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ABSTRACT P-bodies are liquid droplet-like compartments that lack a limiting mem-
brane and are present in many eukaryotic cells. These structures contain specific sets
of proteins and mRNAs at concentrations higher than that in the surrounding envi-
ronment. Although highly conserved, the normal physiological roles of these ribonu-
cleoprotein (RNP) granules remain poorly defined. Here, we report that P-bodies are
required for the efficient completion of meiosis in the budding yeast Saccharomyces
cerevisiae. P-bodies were found to be present during all phases of the meiotic pro-
gram and to provide protection for the Hrr25/CK1 protein kinase, a key regulator of
this developmental process. A failure to associate with these RNP granules resulted
in diminished levels of Hrr25 and an ensuing inability to complete meiosis. This
work therefore identifies a novel function for these RNP granules and indicates how
protein recruitment to these structures can have a significant impact on eukaryotic
cell biology.

KEYWORDS CK1 protein kinase, meiosis, membraneless organelles, P-bodies,
sporulation

he eukaryotic cell is divided into distinct functional domains by a collection of

membrane-bound organelles that includes the nucleus, endoplasmic reticulum,
and mitochondria. However, it is becoming increasingly clear that the nucleoplasm and
remaining cytoplasm are further subdivided into a variety of additional compartments
that lack a limiting membrane (1, 2). These “membraneless” organelles include the
long-studied nucleolus and centrosome, as well as the more recently identified RNA-
protein (RNP) granules, like the processing body (P-body) and stress granule (3). These
membraneless compartments tend to be relatively dynamic structures that are able to
assemble (or disassemble) rapidly in response to the appropriate environmental cues.
These structures have been conserved through evolutionary time, and several have
been linked to a number of human disorders, including particular neurodegenerative
conditions (2, 4-7). It is therefore imperative that we identify their normal physiological
roles in the cell.

The P-body is a cytoplasmic RNP granule that is present in all eukaryotes examined
to date, from yeast to humans (8, 9). These RNP structures were originally defined by
the presence of translationally arrested mRNAs and a number of proteins involved in
mMRNA processing, including the Dcp1/Dcp2 decapping complex and the Xrn1 5" to 3’
exonuclease (10-14). These observations led to the suggestion that P-bodies are sites
of mRNA decay in the cell (15, 16). However, more recent work indicates that mRNA
turnover likely is not occurring in P-body granules. For example, no significant defects
in mRNA decay were observed in yeast or mammalian cells lacking P-body foci (17-19).
Moreover, studies with yeast decapping mutants suggest that mRNA turnover is
actively suppressed within the P-body proper (20, 21). As a result, the biological
functions associated with these RNP structures remain to be determined.

P-bodies, and other RNP granules, have also been found to contain a variety of
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signaling molecules important for the proper control of cell proliferation and survival
(22-29). This list includes a number of essential protein kinases and phosphatases in
both mammalian and yeast cells. These findings have led researchers to propose that
these RNP granules could have a role in the rewiring of cellular signaling networks
under specific conditions of stress (25, 30, 31). Work from our laboratory has shown that
the Hrr25 protein kinase is efficiently localized to P-bodies under all conditions tested
in the yeast Saccharomyces cerevisiae (25, 31). Hrr25 is an essential enzyme and is the
yeast ortholog of the 8/¢ isoforms of the mammalian CK1 protein kinase (32). Hrr25/CK1
enzymes have been shown to have conserved roles in ribosome maturation, vesicle
trafficking, DNA repair, clathrin-mediated endocytosis, and meiosis (33-42). The asso-
ciation with P-body granules is also evolutionarily conserved, as the human CK16
enzyme was detected within P-body foci in Hela cells (31). In yeast, this P-body
localization has been shown to be important for the maintenance of the normal cellular
levels of Hrr25 by shielding this protein from degradation by the proteasome (31).
However, the physiological significance of this protection had not yet been demon-
strated.

In this report, we show that the P-body localization of Hrr25 is necessary for the
efficient completion of the meiotic program in S. cerevisiae. Although these RNP
granules had been shown to form under a variety of stress conditions, it was not known
if they were present or required during such developmental transitions. The data here
demonstrate that P-bodies are indeed present in cells undergoing meiosis and suggest
that these RNP structures are required for the completion of this developmental
process. In all, this work identifies a novel function for these RNP granules and indicates
how protein recruitment to these foci can have a significant impact on eukaryotic cell
biology.

