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SUMMARY

Amyloids are fibrous protein assemblies that are often described as irreversible and intrinsically
pathogenic. However, yeast cells employ amyloid-like assemblies of the RNA-binding protein
Rim4 to control translation during meiosis. Here, we show that multi-site phosphorylation of Rim4
is critical for its regulated disassembly and degradation and that failure to clear Rim4 assemblies
interferes with meiotic progression. Furthermore, we identify the protein kinase Ime2 to bring
about Rim4 clearance via phosphorylation of Rim4’s intrinsically disordered region. Rim4
phosphorylation leads to reversal of its amyloid-like properties and degradation by the proteasome.
Our data support a model in which a threshold amount of phosphorylation, rather than
modification of critical residues, is required for Rim4 clearance. Our results further demonstrate
that at least some amyloid-like assemblies are not as irreversible as previously thought. We
propose that the natural pathways by which cells process these structures could be deployed to act
on disease-related amyloids.
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Amyloids, fibrous protein assemblies associated with numerous diseases, are often referred to as
being irreversible structures. Carpenter et al. demonstrate that, in coordination with meiotic
development, budding yeast are able to disassemble and clear the amyloid-like translational
repressor Rim4 by multi-site phosphorylation of residues within disordered regions of the protein.
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INTRODUCTION

Amyloids are fibrous protein aggregates that are associated with numerous human diseases
(Knowles et al., 2014). Protein assemblies that exhibit a subset of the biochemical properties
associated with disease-related amyloids such as fiber formation, stable cross-p sheets,
and/or resistance to ionic detergents are termed ‘amyloid-like’. The conformational switch
into an amyloid-like state is often mediated by multivalent interactions among proteins
containing low-complexity regions which are intrinsically disordered and can include
nucleic acids (Han et al., 2012; Kato et al., 2012; Lin et al., 2015). Although the amyloid
state often represents a pathological and irreversible form of protein aggregation, amyloid
and amyloid-like assemblies can have specific functions in diverse biological processes
(Fowler et al., 2007). These functions include melanin biosynthesis (Fowler et al., 2005)
necrotic cell death signaling (Li et al., 2012), regulation of mRNA translation (Berchowitz et
al., 2015; Khan et al., 2015), and formation of bacterial biofilms (Taglialegna et al., 2016).
To regulate the processes governed by amyloid-like assemblies, cells have developed
pathways and mechanisms that regulate their clearance and/or accumulation. Elucidating
these mechanisms is important to advance our understanding of protein homeostasis as well
as the diseases associated with amyloids. In this study, we investigated the mechanism by
which yeast cells coordinate clearance of intracellular amyloid-like translational repressors
with a precise developmental transition during meiosis.

Sexually reproducing organisms rely on the production of haploid cells called gametes in
order to pass genetic material though successive generations. Gametes are produced via a
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specialized cell division called meiosis in which cells segregate their chromosomes twice
without an intervening DNA synthesis phase. Homologous chromosomes are segregated in
the first meiotic division, whereas sister chromatids are segregated during the second meiotic
division. In comparison to mitotic cell proliferation, cells undergoing meiosis rely heavily on
translational control to govern gene expression (i.e. the activation and repression of
previously transcribed mRNA) (Kronja and Orr-Weaver, 2011; Nakamura and Seydoux,
2008). This is best exemplified by the fact that in most organisms in which gamete
development is well characterized, mMRNA transcription is shut down during the meiotic
program.

Budding yeast cells employ amyloid-like structures to control translation during meiosis
(Berchowitz et al., 2015). At the core of these structures is the RNA-binding protein Rim4.
Rim4 is essential for meiosis and contains three N-terminal RNA-recognition motifs
(RRMs) and two intrinsically disordered regions (IDRs) (Soushko and Mitchell, 2000).
Rim4 also harbors a prion-like domain within its asparagine and proline-rich C-terminal
IDR which is algorithmically-defined based on disorder and sequence similarity to yeast
prions (Alberti et al., 2009; Si et al., 2003). During pre-meiotic G1, Rim4 aggregates into
heterogeneously-sized multimeric structures that are resistant to the harsh detergent SDS, a
hallmark property of amyloids. Based on this property we have defined Rim4 assemblies as
amyloid-like. /n vitro, Rim4 forms fibrils that bind thioflavin-T and contain p-sheets.
Formation and clearance of amyloid-like Rim4 is a developmentally regulated process.
When Rim4 is ectopically expressed in nutrient-rich conditions, it does not form SDS-
resistant multimers and is non-functional. Starvation induces conversion of Rim4 monomers
into its SDS-resistant form (termed assembly). After completion of the first meiotic division,
Rim4 is rapidly degraded by an unknown mechanism (termed clearance). The amyloid-like
form of Rim4 is the translationally repressive form of the protein. r7m4 truncation mutants
that cannot form amyloid-like assemblies are defective for translational repression but retain
the ability to bind RNA (Berchowitz et al., 2015). Beyond yeast, amyloid-like assemblies are
also critical features of mouse and frog meiosis highlighting the conserved use of these
structures in sexual reproduction (Berchowitz et al., 2015; Boke et al., 2016).

Rim4 inhibits translation of mMRNAs encoding protein products that can be toxic when
expressed too early during meiosis, yet at the same time are necessary for late meiotic events
(Berchowitz et al., 2013; Miller et al., 2012). One important Rim4 target is the mRNA
encoding the B-type cyclin CLB3which is normally translated only during meiosis Il
(Carlile and Amon, 2008). When CLB3is inappropriately translated prior to meiosis I, cells
undergo a catastrophic mitosis-like division rather than undergoing meiosis | (Carlile and
Amon, 2008) illustrating the importance of Rim4-mediated translational control. In addition
to CLB3, Rim4 binds to and represses translation of numerous mMRNAs that encode proteins
critical for late meiotic events. While many of these targets (such as CLB3) are translated
precisely at meiosis Il onset, several others are translated later (Berchowitz et al., 2013; Brar
et al., 2012). To facilitate fine-tuning of translational activation, Rim4 interacts with RNA-
binding proteins that act as accessory factors (Jin et al., 2017).

Inactivation of this translational control pathway depends on the precise clearance of Rim4
during the meiosis I-meiosis Il transition which takes place in a 15 to 30-minute timeframe.
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We previously determined that Rim4 abundance is regulated by direct phosphorylation by
the protein kinase Ime2 (Berchowitz et al., 2013). However, the manner by which
phosphorylation contributes to Rim4 degradation and possibly reversibility was
undetermined. The mechanisms by which cells employ phosphorylation to regulate
membrane-less structures are likely conserved. In multicellular organisms, the dynamics of
RNP granule assembly and clearance are regulated by hyperphosphorylation of granule
constituents (Paix et al., 2014; Wippich et al., 2013). Furthermore, phosphomimetic
mutations in the low-complexity region of the prototypical assembly-forming RNA binding
protein FUS prevent its aggregation (Monahan et al., 2017). Here, we investigated how
meiotic yeast cells disassemble and clear the SDS-resistant assemblies formed by Rim4. We
demonstrate that cells clear these assemblies via multi-site phosphorylation. Furthermore,
we find that failure to clear Rim4 assemblies imposes a severe meiosis Il progression defect.
Lastly, we show that the amyloid-like properties of Rim4 are reversed prior to proteasomal
degradation. Taken together our observations illustrate that phosphorylation plays a critical
role in the rapid reversibility and clearance of physiological amyloid-like assemblies.

