects have not yet been identified. Remarkably, we found that the
presence of the nonphosphorylatable Pat1-AA was able to strongly suppress the loss of
viability associated with stationary phase cultures of the RAS2val19 mutant (Figure 6A). This
result suggested that Pat1, and perhaps the formation of P-body foci, might be important for
the long-term survival of quiescent cells. Consistent with this possibility, pat1Δ and dhh1Δ
mutants were found to lose viability more rapidly in stationary phase than a wild-type strain
(Figure 6B; S6). Therefore, Pat1 and its phosphorylation by PKA appear to be important
determinants of cell survival in stationary phase.

Discussion
The formation of RNP foci in eukaryotic cells appears to be part of a general response to
stress. However, it is typically not known how the assembly of these RNP structures is
regulated and what function the larger assemblies serve in the stressed cells (Eulalio et al.,
2007a; Parker and Sheth, 2007). In this study, we show that the Ras/PKA signaling pathway
is a key regulator of P-body formation in S. cerevisiae. In particular, our data demonstrate
that the inactivation of this pathway is both a necessary and sufficient condition for the
formation of large P-body foci. Moreover, our findings identify Pat1, an evolutionarily-
conserved component of these RNP structures, as a critical target of this control. PKA
directly phosphorylates Pat1 and this phosphorylation was found to disrupt the interactions
occurring between Pat1 and other components of the P-body, including the Dhh1 helicase.
These observations are intriguing in light of recent work indicating that Pat1 might function
as a central scaffold upon which P-bodies are assembled (Braun et al., 2010; Marnef and
Standart, 2010; Pilkington and Parker, 2008). PKA phosphorylation may therefore influence
key protein interactions required for the formation of the larger foci.

The assembly of P-body foci has been proposed to occur in two discrete stages (Figure 6C).
We feel that the data here are most consistent with PKA affecting the second step in this
model and specifically inhibiting the formation of the larger aggregate structures. This
premise is consistent with elevated PKA activity preventing the formation of P-body foci
without affecting the block to translation initiation that accompanies an acute glucose
starvation (Ashe et al., 2000). In addition, moderately elevated PKA activity resulted in the
presence of smaller but more numerous P-body foci suggesting that PKA is regulating the
final aggregation of these smaller structures. Finally, our data also indicate that the mere
presence of a translationally-repressed pool of mRNA is not sufficient for the formation of
the larger P-body foci. For example, neither rapamycin treatment nor nitrogen deprivation
was able to induce P-body formation. Both of these conditions result in diminished TORC1
signaling and a dramatically reduced rate of translation initiation (Barbet et al., 1996; Hay
and Sonenberg, 2004; Zaman et al., 2008). A recent study with secretory pathway mutants
also found that the extent of P-body formation was not correlated with the strength of the
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protein translation defect (Kilchert et al., 2010). Therefore, the data cumulatively indicate
that it is diminished PKA signaling that is the key signal for P-body foci formation in S.
cerevisiae.

This study also suggests that Pat1, and its phosphorylation by PKA, are important for the
normal control of cell survival during periods of quiescence. In particular, we found that
mutants lacking Pat1 exhibited a diminished capacity to survive in stationary phase and that
the presence of Pat1-AA was able to effectively suppress the loss of viability associated with
RAS2val19 stationary phase cultures. Although Pat1 has multiple functions, several
observations suggest that its role in P-body foci formation is responsible for these survival
phenotypes. First, our data here suggest that PKA activity specifically regulates the
formation of the larger P-body assemblies. This control appears to be mediated by Pat1 as
the introduction of the Pat1-AA variant restores full-sized foci to cells with elevated PKA
activity. Second, recent studies indicate that the other activities associated with the Pat1
protein, including the stimulation of decapping and translational repression, occur either co-
translationally or within the context of a P-body monomer (or smaller RNP complex)
(Decker et al., 2007; Eulalio et al., 2007b; Hu et al., 2009; Reijns et al., 2008). In addition,
the work here and elsewhere indicates that PKA does not influence either global mRNA
decay or the block to translation associated with glucose starvation (Ashe et al., 2000).
Finally, the PKA site in Pat1 is located within a C-terminal domain that has been shown to
be both necessary and sufficient for P-body foci formation (Pilkington and Parker, 2008). In
contrast, the Pat1 domain required for efficient mRNA decapping is located at the N-
terminus of this protein. In all, we feel that these observations are most consistent with the
presence of P-body foci being responsible for the efficient long-term survival of G0 cells. P-
body assemblies therefore may function in a manner similar to the RNP granules in oocytes
that store maternal mRNA transcripts for later use (Anderson and Kedersha, 2006). This
possibility will need to be examined further, but it is interesting to note that recent work has
identified a large number of different RNP and protein foci in stationary phase cells
(Narayanaswamy et al., 2009; Noree et al., 2010). The sequestration of mRNA and protein
into discrete sites in the cytoplasm may thus be a general feature of quiescent cells.