RESULTS AND DISCUSSION

P-body granules are present in meiotic cells. To determine if P-bodies were
induced in cells undergoing meiosis, we used diploid strains expressing green fluores-
cent protein (GFP)-tagged versions of known protein constituents of P-body foci. These
reporters included Dcp1 and Dcp2, the regulatory and catalytic subunits of the mRNA
decapping enzyme, Edc3, an enhancer of mRNA decapping, Pat1, a scaffolding protein,
Dhh1, a DEAD box RNA helicase, and Xrn1 (13). We found that P-body foci were
induced following the transfer to prespore growth medium and that these granules
persisted throughout the sporulation process (Fig. 1A and B and 2A). Yeast meiosis
results in the production of four haploid spore progeny and is referred to as sporulation
(43). The fraction of cells containing GFP foci was greater than 90% for all times
examined for both Dcp2 and Edc3 (Fig. 1C and D). Similar results were obtained with
the other P-body reporters tested. Therefore, P-bodies are present in cells undergoing
meiosis, and these granules contain the known markers for these membraneless
organelles. It should be pointed out that the induction of sporulation involves a transfer
to a growth medium that lacks glucose, a condition known to induce P-body foci in S.
cerevisiae. Whether P-bodies are generally induced during meiosis in other organisms
is a question that remains to be answered.

The morphology and number of P-body foci were observed to change as cells
progressed through the meiotic program. Specifically, these foci became smaller and
more numerous as meiosis proceeded. Cells in prespore medium generally had one, or
perhaps two, larger foci that were reminiscent of what is observed in cells deprived of
glucose or exposed to oxidative stress (44, 45). In the latter instances, the larger P-body
foci typically persist for the duration of the stress (31). However, we found here that the
number of foci increased during meiosis until it reached a maximum of approximately
six per cell (Fig. 1E and F). The foci at these later times were generally smaller and less
fluorescent than those initially observed during growth in the prespore medium. A
potential explanation for these observations is that P-bodies undergo a process of
fission during the early stages of meiotic development that facilitates more equal
partitioning of granule constituents between the newly forming spores.
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FIG 1 P-bodies are present in meiotic cells. (A) A schematic showing the major events of meiosis (43). (B) Time
course of P-body formation during meiosis. Cells expressing the P-body reporter Dcp2 or Edc3-GFP were grown to
mid-log phase in rich medium (YPAD) and then subjected to the sporulation regimen described in Materials and
Methods. P-body formation was assessed by fluorescence microscopy at the indicated times. Spore formation was
assessed by observing cells in the differential interference contrast (DIC) channel after staining their DNA with the
fluorescent stain DAPI. Cells with no GFP reporter (no tag) served as a control for the autofluorescence that was
observed with sporulating cells. (C and D) The percentage of cells with Dcp2- or Edc3-GFP foci was determined at
each of the indicated time points. (E and F) The average number of Dcp2- or Edc3-GFP foci per cell was assessed
at each of the indicated time points.
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FIG 2 P-body proteins Pat1 and Dcp2 are required for an efficient meiosis. (A) An analysis of P-body composition
during meiosis. Cells expressing the additional P-body reporters Xrn1-, Dhh1-, Dcp1-, or Pat1-GFP were grown to
mid-log phase in rich medium (YPAD) and then subjected to the sporulation regimen described in Materials and
Methods. P-body formation was assessed by fluorescence microscopy at the indicated times. Spore formation was
assessed by observing cells in the DIC channel after staining their DNA with the fluorescent stain DAPI. (B and C)
Sporulation was defective in diploid cells lacking the P-body component Pat1 (B) or Dcp2 (C). The sporulation
efficiency of the indicated diploid strains was assessed as described in Materials and Methods. Note that the
difference in sporulation efficiency between the two wild-type strains was due to their different genetic
backgrounds.

Alterations of P-body composition affect meiotic efficiency. To test whether
P-body integrity was important for meiosis, we examined the sporulation of diploid
strains lacking either the Pat1 or Dcp2 protein. Pat1 is a key scaffolding protein required
for efficient P-body formation, and pat71A cells have a diminished ability to form P-body
foci (46-48). In contrast, Dcp2 is not required for P-body assembly per se but is
necessary for the recruitment of the Hrr25 protein kinase to these RNP granules (31, 47).
We found that sporulation efficiency was significantly reduced in both pat1A/patiA
and dcp2A/dcp2A mutants (Fig. 2B and C). Very few four-spore asci were observed with
either strain. Together these results are consistent with P-bodies having an important
role during the sporulation process. In particular, the defects observed in the dcp2A/
dcp2A mutant could be due to the decreased level of mRNA decapping activity
associated with this strain or to the absence of Hrr25 in the remaining P-body foci. Here,
we examined the contribution of the latter phenomenon to the meiotic program.