Phosphorylation of Rim4 drives its clearance

Amyloids and amyloid-like assemblies are usually stable and long-lived. However, meiotic
cells have a remarkable- and thus far unknown- mechanism for the abrupt clearance of
amyloid-like Rim4 assemblies at the meiosis I-meiosis Il transition. Several lines of
evidence led us to hypothesize that phosphorylation is critical for Rim4 clearance. Rim4 is a
direct target of the protein kinase Ime2, and Ime2 functions in late meiosis to antagonize
Rim4-mediated translational repression (Berchowitz et al., 2013). Furthermore, Ime2
activity correlates with Rim4 degradation.

To begin to understand the role of phosphorylation in Rim4 clearance we sought to
determine when and where Rim4 is phosphorylated. To this end, we purified Rim4 at hourly
time points from cells undergoing synchronized meiosis using the NDT780block-release
system (Figure 1A). In this system, expression of the transcription factor ND780is driven
from the GAL1-10promoter (nGAL-NDTB80) that in turn is controlled by an estradiol-
regulatable Gal4-ER fusion (GAL4.ER). pGAL-NDTS80 cells will arrest in meiotic G2 in
sporulation medium lacking estradiol but will progress synchronously through the meiotic
divisions upon estradiol addition (Benjamin et al., 2003; Carlile and Amon, 2008). We
analyzed immunopurified Rim4 peptides by mass spectrometry (Figures 1B, 1S). Using this
method, we were able to analyze ~6,000 Rim4 peptides (56% coverage) including ~1,000
Rim4 phosphopeptides in which we could determine the site of phosphorylation. We
identified 39 unique Rim4 phosphorylation sites- 64% of the serine and threonine residues
for which we had coverage. Many of these phosphorylation sites were specific to particular
time points during meiosis.

Because Rim4 is a heavily phosphorylated protein, we suspected that multi-site
phosphorylation could lead to Rim4 clearance. We focused on phosphorylation in the C-
terminal IDR due to its high degree of phosphorylation during meiosis and because it has
previously been implicated in Rim4 clearance (Berchowitz et al., 2015). To test whether
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phosphorylation of the C-terminal IDR of Rim4 is important for Rim4 clearance, we
mutated 47 C-terminal serine and threonine residues to alanine (henceforth R/IM4-47A) and
examined the phenotypic consequences. Wild type Rim4 was degraded efficiently after exit
from meiosis | and prior to metaphase Il. In contrast, Rim4-47A persisted well into meiosis
Il (Figures 1C, D). This result supports the hypothesis that phosphorylation within the Rim4
C-terminal IDR is important for its degradation. To examine whether Rim4-47A exhibits
visually distinct aggregation properties compared to wild-type Rim4, we compared the
abundance and distribution of Rim4-EGFP and Rim4-47A-EGFP in single cells (Figures
S1A-C). We observed that Rim4-EGFP and Rim4-47A-EGFP exhibited no significant
differences in either abundance or distribution in starvation-synchronized meiotic cells.
These results strongly suggest that the effects of the alanine substitutions in Rim4-47A are
restricted to clearance and do not affect its aggregation properties.

Aberrant Rim4 persistence results in hyper-repression of translation

We next examined the physiological consequences of aberrant Rim4 persistence on
translational control and meiotic progression. As mentioned above, a critical Rim4 target is
the B-type cyclin CLB3. We compared CLB3translational control in wild type and
RIM4-47A cells by measuring CLB3mRNA and CIb3 protein in synchronized meiotic time
courses. As shown previously, in wild type cells, CLB3 mRNA accumulates directly after
NDT80activation but Clb3 protein expression is restricted to meiosis Il (Figures 2A, B). In
contrast, R/IM4-47A cells exhibit a significant delay in CLB3translation activation as well
as a reduction in maximum Clb3 protein levels (Figures 2A, B). Furthermore, RIM4-47A
cells exhibit elevated CL B3 mRNA accumulation reflecting either increased CLB3
transcription and/or decreased mRNA decay. We also compared the clearance kinetics of
Rim4 amyloid-like assemblies between wild-type and R/M4-47A by semi-denaturing
detergent agarose gel electrophoresis (SDD-AGE). SDD-AGE allows for the resolution of
amyloid-like structures based on their size and resistance to the harsh detergent SDS
(Halfmann and Lindquist, 2008). Wild-type cells efficiently cleared amyloid-like Rim4 at
the meiosis I-meiosis Il transition. In contrast, R/IM4-47A cells exhibited aberrant
persistence of SDS-resistant structures well into meiosis 11 (Figure 2C).

Failure to properly disassemble and clear Rim4 amyloid-like assemblies had severe
consequences on meiotic progression. R/IM4-47A cells entered and exited meiosis | with
kinetics similar to wild type. However, these cells exhibited significant progression delays in
both metaphase Il and anaphase 1l (Figure 2D). To quantify the meiotic progression defects
in RIM4-47A cells, we compared meiotic progression in wild-type and R/M4-47A in live
cells. We found that metaphase Il and anaphase Il were both significantly slowed (1.5 and
2.2-fold longer, respectively) in RIM4-47A cells compared to wild type (Figure S2A, B).
These results strongly suggest that phosphorylation of the Rim4 C-terminal IDR is critical
for clearance of Rim4 assemblies and relieving its translational inhibition of essential
meiosis Il targets. These results also inform whether or not Rim4 clearance and/or
disassembly is required for activation of its MRNA targets. If mMRNAs were released from
Rim4 by a clearance-independent mechanism, CLB3would be translated normally in the
RIMA4-47A background, which we do not observe. Thus, our results imply that Rim4 target
mMRNAs are not released into the translating pool prior to Rim4 clearance.
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Our hypothesis that Rim4 clearance is mediated by phosphorylation of its C-terminal IDR
predicts that R/IM4-47A should be dominant. To test this, we compared translational control,
assembly, and meiotic kinetics between wild type and R/M4-47A/+ cells as above. As with
RIMA4-47AI RIM4-47A cells, we found that R/M4-47A/+ cells exhibit delayed Clb3 protein
synthesis, increased CLB3mRNA accumulation and aberrant persistence of Rim4
assemblies (Figures 3A, 3B, S3). To assess if failure to clear Rim4 affects gamete viability
we compared spore viability between RIM4-47AI RIMA4-47A, RIM4-47Al+, and wild type
strains. We found that presence of a single R/IM4-47A allele was sufficient to cause a spore
viability defect (Figure 3C). Interestingly, the meiotic progression phenotypes observed in
RIMA4-47Al+ were milder than those observed in the RIM4-47Al RIM4-47A background.
This argues that the presence of Rim4-47A protein does not prevent wild type Rim4 from
being cleared. Taken together these results indicate that non-clearable Rim4 has a dominant
effect on protein synthesis and meiotic progression.