The data here also suggest that there is a second PKA substrate, apart from Pat1, that is
important for the regulation of P-body assembly. This assertion follows from the observation
that elevated PKA activity results in a more severe defect in P-body formation than does
either the loss of Pat1 or the presence of the Pat1-EE variant. Identifying this second target
could provide additional insights into the mechanisms governing P-body foci formation.
Finally, it is important to point out that stationary phase survival in S. cerevisiae has been
used a model for the study of the mechanisms governing eukaryotic aging (Kennedy, 2008).
It is therefore interesting to speculate that the ability to form RNP foci might be generally
important for the normal aging process. Determining how and why these RNP structures
form could therefore increase our understanding of the cellular basis of aging and diseases,
like cancer, that are associated with an aberrant control of cell growth. A continued analysis
of the role of PKA signaling in the regulation of P-bodies, and other stationary phase foci in
S. cerevisiae, would represent an important step towards this broader goal.

Experimental Procedures
Additional methods, including a description of growth conditions and plasmid construction,
are included in the Supporting Information available online.

Fluorescence Microscopy
Cells expressing the fusion constructs were grown to early log phase (0.3-0.6 OD600 units/
ml) before exposure to the appropriate starvation regimen or drug treatment. For carbon and
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nitrogen starvation, cells were collected by centrifugation and washed with SC-D or SD-N
media before being re-suspended in the same medium. Rapamycin was added to a final
concentration of 200 ng/ml to inactivate TORC1. For the tpk1-as strain, the inhibitor, 1NM-
PP1, was added to a final concentration 2-5 μM. Cells were incubated at 30°C for the
indicated period of time, collected by centrifugation, and re-suspended and spotted onto
microscope slides. The samples were then imaged as described (Budovskaya et al., 2005).
For the quantification shown, the data represent the average of two or three experiments that
examined at least 100 cells. In each case, the variation between replicates was less than
10%.

Western immunoblotting and immunoprecipitations
Protein samples for Western blotting were prepared with a glass bead lysis method,
separated on 7.5-10% SDS-polyacrylamide gels and transferred to nitrocellulose membranes
(Hybond ECL, GE Healthcare) as described (Budovskaya et al., 2002; Budovskaya et al.,
2004). The membranes were then probed with the appropriate primary and secondary
antibodies. The Supersignal chemiluminescent substrate (Pierce) was subsequently used to
detect the reactive bands. Cell extracts for immunoprecipitation were prepared by re-
suspending log-phase cells in Lysis buffer (25 mM Tris-HCl pH 7.4, 140 mM NaCl, 0.1%
Tween-20, 1 mM PMSF) and lysing by agitation with glass beads. Myc- and GST-tagged
proteins were immunoprecipitated with the appropriate monoclonal antibodies (Cell
Signaling), and the immunoprecipitates were collected on Protein A-Sepharose (GE
Healthcare). To monitor PKA phosphorylation in vivo, substrate proteins were precipitated
under denaturing conditions as described with protease and phosphatase inhibitors present at
all steps (Budovskaya et al., 2005; Deminoff et al., 2006). The level of PKA
phosphorylation was then assessed by Western blotting with the anti-PKA substrate
antibody (Cell Signaling) as described (Chang et al., 2004; Deminoff et al., 2006).