The Hrr25/CK1 protein kinase is efficiently recruited to P-body foci at specific
stages of the meiotic program. To assess P-body localization, we examined yeast
strains that expressed GFP-tagged versions of either the wild-type Hrr25 or the
Hrr25PLS1" variant that is defective for P-body localization (31). The latter variant has two
alterations within P-body localization signal 1 (PLS1), R294A and K297A, that disrupt its
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FIG 3 Hrr25 was associated with P-bodies in meiotic cells. (A and B) Strains expressing the P-body reporter
Edc3-mCh and either the wild-type Hrr25 (A) or the Hrr25PS™ variant (B) were examined by fluorescence
microscopy at the indicated phases of the meiotic program. SPM, sporulation medium. The merged images are
shown in the third row in each case. The white arrowheads indicate P-body foci, magenta arrowheads indicate
nuclei with Hrr25-GFP at the spindle pole body, and yellow arrowheads identify instances of autofluorescence.

normal interaction with Dcp2. This association with Dcp2 is required for the recruitment
of Hrr25 to P-body granules. Here, we found that the wild-type Hrr25, but not the
Hrr25PLS1" variant, was localized to cytoplasmic foci in cells undergoing meiosis (Fig. 3).
During growth in the prespore medium, these foci generally corresponded to P-bodies,
as there was greater than 80% colocalization between Hrr25 and an Edc3-mCh reporter.
In contrast, there was very little colocalization observed at this time between Edc3 and
the Hrr25PLS1" variant. The Hrr25 foci that are associated with the nucleus are very likely
identifying the spindle pole body, a structure that Hrr25 is also associated with in yeast
cells (Fig. 3) (31, 49). In addition, the large, red circular structures observed in the
premeiotic cells are the result of autofluorescence from the vacuolar compartment; this
signal is independent of the Edc3-mCh reporter. Altogether, these data suggest that
Hrr25 is recruited to P-body foci in meiotic cells in a manner that is also dependent
upon its interaction with Dcp2.

Hrr25 localization was also assessed by fluorescence microscopy at different stages
of the meiotic program (Fig. 4A). These analyses indicated that Hrr25 was strongly
associated with P-bodies both before and after the two meiotic divisions that charac-
terize this developmental process. However, this association was less pronounced in
cells that appeared to be undergoing nuclear separation during either meiosis | or Il
(Fig. 4B). The latter cells were marked by the presence of the Hrr25-GFP fusion within
the dividing nuclei. The fraction of Edc3-containing foci that also contained Hrr25-GFP
dropped from greater than 80% during growth in the prespore medium to almost 20%
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FIG 4 Hrr25 localization to P-bodies was diminished as cells underwent meiotic divisions | and Il. (A)
Images of individual cells expressing Hrr25-mEGFP and Edc3-mCh at the indicated stages of the meiotic
program are shown. (B) The graph shows the fraction of Edc3 foci that also contain Hrr25 in cells at the
indicated stage of meiosis. At least 30 cells for two independent isolates of the tagged strain were
analyzed for each of the indicated stages of the meiotic program.

in cells undergoing meiotic division Il. At later times, the colocalization between Hrr25
and Edc3 was back to ~80% (Fig. 4, postmeiosis). These data are therefore consistent
with Hrr25 being present in P-bodies prior to the two meiotic divisions and then
migrating into the nucleus during meiosis | and Il. The potential significance of this
observation is discussed below.