Rim4 clearance is regulated by multi-site phosphorylation

Although mutation of 47 Rim4 residues enhanced its ability to repress translation, we sought
to identify the minimal essential residues in Rim4 that need to be modified to induce
clearance. To this end we generated R/M4 phospho-mutant alleles in which we mutated 99,
52, 36, 27, 25, 21, 16 and 10 serine and threonine residues to alanine (r/m4-99A,
RIMA4-52A, etc.) (Figure 4A). Importantly R/M4-21A contains no overlapping mutations
with RIM4-25A and only a single overlapping mutation with R/M4-27A. To assay
translational control in each mutant background, we analyzed CLB3mRNA and Clb3
protein in synchronized meiotic time courses (Figure 4B, S4A-C). To capture the defective
protein synthesis and mRNA hyper-accumulation phenotypes in a single measurement, we
normalized CIb3 protein levels to CLB3mRNA and compared the ratio to wild type at each
time point.

Strains harboring 52 and 36 mutated residues exhibited hyper-repressed CLB3translation
(decreased Clb3 protein and increased CLB3mRNA) similar to a R/IM4-47A mutant.
Mutation of 16 and 10 residues had no detectable effect on CLB3translation or meiotic
progression. Intriguingly, strains harboring mutations in 27, 25, and 21 residues resulted in a
mild gain-of-function phenotype. Because strains harboring non-overlapping stretches of
serine/threonine mutations displayed similar intermediate phenotypes, we conclude that
there exist no critical sites on Rim4 that must be modified to induce clearance. Rather, our
results support a model of Rim4 regulation in which clearance is mediated by combinatorial
accumulation of phosphorylation events. Once a threshold level of phosphorylation is
reached, Rim4 clearance commences. Unsurprisingly, mutation of 99 putative
phosphorylation sites in R/M4 resulted in a loss-of-function phenotype reminiscent of rim4A
and distinctive from R/IM4-47A as assessed by drastic meiotic progression failure (Figure
4C).

Our model that multi-site phosphorylation is important for Rim4 clearance predicts that
phospho-mimetic mutations (alanine substituted with glutamic acid or aspartic acid) within
the Rim4 IDR would cause premature clearance and thus loss of Rim4 function. This
prediction was confirmed- a rim4 mutant allele harboring the 45 C-terminal serine and

Dev Cell. Author manuscript; available in PMC 2019 May 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Carpenter et al.

Page 7

threonine residues to glutamic acid (rim4-45E) exhibited a severe meiotic progression defect
(Figure 4D) and almost complete loss of SDS-resistant assemblies (Figure 4E).

Ime2 kinase triggers Rim4 clearance via phosphorylation of the Rim4 C-terminal IDR

Ime2 kinase activity plays a central role in the developmental regulation of Rim4. We
previously showed that expression of a hyperactive /MEZ allele, IMEZ! (Sia and Mitchell,
1995), results in premature Rim4 clearance and de-repression of CLB3translation during
meiosis | (Berchowitz et al., 2013). To test the hypothesis that Ime2 is the kinase that
triggers Rim4 clearance via phosphorylation of the Rim4 C-terminal IDR, we analyzed
CLB3translational control and Rim4 assembly in synchronized meiotic cultures of wild
type, IMEZ!, RIMA4-47A, and IMEZ!: RIM4-47A double mutant cells. Confirming earlier
results, we found that cells harboring /MEZ! exhibited increased CLB3translational
efficiency and cells harboring R/IM4-47A exhibited decreased translation compared to wild
type (Figures 5A-D, S5). CLB3translational efficiency in IMEZ!; RIM4-47A double
mutant cells was decreased (compared to wild type) in a manner phenotypically
indistinguishable from R/M4-47A single mutant cells (Figures 5A, 5B). This result shows
that Rim4 clearance (and possibly assembly and reversibility of its amyloid-like properties)
is mediated almost entirely through phosphorylation of its C-terminal IDR.

We next assayed clearance of Rim4 amyloid-like assemblies in the various mutants by SDD-
AGE. Mirroring the above results we found that Rim4 assemblies were prematurely
degraded in the /MEZ! background and aberrantly persisted in the R/M4-47A background
compared to wild type (Figure 5C). In agreement with our observations on CLB3
translation, we found that Rimé4 assemblies persisted in the /IMEZ!: RIM4-47A double
mutant (Figure 5C). Combined with the observation that Rim4 is a direct target of Ime2
(Berchowitz et al., 2013), these results reveal that Ime2 phosphorylates the C-terminal IDR
of Rim4 in order to induce clearance of Rim4 amyloid-like assemblies. We also noted that
IMEZ: RIM4-47A double mutant cells exhibited a more severe meiotic progression defect
and increased persistence of Rim4 assemblies compared to R/IM4-47A single mutant cells.
The severe meiotic progression defect we observed in /IMEZL: RIM4-47A cells could be due
to the combined deleterious effects of two dominant and pleiotropic alleles. The increased
persistence of Rim4 assemblies in IMEZ!; RIM4-47A cells is likely due to delayed meiotic
progression combined with variability in the SDD-AGE assay.

Rim4 assemblies are degraded by the proteasome and are disassembled prior to clearance

We next sought to determine how Rim4 assemblies are degraded precisely at the meiosis I-
meiosis |1 transition. Because Rim4-EGFP fusion proteins do not accumulate in the vacuole
after meiosis | (Berchowitz et al., 2015), we reasoned that autophagy was unlikely to play a
major role in Rim4 clearance. We focused on the proteasome as a mechanism for Rim4
clearance due to the rapidity by which Rim4 is degraded. However, such a clearance
mechanism likely requires disassembly of amyloid-like Rim4 to facilitate its entry into the
proteasome. Furthermore, Rim4 disassembly would also be necessary to release bound
MRNAs into the translating pool.
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To determine whether impaired proteasome function affects Rimé4 clearance, we analyzed
Rim4 protein and CLB3translational control in cells harboring a temperature-sensitive allele
of RPN6 (rpn6-1). RPN6 encodes a lid component of the 26S proteasome and is essential for
its activity (Isono et al., 2005; Santamaria et al., 2003). We found that Rim4 degradation was
impaired in the rpn6-1 mutants, regardless of whether or not the cultures were transferred to
the restrictive temperature (Figures S6A, S6B). To eliminate bias from the meiotic
progression defects we observed in the rpn6-1 cells, we analyzed Rim4 protein levels in
single cells. In support of proteasome-mediated degradation of Rim4, we found that, in
rpn6-1 cells, Rim4 persisted in the rare cells that entered meiosis Il (Figure 6A).