In vitro kinases assays
The immunoprecipitated substrate proteins were incubated with λ phosphatase (NEB) in λ
phosphatase reaction buffer supplemented with 6 mM MnCl2 for 1 hr and washed three
times with wash buffer (25 mM Tris-HCl pH 7.4, 140 mM NaCl, 0.1% (v/v) Tween-20, 1
mM PMSF). The in vitro kinase assay (IVKA) was then performed by incubating the
immunoprecipitated material with 10 U of bPKA (Sigma) and 10 μCi [γ-32P] ATP or 2.5
mM unlabeled ATP in a 40 μl reaction (50 mM potassium phosphate, 5 mM NaF, 10 mM
MgCl2, 4.5 mM DTT and both protease and phosphatase inhibitors). The proteins were
separated by SDS-polyacrylamide gel electrophoresis and the level of phosphorylation was
assessed by either autoradiography or Western blotting with the anti-PKA substrate
antibody, respectively.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
P-body formation was regulated by Ras/PKA signaling activity.
(A) Elevated signaling through the Ras/PKA pathway inhibited P-body formation in
response to an acute glucose starvation. Strains expressing GFP-tagged versions of Dcp2,
Dhh1, Pat1 and Xrn1 were transformed with either a vector control or a MET3-RAS2val19

plasmid. Cells were grown to mid-log phase in SC-glucose medium and expression from the
RAS2val19 locus was induced by transferring cells to a medium lacking methionine for 2 hr.
The cells were then starved for glucose for 15 min and visualized by fluorescence
microscopy.
(B) The formation of P-bodies in early stationary phase was inhibited by elevated Ras/PKA
signaling. Wild-type yeast with either a control vector or a MET3-RAS2val19 plasmid were
grown for 24 hr in an SC-glucose medium lacking methionine.
(C, D) The down-regulation of PKA activity was sufficient to induce P-body formation in
glucose-replete conditions. In C, cells containing an analog-sensitive allele of TPK1, tpk1-
as, were treated with 5 μM 1NM-PP1 for 15 min. In D, the cells were transformed with
either a control vector or a high-copy PDE2 plasmid.
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Figure 2.
P-body formation was not influenced by either TORC1 or Snf1 signaling activity.
(A) Neither nitrogen deprivation or rapamycin treatment resulted in P-body formation.
Strains expressing GFP-tagged versions of the indicated P-body markers were grown to
mid-log phase in SC-glucose medium. The cells were then transferred to a medium lacking
either a nitrogen source (-N) or glucose (-Glu), or treated with 200 ng/ml rapamycin (+Rap)
for 15 min.
(B) The presence of rapamycin did not interfere with the P-body formation induced by
glucose starvation. Cells were grown to mid-log phase in an SC-glucose medium and then
transferred for 15 min to a medium lacking glucose that contained either 0 or 200 ng/ml
rapamycin.
(C) Snf1 activity was not required for P-body formation in response to glucose starvation.
Wild-type and snf1Δ cells were grown to mid-log phase in an SC-glucose medium and
transferred to a medium lacking glucose (SC-D) for 15 min before fluorescence microscopy.
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Figure 3.
The Pat1 protein was a substrate for PKA.
(A) PKA phosphorylated Pat1 at both Ser-456 and Ser-457 in vitro. The indicated Pat1
variants were precipitated from cell extracts and either mock treated (-) or incubated with
PKA and [γ-32P] ATP. The reaction products were then separated on SDS-polyacrylamide
gels and the level of PKA phosphorylation was assessed by autoradiography (32P).
(B) Pat1 was phosphorylated by PKA in vivo. A GST-tagged Pat1 protein was precipitated
and treated with λ phosphatase, as indicated. An aliquot of the beads from this latter reaction
was washed and incubated with PKA and 2.5 mM ATP. The relative level of PKA
phosphorylation was assessed by Western blotting with an anti-PKA substrate antibody (α-
Sub), as described in the Experimental Procedures. PPase, λ phosphatase.
(C) Pat1 recognition by the anti-PKA substrate antibody required the presence of the two