Hrr25 association with P-bodies may be required for the efficient completion
of meiosis. To test whether the P-body localization of Hrr25 is important for meiosis,
we assessed the sporulation efficiency of a diploid strain that expressed only the
Hrr25PLS7" variant (referred to here as PLST*/PLS1%. We found that this strain exhibited
a severe defect in the completion of meiosis with two independent assays. In the first,
we directly assessed spore formation by microscopy and observed a greater than
20-fold decrease in sporulation efficiency (Fig. 5A and B). The second method employed
a growth-based plating assay that measures the ability of the diploid to generate
haploid progeny with a specific genotype. Briefly, the diploid strains used here express
the Schizosaccharomyces pombe his5+ gene from the haploid-specific promoter of the
S. cerevisiae STE2 gene (50). STE2 encodes the a-factor pheromone receptor and is
expressed only in MATa haploid cells. The assay thus assesses the ability to produce
MATa cell progeny that would be able to grow on the selective plates that lack
exogenous histidine (see Materials and Methods for further details). Using this plating
assay, we observed a very severe sporulation defect with the PLST*/PLST* strain, as it
produced at least 500-fold fewer viable haploid progeny than the isogenic wild-type
control (Fig. 5C). Thus, the P-body localization of Hrr25 may be important for the
effective completion of the meiotic program.
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FIG 5 Cells expressing the Hrr25P-51" variant have diminished levels of the Hrr25 protein and exhibit a decreased
level of sporulation. (A and B) Strains expressing the Hrr25P-51" variant exhibited a decreased level of sporulation.
The indicated strains were incubated in sporulation medium for 24 h as described in Materials and Methods, and
the efficiency of the sporulation process was determined by microscopy. Representative images are shown in panel
A, and the quantitation of the data is presented in panel B. (C) A plate assay was used to assess the level of
sporulation in diploids expressing either the wild-type Hrr25 (WT/WT) or the Hrr25Pt'" variant (PLST*/PLST*) that
fails to associate with P-bodies. The relative number of haploid progeny formed is indicated by the number of
colonies forming on the selective medium, SCD His-minus. See Materials and Methods for more details. (D and E)
The levels of the Hrr25PtS™" variant were approximately 2-fold lower than that of the wild-type protein in
sporulating cells. The levels of the wild-type Hrr25 and the Hrr25P5"" variant were determined with a Western blot
analysis of extracts prepared from log-phase and sporulating cells, as indicated. In panel E, differing amounts of the
WT/WT protein extract were used to identify the relative level of the Hrr25P-5"" variant in the PLST*/PLS1* diploid.
Quantitation of the relative amounts of Hrr25 present in each sample is indicated by the numbers below the blot.

The localization to P-bodies ensures that a critical level of Hrr25 is available to
meiotic cells. Our prior work demonstrated that the P-body association of Hrr25 during
periods of stress served to protect this protein from degradation by the proteasome
(31). Therefore, we tested here whether this granule association has a similar protective
effect during meiosis. Specifically, we asked whether there were lower levels of the
Hrr25P-51 variant in cells that were undergoing meiosis. A Western blot analysis
determined that the level of the Hrr25P-5"" variant was approximately 50% of that of
the wild-type protein after 8 h of sporulation (Fig. 5D and E). Therefore, the association
with the P-body during the early stages of meiosis may allow the cell to maintain a
critical level of Hrr25 that is necessary for the subsequent completion of this develop-
mental program.

If the meiotic defect in the PLST*/PLST* strain was due to the lower level of Hrr25
protein, we reasoned that it should be possible to phenocopy this effect by decreasing
the level of the wild-type Hrr25 in diploid cells. Toward this end, we analyzed Hrr25
protein levels in a heterozygous diploid where one copy of the HRR25 locus was
deleted. The level of Hrr25 in this strain was found to be 50 to 60% of that observed
in the homozygous wild-type diploid, a level similar to that detected in the PLST*/PLST*
strain (Fig. 6A). We therefore assessed the sporulation efficiency of this heterozygous
strain and found that it was significantly reduced relative to that of the wild type (Fig.
6B and Q). In fact, there were almost no four-spore meioses observed with the HRR25/—
diploid. These observations indicate that meiotic cells are very sensitive to the levels of
Hrr25 protein and that a reduction by 2-fold has a significant negative effect on the
ability to complete the meiotic program. Finally, this model also predicts that the
meiotic defect associated with the PLS7*/PLS1* diploid would be suppressed by restor-
ing the levels of the Hrr25P-51" variant. Therefore, we introduced a plasmid that had this
variant locus under the control of the copper-inducible promoter from the CUPT gene.
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FIG 6 The HRR25 locus is haploinsufficient with respect to sporulation. (A) A Western blot analysis showed
that Hrr25 levels in a HRR25/hrr25A heterozygous diploid were approximately one-half of that detected in
a homozygous wild-type diploid. (B and C) Sporulation efficiency was significantly decreased in a HRR25/
hrr25A heterozygous diploid strain. The indicated strains were incubated in sporulation medium for 24 h,
and the efficiency of the sporulation process was assessed with a microscopy-based assay. Representative
images are shown in panel B, and the quantitation of the data is presented in panel C. (D) Hrr25 protein
levels in the indicated strains were assessed with a Western blot analysis after 6 h in sporulation medium.
PLS179E indicates the presence of a plasmid that results in the overexpression of the Hrr25P51" variant.
Quantitation of the blot found that the levels of Hrr25P%5" in the overexpression strains were 1.12X and
1.55X relative to those of the wild-type controls. (E and F) The sporulation defect associated with the
PLS1*/PLST* diploid strain was partially suppressed by restoring the expression levels of the Hrr25Pts1"
variant.