We next determined whether phosphorylation causes the disassembly of Rim4 prior to its
degradation. We reasoned that if we combined a mutant that causes premature clearance and
hyper-phosphorylation of Rim4 (/MEZ!) with a proteasome mutant that blocks Rim4
degradation (rpn6-1), we may be able to observe accumulation of monomeric and
oligomeric Rim4 intermediates. To this end, we assessed whether Rim4 intermediates
accumulate in ron6-1; IMEZ double mutant cells during meiosis by SDD-AGE. As
expected, we observed persistent Rim4 assemblies in 7pn6-1 cells and premature clearance
in /IMEZ single mutant cells. In contrast, 7pn6-1, IMEZ! double mutant cells accumulated
Rim4 monomers and oligomers demonstrating that Rim4 assemblies are indeed
disassembled as a consequence of phosphorylation (Figure 6B). When we analyzed
translational control in these mutants, we found that although CLB3translation was
inhibited in rpn6-1 cells (likely due to delayed progression into meiosis 1), CLB3 was
translated prematurely in rpné-1; IMEZ! double mutant cells (Figure 6C, S6C, S6D). This
result is clarified by our SDD-AGE results which show persistent full-sized Rim4 assemblies
in rpn6-1 cells but not in rpn6-1; IMEZ! double mutant cells. The absence of repression-
competent Rim4 assemblies explains the CLB3translation we observe in the double mutant.
This result also provides further support of our conclusion that it is the SDS-resistant form
of Rim4 that is the repressive form of the protein. Taken together, these results reveal that
Rim4 assemblies are disassembled post-phosphorylation and degraded by the proteasome.

DISCUSSION

Numerous proteins harbor regions, such as prion-like domains, that can confer increased
propensity to form amyloids and amyloid-like structures. In this study, we illuminate a
mechanism by which cells disassemble and degrade amyloid-like structures in the context of
a developmental process: meiosis. We demonstrate that disassembly and clearance of Rim4
amyloid-like translational repressors is governed by a thresholding effect of phosphorylation
events within the IDR of the protein. Furthermore, timely clearance of Rim4 amyloid-like
assemblies is critical for progression through meiosis Il. Finally, we demonstrate that the
amyloid-like properties of Rim4 are reversed prior to degradation by the proteasome.

Cells regulate the aggregation-prone properties of many RNA-binding proteins

In humans and yeast, RRM-containing proteins are significantly over-represented (greater
than 10-fold enrichment) within proteins harboring algorithmically-defined prion-like
domains (King et al., 2012). Thus, the functions of many RNA-binding proteins could be
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profoundly influenced by their increased propensity to form amyloid-like structures.
Regulating the balance of functional assemblies versus pathological aggregation is an
important problem for cells to overcome. Uncontrolled aggregation of many of these
proteins such as FUS and TDP-43 is thought to be a major driver of neurodegenerative
disease. On the other hand, cells can clearly take advantage of these properties. The
formation of RNA stress granules in mammalian cells requires the prion-like domain of an
RRM-containing protein (TIA-1) (Gilks et al., 2004). Additionally, upon exposure to heat
stress, many RNA-binding proteins assemble into protein aggregates which can be rapidly
reversed upon return to non-stressful temperatures (Wallace et al., 2015). This type of
regulation could be of elevated importance during gamete development due to the reliance
on translational control (which requires RNA-binding proteins) during this process. For
example, hyperphosphorylation of CPEB4 during Xernopus meiosis inhibits the protein from
forming phase-separated droplets and is important for meiotic progression (Guillén-Boixet
etal., 2016).

Clearance of RNP assemblies and aggregated RNA-binding proteins can be achieved by
autophagy (Buchan et al., 2013) and/or the proteasome (Osaka et al., 2016). Both pathways
have distinct advantages and disadvantages depending on the cellular context and possibly
depending on whether bound RNA must be released prior to protein degradation.
Proteasome-mediated degradation likely requires disassembly whereas autophagy does not.
However, the disassembly process inherent to proteasome-based mechanisms could facilitate
the release of bound mMRNA. Envisioning a mechanism by which autophagic degradation
pathways would allow mRNA release is more difficult. Because Rim4 target mRNAS are
likely released to be translated precisely when Rim4 assemblies are cleared, a proteasome-
mediated clearance mechanism is advantageous. We speculate that other RNP assemblies in
which RNA must be liberated prior to clearance will also employ the proteasome.

How does phosphorylation lead to disassembly of amyloid-like Rim4?

While we do not know whether a fraction of Rim4 is in a droplet form, the protein forms
SDS-insoluble (i.e. amyloid-like) assemblies /n vivo which distinguishes it biochemically
from what has been described for the phase-separated droplet and hydrogel-forming protein
FUS (Kato et al., 2012). The detergent insolubility of Rim4 is comparable to yeast prions
such as those formed by Sup35 and Ure2 (Alberti et al., 2009; Kryndushkin et al., 2003).
This is notable because in contrast to what has been reported for droplets and hydrogels,
amyloid-like structures are often referred to as irreversible. Yeast cells’ ability to rapidly
clear these structures presents a remarkable feat of protein quality control. How does Rim4
phosphorylation ultimately lead to its degradation via the proteasome? We know from our
proteasome inactivation experiments that Rim4 must be disassembled prior to degradation
which probably requires chaperones. Chaperone-mediated processing is well documented
for amyloid-forming yeast prions (Moriyama et al., 2000; Shorter and Lindquist, 2004). The
Hsp104 chaperone, which can process and fragment Sup35 fibrils (Shorter and Lindquist,
2004), is however unlikely to play a major role in Rim4 clearance; Asp104A strains do not
exhibit meiotic dysfunction. Intriguingly, the Hsp70-family members SSA3and SSA4 both
drastically increase their expression levels as meiosis progresses (Primig et al., 2000)
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leading us to hypothesize that these chaperones could play an important role in Rim4
clearance.

The proteasome, which has been shown to recruit chaperones and/or have chaperone-like
activity (Braun et al., 1999; Hjerpe et al., 2016), could also play a direct role in Rim4
disassembly. Consistent with this idea is our observation that SDS-resistant Rim4 assemblies
persist in rpn6-1 cells. Interestingly, this disassembly defect is suppressed by overexpressing
Ime2. We interpret this observation to mean that Rim4 hyperphosphorylation alleviates the
disassembly defect of rpn6-1 mutants. It is however also possible that hyper-phosphorylation
by Ime2st per se leads to Rim4 disassembly. Irrespective of whether chaperones or the
proteasome facilitate Rim4 aggregate disassembly, our results lead to a model where
cumulative phosphorylation events within the C-terminal IDRs of Rim4 assemblies facilitate
access by chaperones and/or proteasomes (Figure 7). Chaperones and/or proteasomes then
unfold and remove Rim4 subunits which are then degraded via the proteasome.