serine residues, Ser-456 and Ser-457. The indicated Pat1 variants were precipitated from cell
extracts and the relative level of PKA phosphorylation was assessed by Western blotting
with the anti-PKA substrate antibody.
(D) The in vivo level of the PKA phosphorylation on Pat1 was elevated in a strain over-
expressing the PKA catalytic subunit, Tpk1.
(E) Recognition by the anti-PKA substrate antibody was lost following the inactivation of
PKA. The tpk1-as strain was incubated with 5 μM 1NM-PP1 for 15 min to inactivate PKA.
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Figure 4.
The PKA-mediated inhibition of P-body formation was suppressed by the presence of a non-
phosphorylatable form of Pat1.
(A) The PKA-dependent phosphorylation of Pat1 was rapidly lost upon glucose starvation.
Cells expressing a myc-tagged Pat1 were grown to mid-log phase in an SC-glucose medium
and then transferred to a medium lacking glucose (SC-D) for the indicated time. The level of
PKA phosphorylation was assessed by Western blotting with the anti-PKA substrate
antibody.
(B, C) The presence of the non-phosphorylatable variant, Pat1-AA, resulted in an elevated
number of P-body foci in bcy1Δ cells. Wild-type and bcy1Δ cells expressing the indicated
GFP-tagged Pat1 proteins were grown to mid-log phase and then transferred to a medium
lacking glucose for 15 min. Representative fluorescence microscopy images are shown in B
and the quantification of these data in C.
(D) The presence of the non-phosphorylatable Pat1 also suppressed the inhibitory effects of
elevated PKA signaling on P-body formation during an extended glucose starvation (-Glu,
90 min) or growth into early stationary phase (1d).
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Figure 5.
The presence of the Pat1-EE variant disrupted Dhh1 recruitment to P-bodies.
(A) The Pat1-EE variant exhibited a weaker interaction with Dhh1 than the wild-type Pat1.
The indicated myc-tagged Pat1 proteins were precipitated from yeast cell extracts and the
relative level of the associated Dhh1-GFP was assessed by Western blotting.
(B) The presence of elevated Ras/PKA signaling activity resulted in less Pat1 binding to
Dhh1. Wild-type cells expressing a myc-tagged Pat1 and Dhh1-GFP fusion protein were
transformed with either a vector control (-) or RAS2val19 plasmid (+). The myc-tagged Pat1
was immunoprecipitated from cell extracts and the relative level of the associated Dhh1-
GFP was assessed by Western blotting.
(C) The formation of Dhh1 foci upon glucose starvation was impaired in strains containing
the Pat1-EE variant. A pat1Δ strain expressing the GFP-tagged Dhh1 reporter and the
indicated versions of Pat1 was grown to mid-log phase and transferred to a medium lacking
glucose (SC-D) for 15 min.
(D) A histogram showing the fraction of cells in panel C that contained at least one large P-
body focus following glucose starvation.
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Figure 6.
The PKA phosphorylation of Pat1 may influence stationary phase cell survival.
(A) The presence of the nonphosphorylatable Pat1-AA variant suppressed the loss of
viability observed in stationary phase cultures of the RAS2val19 mutant. pat1Δ cells
containing either a control vector or a RAS2val19 plasmid were grown for the indicated
number of days in a YM-glucose minimal medium. The number of viable cells present was
determined by plating out increasing dilutions of the cultures. The cells also contained a
plasmid expressing either Pat1-SS or Pat1-AA, as indicated.
(B) Cells lacking Pat1 exhibited a decreased rate of survival in stationary phase. Wild-type
or pat1Δ strains were grown for the indicated number of days and the number of viable cells
in each culture was assessed.
(C) A model proposing that PKA activity specifically inhibits the aggregation step of P-body
assembly. See text for further details.
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