Using this construct, we found that the expression of Hrr25P51" at levels 1.12 or
1.55 times that of the wild-type protein was able to partially restore sporulation in
the PLST*/PLS1* strain (Fig. 6E and F). These results are therefore consistent with the
sporulation defect in the PLS7*/PLS1* diploid being due, at least in part, to the
diminished levels of the Hrr25PL57" present in this strain.

Examining the activities of the Hrr25P-S1" variant. Hrr25 is an essential protein
kinase that has conserved roles in a number of processes in dividing cells. In a previous
study, we showed that the alterations associated with the Hrr25P5"" variant did not
have a significant effect on these mitotic activities (31). Yeast cells expressing only this
variant exhibit a growth rate very similar to that of wild-type cells. Here, we extended
this analysis and found that cells with this variant also exhibited a normal response to
the DNA-damaging agent methyl methanesulfonate (MMS) (Fig. 7A). In contrast, mu-
tants with diminished Hrr25 kinase activity exhibited a greatly increased sensitivity to
this chemical agent (Fig. 6A) (33, 51). Altogether, these data are consistent with the
Hrr25PL57* variant functioning like the wild-type protein in mitotic cells.

Hrr25 is also known to be important for several steps of the meiotic program (34, 40,
52). In particular, Hrr25 appears to phosphorylate the Rec8 cohesion subunit and to be
a component of the budding yeast monopolin complex important for sister kineto-

September 2018 Volume 38 Issue 17 e00678-17

Molecular and Cellular Biology

mcb.asm.org 8


http://mcb.asm.org

P-Bodies Are Required for Meiosis

A

.- N A -

PLS1* 0% B

Sl occoo0ss "Joeooo | Input P

WT

& *\ \

(Ee 000653 Beoo \“

WT s s “-HrrZS*-mEGFP

PLS1* 0.03%

A A R — | [ e

WT

PLS1* 0.04%

AS pFeEe - g

DMSO 1-NM PP1
C +Glc -Glc
-mEGFP Edc3-mCh Merge -mEGFP Edc3-mCh Merge
: .. ..-
i N v

o -.- ...
N ... ...

FIG 7 Analysis of the mitotic and meiotic functions associated with Hrr25. (A) The Hrr25P'" variant is functional
in DNA repair. Yeast strains expressing the indicated versions of Hrr25 were grown to mid-log phase in SCD minimal
medium before being plated onto the same medium containing the indicated concentrations of the DNA-
damaging agent MMS. For plating, the cells were resuspended in water at a final concentration of 10 ODg,
equivalents/ml, and 5 ul of this cell suspension and 5-fold serial dilutions thereafter were applied to the plates. The
drug 1-NM PP1 was added where indicated to inhibit the protein kinase activity of the analog-sensitive version of
Hrr25 (AS). (B) The Hrr25 interaction with the Mam1 protein. An immunoprecipitation (IP) assay was used to assess
the interaction between Mam1 and the Hrr25PS"" variant. Protein samples were prepared from the indicated
diploid strains following 8 h in SPM, and the Hrr25-mEGFP proteins were precipitated with an antibody specific for
the GFP tag. The amount of associated Mam1-13Myc protein was then detected by Western blotting with an
antibody specific for the myc epitope. (C) The Hrr25%° variant is efficiently localized to P-body foci. Cells expressing
the indicated variants of the Hrr25 protein were analyzed by fluorescence microscopy before (+Glc) and 15 min
after (—Glc) transfer to a medium lacking glucose. Edc3-mCherry was used as a reporter for P-body foci.

chore coorientation during meiosis | (34, 40, 53, 54). With respect to the latter, Hrr25
interacts with Mam1, a second component of this four-protein complex, and this
interaction appears to be necessary for accurate chromosome segregation (34). Struc-
tural analyses indicate that residues from the kinase and central domains of Hrr25 are
involved in an extensive interface with Mam1 (55). The residues altered in the
Hrr25PLS1* variant are within these domains, and we therefore examined the Hrr25PL51*
protein interaction with Mam1. Using an immunoprecipitation approach, we found that
Hrr25PLS1* was partially defective for this interaction (Fig. 7B). The effects we observe
here on sporulation could therefore be due to a failure of Hrr25P5"* to associate with
the P-body and/or to interact normally with Mam1.