Another non-mutually exclusive interpretation of our results is that the proteasome is
required for Ime2 activation- but not Ime2st, Ime2 Kinase activity is developmentally
regulated; the protein persists throughout meiosis but kinase activity is restricted to pre-
meiotic S-phase and after the meiosis I- meiosis Il transition (Berchowitz et al., 2013). The
manner by which Ime2 is activated is not known and could require proteasome-mediated
degradation of a negative regulator. In rpn6-1 cells, Ime2 is possibly never activated and thus
Rim4 assemblies persist. /MEZ cells exhibit constitutively active Ime2 which would bypass
this requirement. A putative negative regulator could bind the C-terminal autoinhibitory
region of Ime2- the region that is deleted to generate Ime2St. Our findings raise the question
of how Ime2 kinase accesses the Rim4 IDR. How does a protein kinase phosphorylate
residues that are buried within an amyloid-like structure? One speculative possibility is that
Ime2 could phosphorylate solvent-exposed residues which are rapidly disassembled and
degraded thus exposing other residues.

Could phosphatases be involved in regulation of Rim4 assembly? When Rim4 is expressed
in cells growing in rich medium, the protein is unassembled as indicated by the lack of SDS-
resistance and lack of activity as a translational repressor. However, when Rim4 is expressed
in nutrient-starved cells, it efficiently assembles into its amyloid-like form. How starvation
regulates Rim4 assembly is unknown. In light of our results, we hypothesize that starvation-
induced phosphatases could function as pro-assembly factors, which would act early in
meiosis. Such a mechanism could be conserved- deletion of PP2A phosphatases causes
instability of P-granules in developing C. elegans embryos (Paix et al., 2014). Likewise,
mitosis-specific kinases could play antagonistic roles in Rim4 assembly. An alternative and
non-mutually exclusive route to starvation-mediated Rim4 assembly could be via
cytoplasmic acidification. In yeast cells, acidification of the cytoplasm in response to
nutrient deprivation has been shown to cause mobility decreases and assembly of numerous
proteins (Munder et al., 2016). While sporulating yeast cells are known to increase local
extracellular pH by secreting bicarbonate (Ohkuni et al., 1998), it will be interesting to
determine if sporulation is also accompanied with decreased intracellular pH.
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What causes the phenotypes in meiotic cells unable to clear Rim4 assemblies?

Meiotic cells that express unclearable Rim4 variants display several intriguing meiotic
phenotypes. While decreased Clb3 is easily explained by the failure to degrade a
translational repressor, the causes of increased CLB3mRNA are less clear. Increased mRNA
synthesis or decreased turnover could simply be the result of being stuck in a stage of the
cell cycle (the MI-MII transition) at a time when CLB3transcription is high and decay is
minimal. Alternatively, failure to translate critical factors (such as Clb3) might be sensed by
the cell. This could activate a positive feedback loop to hyperactivate transcription to
overcome this problem.

Rim4 alanine substitution mutants show no detectable progression phenotypes until meiosis
Il onset after which point they exhibit lengthy delays and decreased spore viability. What
causes the meiotic progression defects observed in these mutants? One possible explanation
is that these phenotypes could be due to a failure to translate gene products that are essential
for meiotic progression. The anaphase 11 delay phenotype could also be due to
hyperactivation of cyclin-dependent kinase (CDK) activity (obviously not including Clb3-
CDK), pathological persistence of amyloid-like Rim4, and/or failure to clear critical factors
such as Shugoshin (Sgol) which would cause a metaphase Il delay. Further investigation of
these phenomena offers the opportunity to understand the factors required for proper timing
and progression of the later events of gametogenesis including meiosis Il and spore
packaging.

Because the IDRs of several RNA-binding proteins have been shown to function in
processes such as RNA-binding and scaffolding for ubiquitination factors (Calabretta and
Richard, 2015), alanine substitutions within the Rim4 C-terminal IDR could affect Rim4
function outside of the ablation of phosphorylation sites. Thus we cannot exclude the
possibility that the phenotypes we observe in unclearable R/M4 mutants are, to some degree,
caused by the mutations per se rather than their inability to be phosphorylated. However, the
loss-of-function and Rim4 instability phenotypes of the rim4-45E mutant provide additional
support for our conclusion that Rim4 phosphorylation is critical for clearance.

The pathways that meiotic cells use to clear amyloid-like assemblies could also clear
disease-associated aggregates

Determining how Rim4 amyloid-like assemblies are cleared by meiotic cells has
implications for our understanding of amyloid-related diseases. Hyperphosphorylated forms
of disease-associated amyloids such as those formed by tau and aggregates such as those
formed by TDP-43 are associated with neurodegenerative disease progression (Billingsley
and Kincaid, 1997; Neumann et al., 2006) suggesting that this is a typical cellular response
to the presence of amyloids and protein aggregates. However, unlike Rim4, tau and TDP-43
aggregate despite their phosphorylation. Perhaps cells that accumulate hyper-phosphorylated
tau and TDP-43 lack a critical chaperone or exhibit proteasomal dysfunction. The pathways
and mechanisms by which cells process and clear amyloid-like structures represent potential
drug targets. Further study of yeast’s remarkable ability to clear amyloid-like assemblies has
the potential to uncover previously unknown factors that have the ability to disassemble or
prevent formation of disease-related amyloids.
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STAR METHODS

Contact for Reagent and Resource Sharing

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Luke Berchowitz (leb2210@cumc.columbia.edu).

Experimental Model and Subject Details

Yeast strain construction—All experiments performed in this study were performed
using diploid Saccharomyces cerevisiae strains derived from the SK1 background and are
described in the Key Resources Table. RIM4-3V5, IMEZ!, IME2-3V/5, and IMEZ!-3V/5is
described in (Berchowitz et al., 2013; Carlile and Amon, 2008); pGAL-NDT80 and
GALA4.ER are described in (Benjamin et al., 2003); CLB3-3HA is described in (Carlile and
Amon, 2008); and rim4A271C-3V5and SPC42-mCherry are described in (Berchowitz et al.,
2015). pTUBI1-GFP-TUBI is described in (Straight et al., 1997) and was integrated into the
URA3locus. rim4-99A, RIMA4-52A, RIMA4-47A, RIMA4-47A, RIMA4-36A, RIM4-27A,
RIMA4-25A, RIM4-21A, rim4-16A, rim4-10A, and rim4-45E were all constructed by a PCR-
based method outlined in (Rock et al., 2013). Briefly, plasmids containing the R/M4CDS
with all serines and threonines mutated to alanine (pLB90) or glutamic acid (pLB119)
(synthesized by Genscript) and the H/S53selectable marker were used as a template to
generate PCR products which were transformed into the R/M4 locus. rim4A was created by
the PCR-based mutagenesis method outlined in (Longtine et al., 1998). rpn6-1 was
originally described in (Isono et al., 2005) and was generated in SK1 by PCR-based
mutagenesis. All strains used in this study were verified by sequencing.

Yeast media details and culture conditions—To generate meiotic cultures, strains
were inoculated in YEPD (1% yeast extract, 2% peptone, 2% dextrose) and grown overnight
with shaking at 30°C. The following morning, the cells were diluted in BYTA (1% yeast
extract, 2% tryptone, 1% potassium acetate, 50 mM potassium pthalate) to ODggpg = 0.3 and
grown overnight with shaking at 30°C. The following morning, cells were washed once with
water and resuspended in sporulation (SPO) medium (0.3% potassium acetate [pH 7.0],
0.02% raffinose) at ODggg = 1.8 and grown with shaking at 30°C. pGAL-NDT80, GAL4.ER
strains were released from G2 arrest by the addition of 1 uM B-estradiol at 6 hr.

Method Details

Denaturing protein sample preparation for immunoblot and
immunoprecipitation—Samples were prepared by resuspending the pellet of 4 ml SPO
culture in 5% TCA, incubating overnight at 4° C, washing with acetone, and breaking cells
using 50 pl acid-washed glass beads (Sigma), 100 ul lysis Buffer (10 mM Tris-HCI, 1 mM
EDTA [pH 8], 2.75 mM DTT, Halt protease inhibitors (Thermo Fisher)), and a 45 sec
process in a FastPrep-24 (MP Biomedicals) at max speed. 50 pL Loading Buffer (9% SDS,
0.75 mM Bromophenol blue, 187.5 mM Tris-HCI [pH 6.8], 30% glycerol, and 810 mM -
mercaptoethanol) was added, samples were heated at 100°C for 5 mins, and centrifuged 5
mins at 20,000 g.
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Immunoblots—Polyacrylamide gels were run on a midi gel system (BioRad) with SDS
Running Buffer (190 mM glycine, 25 mM Trizma base, 3.5 mM, 1% SDS), using 10% gels
loaded with 4 ul sample per well. They were transferred using a semi-dry transfer apparatus
(Biorad) to a nitrocellulose membrane. a-HA.11 (BioLegend) was used at 1: 1,000, a-Pgkl
(Novex) was used at 1: 20,000, a-v5 (Invitrogen) was used at 1: 2,000. a-mouse HRP-
conjugated secondary antibody (GE Healthcare) was used at 1: 10,000, 1: 20,000, and 1:
40,000 for respective primaries.

Immunoprecipitation—1,350 pl denaturing IP buffer (50 mM Tris [pH 7.5], 150 mM
NaCl, 2mM MgCl,, 1% NP-40, 10% glycerol, 2% BSA) was added to 150 pl denatured
protein sample (see above) and then clarified by centrifugation at 15,000 rcf for 15 mins at
4°C. 20 pL of equilibrated a-V5-coupled agarose (Invitrogen) was added and the samples
were incubated with rotation for 2 hours at 4°C. Beads were collected by centrifugation and
washed 2x in high salt wash buffer (50 mM Tris-HCI [pH 7.4]; 1 M NaCl; 1 mM EDTA; 1%
NP-40; 0.1% SDS; 0.5% sodium deoxycholate) and 2x in low-salt wash buffer (20 mM Tris-
HCI [pH 7.4]; 10 mM MgCl,; 0.2% Tween-20). Bound factors were released by boiling in
20 pl SDS sample buffer for 5 min, separated on polyacrylamide gels, and stained with
Imperial Blue (Thermo Fisher).

Semi-denaturing detergent agarose gel electrophoresis (SDD-AGE)—SDD-AGE
was adapted from previous protocols (Halfmann and Lindquist, 2008). 2 ml samples of
sporulating culture were harvested by centrifugation and snap frozen in liquid nitrogen. Cell
pellets were resuspended in 200 l lysis buffer (100 mM Tris/HCI [pH 8.0], 20 mM NacCl, 2
mM MgCl,, 50 mM B-mercaptoethanol, 1% Triton-X, 2x Halt protease inhibitors (Thermo))
and broken using a FastPrep-24 and 0.5 mm zirconia/silica beads (BioSpec). The lysates
were clarified twice by centrifugation at 2,500 rcf for 5 min at 4°C. 4x Sample loading
buffer (fin al concentration 0.5x TAE, 5% glycerol, 2% SDS, bromophenol blue) was added
to lysates which were incubated for 10 min at room temperature. Following incubation, 20 pl
of each sample was separated on a 1.7% agarose 0.5x TAE + 0.1% SDS gel for 16 hours at
25V at 4°C using 0.5x TAE supp lemented with 0.1% SDS as the running buffer. A
peristaltic pump was used to recirculate the running buffer at 3 ml/min. The gel was blotted
to nitrocellulose (GE Healthcare) by capillary transfer in 1X TBS and processed by the
immunoblot procedure outlined above. a-v5 (Invitrogen) was used at 1: 2,000 with a-mouse
HRP-conjugated secondary antibody (GE Healthcare) at 1: 5,000.

Light Microscopy—Acquisition of images was conducted using a DeltaVision
microscope at 100x magnification (Applied Biosystems). Immunofluorescence was
performed as described in (Visintin et al., 1999). We used a 1: 200 dilution of a mouse a-V5
antibody to detect Rim4 and a 1: 100 dilution of a rat a-tubulin antibody to visualize
spindles. Immunofluorescence samples were mounted in ProlongGold that included DAPI
(Life Technologies). Mean intensity of Rim4 signal was quantified in a 15 pixel diameter
circle region of interest (nucleus and vacuole excluded) using ImageJ software.

Live-imaging of cells harboring Spc42-mCherry and GFP-Tubl was done using a CellAsic
microfluidics chip and manifold pump (Millipore). Strains were induced to sporulate at
30°C and were incubated with shaking for 3 hours. Then, 200 pl of culture was pipetted into
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the microfluidics device, which was then affixed to the microscope stage. SPO medium was
pumped through the device throughout the course of the experiment. Seven 0.3 pm z-stacks
were taken every 10 minutes. Exposure times were 0.01 ms for FITC (10% T) and 0.05 ms

for mCherry (10% T). Max intensity projections were generated with Worx software that is
built in to the Deltavision software.

Northern Blot Analysis—Samples were harvested as 2 ml of SPO culture, centrifuged,
and flash-frozen in liquid nitrogen. Pellets were resuspended in 400 ul TES Buffer (10 mM
Tris-HCI [pH 7.5], 10 mM EDTA, and 0.5% SDS), 400 pl acid phenol: chloroform 5: 1
(Ambion), and 50 pl 0.5 mm zirconia/silica beads (BioSpec). Cells were lysed by shaking at
1400 rpm for 30 mins at 65°C in a Thermomixer (Eppendorf) followed by centrifugation for
5 mins at 13,000 g, extraction to 1 ml 100% ethanol and 40 pl sodium acetate [pH 5.5], and
precipitation at —20°C overnight.