To examine these possibilities further, we tested whether a previously identified
Hrr25 variant that is defective for the interaction with Mam1 was able to associate with
P-body foci. This variant, Hrr25-zo, is altered at two positions within the kinase domain,
H25R and E34K (34). Interestingly, we found that Hrr25-zo was localized to P-bodies as
efficiently as the wild-type Hrr25 protein (Fig. 7C). The colocalization with an Edc3-mCh
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to avoid degradation within the proteasome. This allows the cell to maintain a critical level of Hrr25 that
is required during meiotic divisions | and Il. During these divisions, a significant level of Hrr25 appears
to be present in the nuclear compartment. A failure to associate with the P-body, like that observed with
the Hrr25PS1" variant, results in diminished levels of Hrr25 and a subsequent inability to complete the
meiotic program.

reporter was found to be 81.7% for Hrr25-zo and 80.7% for the wild-type protein.
Moreover, this Hrr25-zo variant has been shown to be present at wild-type levels in
sporulating cells (34). Therefore, a failure to interact with Mam1 does not necessarily
result in diminished levels of the Hrr25 protein. Instead, the observed decrease in
Hrr25PL51" levels is more likely due to the failure of this variant to associate with P-body
granules. Since our data clearly demonstrate that a 2-fold decrement in Hrr25 levels
results in a failure to complete the meiotic program, we feel that the P-body association
of Hrr25 is likely to be important for an efficient meiosis. Specifically, we propose that
this association allows the cell to maintain a critical level of Hrr25 that is necessary for
the completion of meiosis.

Summary. The work here demonstrates that P-bodies are present in cells under-
going meiosis and that these RNP granules are important for the efficient completion
of this developmental program. The latter requirement appears to be due, at least in
part, to the ability of P-bodies to shield the Hrr25 protein kinase from the degradative
machinery present in the cell. A failure to associate with the P-body results in dimin-
ished levels of Hrr25 that are unable to sustain meiosis. Our results support a model
whereby Hrr25 associates with P-bodies during the earliest stages of meiosis in order
to maintain the critical level of this enzyme that is needed during the ensuing meiotic
divisions (Fig. 8). At the latter times, Hrr25 appears to be present in the nucleus, where
it would be able to phosphorylate its nuclear targets. Following the completion of the
second meiotic division, Hrr25 appears to associate again with the P-bodies present in
the cytoplasm. It is not yet clear how this reversible association with the P-body is
regulated, and addressing this issue will be a major focus of future studies. In all, we feel
that the work here identifies a novel role for P-bodies during meiosis and demonstrates
how protein recruitment to these RNP granules can have significant impact on the
overall physiology of the eukaryotic cell.

MATERIALS AND METHODS

Yeast strains and plasmids. Yeast strains used in this study are listed in Table 1. Most strains were
constructed by introducing PCR-based gene deletions or mutant alleles as described previously (56).
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TABLE 1 Yeast strains used in this study“

Strain Genotype Reference/source

PHY9661 (BY) MATa his3A1 leu2A0 met15A0 ura3A0/(SK1) MATa ura3 leu2 trp1 his3 arg4 lys2 This study
hoA:LYS2 rmelA:LEU2 (no-tag control strain)

PHY9871 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 DCP2-GFP::HIS3/(SK1) MAT« ura3 leu2 trp1 This study
his3 arg4 lys2 hoA:LYS2 rmelA:LEU2

PHY9881 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 EDC3-GFP::HIS3/(SK1) MATa ura3 leu2 trp1 This study
his3 arg4 lys2 hoA:LYS2 rmelA:LEU2

PHY9873 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 XRN1-GFP:HIS3/(SK1) MAT« ura3 leu2 trp1 This study
his3 arg4 lys2 hoA:LYS2 rmelA:LEU2

PHY9875 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 DHH1-GFP::HIS3/(SK1) MATw ura3 leu2 trp1 This study
his3 arg4 lys2 hoA:LYS2 rmelA:LEU2

PHY9877 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 DCP1-GFP::HIS3/(SK1) MAT« ura3 leu2 trpl1 This study
his3 arg4 lys2 hoA:LYS2 rmelA:LEU2

PHY10446 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 PAT1-GFP:HIS3/(SK1) MAT« ura3 leu2 trp1 This study
his3 arg4 lys2 hoA:LYS2 rmelA:LEU2

PHY8596 (BY) MATa his3A1 leu2A0 met15A0 ura3A0/(BY) MATa his3A1 leu2A0 lys2A0 ura3A0 This study
(wild type for PHY8837)

PHY8837 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 pat1:KAN/(BY) MAT« his3A1 leu2A0 lys2A0 This study
ura3A0 pat1:KAN

PHY8690 MATa leu2-3.112 trp1 ura3-52 his4-539 cup1:LEU2/PGK1pG/MFA2pG DHH1-GFP (NEO)/ This study
(BY) MAT« his3A1 leu2A0 lys2A0 ura3A0 (wild type for PHY8694)