Samples were centrifuged at 13,000 g for 20 mins, washed with 1 ml 80% ethanol,
centrifuged at 13,000 g for 5 mins, and dried. RNA pellets were resuspended in 25 ul DEPC
water at 37°C with shaking at 1000 rpm for 15 mins and concentrations were determined
using a NanoDrop (Thermo Fisher). 22 pl denaturing mix (15 pl formamide, 5.5 pl
formaldehyde, and 1.5 pl 10x MOPS) was added to 8 g total RNA in 8 ul and heated at
55°C for 15 mins. 20 pL of sample (~5 pg) was resolved on a denaturing agarose gel (1.9%
agarose, 3.7% formaldehyde, 1x MOPS buffer) for 2.5 hours at 80 V. The gel was blotted to
a Hybond membrane (GE Healthcare) by capillary transfer in 10x SSC (1.5 M NacCl, 0.15 M
trisodium citrate dihydrate, [pH 7]). The membrane was incubated in hybridization Buffer
(0.25 M Na-Phosphate [pH 7.2], 0.25 M NaCl, 1 mM EDTA, 7% SDS, and 5% dextran
sulfate) at 65°C probed with 32P-labeled CLB3DNA probes prepared via Amersham
Megaprime DNA labeling kit (GE Healthcare) and Illustra ProbeQuant columns (GE
Healthcare), transferred to a phosphor screen, and imaged on a Typhoon imager (GE
Healthcare).

Identification of Rim4 phosphorylation sites by mass spectrometry—Proteins
were run on an SDS-PAGE gel and stained with Imperial Blue (Thermo Fisher) according to
manufacturer’s instructions. Gel bands were excised and subjected to mass spectrometry.
After destaining with 40% ethanol/10% acetic acid, proteins were reduced with 20 mM
dithiothreitol (Sigma) for 1 h at 56°C and then alkylated with 60 mM iodoa cetamide
(Sigma) for 1 h at 25°C in the dark. Proteins were then digested with 12.5 ng/ul modified
trypsin (Promega) in 50 pl 100 mM ammonium bicarbonate [pH 8.9] at 25°C overnight.
Peptides we re extracted by incubating the gel pieces with 50% acetonitrile/5% formic acid
then 1200 mM ammonium bicarbonate, repeated twice followed by incubating the gel pieces
with 100% acetonitrile then 100 mM ammonium bicarbonate, repeated twice. Each fraction
was collected, combined, and reduced to near dryness in a vacuum centrifuge.

Phosphorylated peptides were enriched as described in (Ficarro et al., 2009). In brief, nickel
was removed from the Ni-NTA agarose (Qiagen) with 100 mM EDTA. The NTA agarose
was then incubated with 100 mM FeCls. The peptides were acidified and incubated with the
Fe-NTA agarose for 1 h at room temperature. Phosophopeptides were eluted with 250 mM
sodium phosphate.
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The peptides were separated by reverse phase HPLC using an EASY- nLC1000 (Thermo)
over a 75 min gradient before nanoelectrospray using a QExactive mass spectrometer
(Thermo). The mass spectrometer was operated in a data-dependent mode. The parameters
for the full scan MS were: resolution of 70,000 across 350-2000 /7/z, AGC 3e®, and
maximum IT 50 ms. The full MS scan was followed by MS/MS for the top 10 precursor ions
in each cycle with a NCE of 28 and dynamic exclusion of 30 s. Raw mass spectral data files
(.raw) were searched using Proteome Discoverer (Thermo) and Mascot version 2.4.1 (Matrix
Science). Mascot search parameters were: 10 ppm mass tolerance for precursor ions; 10
mmu for fragment ion mass tolerance; 2 missed cleavages of trypsin; fixed modification was
carbamidomethylation of cysteine; variable modifications were oxidized methionine, serine
phosphorylation, threonine phosphorylation, and tyrosine phosphorylation. Only peptides
with a Mascot score greater than or equal to 25 and an isolation interference less than or
equal to 30 were included in the data analysis.

Quantification and Statistical Analysis

Blot quantification—Immunoblot and Northern blot experiments were quantified using
F1JI (ImageJ) software. Signal intensity was normalized to a loading control (Pgk1 for
immunoblots and rRNA for Northerns).

Microscopy Quantification and Analysis—Spindle morphologies were classified as in
(Lee and Amon, 2003). n = 100 cells for each time point and the data are plotted as % cells
in each cell cycle phase. Metaphase | cells were defined as cells with a single DAPI mass
spanned by a short, thick, bipolar, meiotic spindle (approximately 1-2 um in length).
Anaphase | cells were defined as cells with two distinct (though not always separated) DAPI
masses, and a single long spindle that spans both DAPI masses. Metaphase Il cells were
defined as cells with two separate DAPI masses with each spanned by a bipolar, short, thick,
meiotic spindle. Anaphase Il cells were defined as cells with four distinct (though not
always separated) DAPI masses with two long spindles.

To analyze Rim4 levels in single cells, mean intensity of Rim4 IF signal was quantified in a
15 pixel diameter circle region of interest (vacuole excluded, background corrected) using
ImageJ software. To compare differences between independent paired experiments, we used
a Mann-Whitney test. For Figure S1 n =50 cells

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HIGHLIGHTS
Clearance of amyloid-like Rim4 is governed by multi-site phosphorylation

Ime2 drives Rim4 clearance by phosphorylation of Rim4 intrinsic disordered
region

Amyloid-like Rim4 is disassembled prior to degradation by the proteasome

Failure to clear amyloid-like Rim4 interferes with progression through
meiosis 11
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Figure 1. Rim4 is hyperphosphorylated during meiosis
(A) Rim4 immunoprecipitation (IP) from meiotic cells. RIM4-3V5, pGAL-NDTEO,

GAL4.ER (B48) cells were induced to sporulate at 30°C. At 6 hours when cells had arrested
in G2 due to the lack of Ndt80, cells were released from the G2 block by the addition of 1
UM B-estradiol. Lysates were prepared from G2-arrested cells (6 hour) and at 7, 8, 9 and 10
hours (post-release). G2-arrested pGAL-NDT80, GAL4.ER (A15055) was included as a no-
tag control. IP was conducted under denaturing conditions using anti-V5 agarose beads.
Bound factors were released by boiling in SDS-loading buffer and resolved by SDS-PAGE.
Imperial blue-stained gels of the IPs are shown. Excised Rim4 bands were analyzed by mass
spectrometry.

(B) Diagram of Rim4 protein and time course analysis of phosphorylation sites in meiosis
by mass spectrometry. The left diagram shows the domain structure of Rim4 with all serine
and threonine residues marked in red and blue, IDRs shaded in purple, and the prion-like
domain shaded in green. Phosphorylated residues are denoted in black. The right diagrams
show time course mapping of each phosphorylation site (phosphoserine in red and
phosphothreonine in blue). Regions of no mass spectrometry coverage are shown as yellow
bars adjacent to the diagrams.
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(C, D) Phosphorylation of the Rim4 C-terminal IDR is required for its clearance. RIM4-3V5
(wild type, B48) and R/IM4-47A-3V5(A38075) strains harboring pGAL-NDT80, GAL4.ER,
and CLB3-3HA were induced to sporulate 30°C. After 6 hours, cells were released from the
G2 arrest. (C) Single-cell Rim4 levels in metaphase I, anaphase I, metaphase 11, and
anaphase 11 were determined by immunofluorescence (IF) (n = 50 cells for each meiotic
stage). (D) The images show Rim4 protein (red), tubulin (green) and DNA (DAPI) in
representative anaphase | and anaphase 11 cells.
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Figure 2. Phosphorylation-driven clearance of Rim4 assemblies is required for timely meiotic

progression
Left panel: wild type, right panel: RIM4-47A

(A) Diagrams of Rim4. The region mutated in the R/IM4-47A allele is bracketed. This region

harbors 47 serine and threonine residues mutated to alanine.