PHY8694 MATa leu2-3.112 trp1 ura3-52 his4-539 cup1:LEU2/PGK1pG/MFA2pG dcp2::TRP1 DHH1- This study
GFP (NEO)/(BY) MATw his3AT leu2A0 lys2A0 ura3A0 dep2:LEU2

PHY9381 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR25-mEGFP::HIS3 EDC3-mCherry::LEU2/ This study
(SK1) MAT« ura3 leu2 trp1 his3 arg4 lys2 hoA:LYS2 rmelA:LEU2 HRR25-mEGFP::HIS3

PHY9384 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR25PLST"-mEGFP:HIS3 This study

EDC3-mCherry:LEU2/(SK1) MAT« ura3 leu2 trp1 his3 arg4 lys2 hoA:LYS2 rmelA:LEU2
HRR25PL51"-mEGFP::HIS3

PHY10037 (SK1) MATa ura3 leu2 trp1 his3 lys2 hoA:LYS2 HRR25-mEGFP:NAT/(BY) MATa his3A1 This study
leu2A0 lys2A0 ura3A0 HRR25-mEGFP:NAT can1A:STE2pro-Sp_HIS5

PHY10041 (SK1) MATa ura3 leu2 trp1 his3 lys2 hoA:LYS2 HRR25PLS1"-mEGFP:NAT/(BY) MAT« This study
his3A1 leu2A0 lys2A0 ura3A0 HRR25PLSTmEGFP:NAT can1A:STE2pro-Sp_HIS5

PHY9593 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR25-mEGFP::HIS3 EDC3-mCherry::LEU2/ This study
(SK1) MAT« ura3 leu2 trp1 his3 arg4 lys2 hoA:LYS2 rmelA:=LEU2 hrr25:TRP1

PHY10677 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR25-mEGFP::HIS3 MAM1-13Myc:LEU2/ This study

(SK1) MAT« ura3 leu2 trp1 his3 arg4 lys2 hoA:LYS2 rmelA:LEU2 HRR25-mEGFP::HIS3
MAM1-13Myc::TRP1
PHY10681 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR25PST-mEGFP::HIS3 MAM1-13Myc:LEU2/ This study
(SK1) MATa ura3 leu2 trp1 his3 arg4 lys2 hoA:LYS2 rmelA:=LEU2 HRR25PLS1"-mEGFP::
HIS3 MAM1-13Myc:TRP1

PHY6238 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR25-mEGFP::HIS3 EDC3-mCherry::LEU2 31
PHY6262 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR2545-mEGFP:HIS3 EDC3-mCherry:LEU2 31
PHY7442 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR25PST-mEGFP::HIS3 EDC3-mCherry:LEU2 31
PHY10119 (BY) MATa his3A1 leu2A0 met15A0 ura3A0 HRR252C-mEGFP::HIS3, Edc3-mCherry:LEU2 This study

aThe diploids are listed so as to show the genotypes of the starting haploid strains, including whether they were in the BY or SK1 genetic backgrounds. The loci of
note in each strain are indicated in boldface.

Unless otherwise noted, the diploid strains used were all isogenic derivatives generated by crossing a
BY4741a haploid strain with an SK1a haploid. Strains of the latter lineage exhibit an exceptionally high
level of sporulation, and the hybrid diploids were found to sporulate much more efficiently than
BY/BY-based diploids (57, 58). In each case, we introduced the desired genetic alterations into one or
both of these parental strains as required and then crossed the two haploid products to generate the
final diploid strains. The pat1A/pat1A strain, PHY8837, was generated by crossing BY4741a and BY4742«
derivatives that contained the indicated deletion allele of the PATT locus. The dcp2A/dcp2A strain,
PHY8694, was constructed by crossing BY4741 dcp2A with a dcp2A strain, Y4835« that was generously
provided by Roy Parker. All tagged proteins were expressed from their respective endogenous loci with
the exception of the construct used for the Hrr25P51" overexpression study, where expression was from
the copper-inducible promoter of the CUPT gene. This overexpression plasmid, pPHY4332, was con-
structed in the pRS416 vector (59).

Sporulation protocol. Sporulation was induced in diploid strains as described previously (60, 61).
Briefly, diploid strains were grown to mid-log phase in rich medium (1% yeast extract, 2% peptone, 50
mg/liter adenine, 2% glucose [YPAD]), transferred to presporulation medium (yeast extract-peptone-
adenine supplemented with 1% potassium acetate), and incubated with vigorous aeration (200 rpm) for
12 to 16 h. The cells were harvested when the optical density at 600 nm (ODg,,) of the culture was
approximately 1.6 and were then transferred to sporulation medium (SPM; 1% potassium acetate) and
incubated with vigorous aeration for up to 24 h. During this time, the concentration of cells was carefully
monitored and kept under 1.1 X 107 cells/ml to avoid overcrowding.
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Microscopy and data analysis. For the analysis of sporulation, cells with the indicated genetic
background were collected by centrifugation 24 h after switching to sporulation medium. Cells were
fixed with 70% ethanol for 5 min and washed twice with deionized water. The cells were resuspended
in 50 ul double-distilled H,O with 2 ug/ml 4’,6-diamidino-2-phenylindole (DAPI) and spotted onto a 3%
agarose pad. Spores were observed using an inverted microscope (Eclipse Ti; Nikon) equipped with an
Andor Zyla digital camera, Nikon HC filters, and a 100X/1.45-numeric-aperture (NA) Plan-Apo objective
lens (Nikon). The efficiency of sporulation was calculated according to an equation used previously by Knop
and his colleagues and other researchers (62): sporulation efficiency = [(% tetrads X 4) + (% triads X 3) +
(% dyads X 2) + % monads]/4.

For the analysis of P-bodies, yeast strains expressing the indicated fusion proteins were subjected to
the above-described sporulation regimen. Cells were collected at the indicated time points, and P-bodies
were observed as described previously (31, 44). Most images were taken with the inverted fluorescence
microscope mentioned above, with the exception of the colocalization analyses. For the latter, images
were taken with a spinning disk confocal system (UltraVIEW Vox CSUX1 system; PerkinElmer) with 405-,
488-, and 561-nm solid-state lasers and dual-back thinned electron-modifying charge-coupled device
cameras (C9100-13; Hamamatsu Photonics) using a Nikon Ti-E inverted microscope, without binning,
under single camera mode with a 100X/1.4-NA Plan-Apo objective lens (Nikon). Images were taken with
the NIS-Elements AR (Nikon) and Volocity (PerkinElmer) software packages and analyzed with ImageJ
software (National Institutes of Health). For the microscopy, we typically performed each experiment in
triplicate and analyzed at least 100 cells in each replicate. The error bars on the graphs depicting the
quantitation of these data indicate the standard deviations unless otherwise noted. To assess Hrr25
localization at the different stages of meiosis, we used fluorescence microscopy to examine premeiotic
cells (2 h in SPM), cells undergoing meiotic divisions | and Il (8 h in SPM), and postmeiotic cells (24 h in
SPM). The degree of colocalization with an Edc3-mCh reporter was determined at each stage in at least
30 individual cells for two independent isolates of the tagged strain.

Sporulation plating assay. For the sporulation plating assay, we constructed isogenic HRR25Y7/
HRR25"T and hrr25P+51"/hrr25Pt1" diploid strains. These strains carry one copy of the his5* gene from S. pombe
under the control of the STE2 gene promoter that is active only in MATa haploid cells. The starting strain is
homozygous for a deletion of the HIS3 locus, and the S. pombe his5* gene can complement this his3A
mutation (50). Thus, MATa haploid cells produced as a result of meiosis and sporulation are able to grow on
minimal medium lacking histidine. Neither MAT« haploid nor a/a diploid cells are able to grow on this
selective medium. The number of resulting colonies on medium lacking histidine (histidine-minus medium)
therefore serves as a measure of the sporulation efficiency of the starting diploid strain. For these studies,
sporulation was induced for 24 h as described above, and cells were then collected by centrifugation. These
cells were resuspended in water at a final concentration of 10 OD,, equivalents/ml, and 5 ul of this cell
suspension, and 5-fold serial dilutions thereafter, were plated onto both selective (SCD His-minus) and control
(YPAD) media. The colonies were counted after 2 to 3 days of growth at 30°C. Diploid cells were also collected
before sporulation and plated in the same manner. One advantage of this assay is that it determines the
fraction of viable meiotic products resulting from the induction of the sporulation process.

Protein analysis. Protein samples for Western blotting were prepared with a trichloroacetic acid
precipitation method described previously (63, 64). Proteins were separated on SDS-polyacrylamide gels,
and Western blotting was performed as described above. The mEGFP epitope tag and Pgkl were
detected with the appropriate primary and secondary antibodies. The SuperSignal chemiluminescent
substrate (Pierce) was subsequently used to detect the reactive bands. Coimmunoprecipitation assays
were performed as described previously (31, 65).
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