(B — D) RIM4-47A cells exhibit defective CLB3translation, failure to clear SDS-resistant
assemblies, and delayed meiotic progression. Strains harboring pGAL-NDT80, GAL4.ER,
CLB3-3HA, and either RIM4-3V/5 (wild type, B48) or RIM4-47A-3V5 (A38075) were
induced to sporulate 30°C. After 6 ho urs, cells were released from the G2 arrest. (B)
Rim4-3V5, Clb3-3HA, and Pgk1 (loading control) protein and CLB3 mRNA and rRNA
(loading control) levels were determined at the indicated times following B-estradiol
addition. (C) Rim4’s ability to form SDS-resistant amyloid-like assemblies was analyzed by
SDD-AGE as in (Halfmann and Lindquist, 2008) with minor modifications (see
experimental procedures). (D) The percentage (n = 100 cells for each time point) of
metaphase I, anaphase |, metaphase Il, and anaphase Il cells was determined by tubulin IF
and DAPI staining.
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Figure 3. RIM4-47A is a dominant gain-of-function allele
(A, B) A single copy of RIM4-47A is sufficient to cause CLB3translational control defects.

Strains harboring pGAL-NDT80, GAL4.ER, CLB3-3HA, and either RIM4-3V5+ (light
blue, B119) or RIM4-47A-3V5+ (light green, B120) were induced to sporulate at 30°C.
After 6 hours, cells were released from the G2 arrest. (A) Rim4-3V5, CIb3-3HA, and Pgkl
(loading control) protein and CLB3 mRNA and rRNA (loading control) levels were
determined at the indicated times following release from G2 arrest. (B) CIb3 protein levels
corrected for CLB3mRNA levels are plotted on the y-axis and time in meiosis is plotted on
the x-axis. Analysis of Rim4 SDS-resistant assemblies and meiotic progression is shown in
Figure S3.

(C) RIM4-47A cells exhibit reduced spore viability. Strains harboring RIM4-3V5]
RIMA4-3V5 (blue, B123) RIMA4-47A-3V5 RIM4-3V5 (light green, B149), and RIM4-47A/
RIM4-47A (green, B126) were sporulated on plates. Tetrads (n = 7 plates of 20 tetrads for
each genotype) were dissected on YPD plates and spores were grown for 2 days. Shown is
the percent viable spores. A Mann-Whitney test was used to statistically compare the means.
*=P<0.05
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Figure 4. Rim4 clearance is regulated by multi-site phosphorylation
(A) Diagram of Rim4 with serine and threonine residues denoted in red and blue,

respectively. The IDRs are shaded in purple. Mutations contained in each R/M4 phospho-
mutant allele are shaded in red or orange (S/T — A and S/T — E respectively).
Translational control phenotypes (determined from (B)) are indicated on the right.

(B) CLB3translational control analysis of R/M4 phospho-mutant alleles. Strains harboring
PGAL-NDT80, GAL4.ER, CLB3-3HA, and one of the following: R/IM4-3V5 (wild type,
blue, B48), rim4-99A-3V5 (red, A30860), RIM4-52A-3V5 (green, B67), RIM4-47A-3V5
(green, A38075), RIM4-36A-3V/5 (green, B70), RIMA4-27A-3V5 (light green, B152),
RIM4-25A-3V5 (light green, B155), RIM4-21A-3V5 (light green, B129), rim4-16A-3V5
(blue, B73), or rim4-10A-3V5 (blue, A38072) were induced to sporulate 30°C. After 6
hours, cells were released from the G 2 arrest. Four strains were run per experiment, each
containing a R/IM4-3V5 (wild-type) control and three mutant strains. CIb3 protein levels
corrected for CLB3mRNA level are plotted on the y-axis and time in meiosis is plotted on
the x-axis. Western and Northern blot source data is shown in Figure S4. (C-E) rim4-99A
and rim4-45E are loss of function alleles. (C, D) Strains harboring pGAL-NDT80,
GAL4.ER, CLB3-3HA, and one of the following: R/M4-3V5 (wild type, B48), rim4A
(B343), RIM4-47A-3V5 (A38075), rim4-99A-3V5(A30860), and rim4-45E-3V/5 (B346)
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were induced to sporulate at 30°C. After 6 hours, cells were released from the G2 arrest.
Meiotic progression was analyzed by tubulin IF (n = 100 cells for each time point). (E)
Rim4 SDS-resistant assemblies were analyzed by SDD-AGE in R/IM4-3V5 (wild type) and
rim4-45E-3V5 cells.
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Figure 5. Ime2 regulates Rim4 clearance via phosphorylation of the Rim4 C-terminal IDR
(A, B) Epistatic analysis of /MEZ" and RIM4-47A translational control phenotypes. Strains

harboring pGAL-NDT80, GAL4.ER, CLB3-3HA, and either R/IM4-3V5 (wild type, blue,
B48), IMEZ (yellow, A33024), RIM4-47A-3V/5 (green, A38075), or IMEZ,
RIM4-47A-3V5 (black, B5) were induced to sporulate at 30°C. After 6 hours, cells were
releas ed from the G2 arrest. (A) Rim4-3V5, CIb3-3HA, and Pgk1 (loading control) protein
and CLB3mRNA and rRNA (loading control) levels were determined at the indicated times.
(B) CIb3 protein levels corrected for CLB3 mRNA levels are plotted on the y-axis and time
in meiosis is plotted on the x-axis. Western and Northern blot data for later time points is

shown in Figure S5.

(C) Rim4 SDS-resistant assemblies were analyzed by SDD-AGE.
(D) Meiotic progression was analyzed by tubulin IF (n = 100 cells for each time point).
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Figure 6. Rim4 assemblies are disassembled prior to proteasomal degradation
(A) The proteasome is critical for Rim4 clearance. Strains harboring pGAL-NDT80,

GAL4.ER, CLB3-3HA, and RIMA4-3V5and either RPN6 (wild type) or rpn6-1 were induced
to sporulate at 30°C. After 6 hours, cells were released from the G2 arrest. Single-cell Rim4
levels in metaphase I, anaphase |, metaphase Il, and anaphase Il were determined by
immunofluorescence (IF) (n = 48 for each meiotic stage except rpn6-1 metaphase Il in
which n = 26 and anaphase Il in which n = 0). CLB3translational control and meiotic
progression analysis is shown in Figures S6A, S6B.

(B, C) Strains harboring pGAL-NDT80, GAL4.ER, CLB3-3HA, RIM4-3V5and either
RPNG (wild type, blue, B48), rpn6-1 (purple, B207), IMEZ! (yellow, A33024), or ron6-1,
IMEZ! (black, B251) were grown as in (A). (B) Rim4 SDS-resistant assemblies were
analyzed by SDD-AGE. (C) CLB3translational control analysis. CIb3 protein levels
corrected for CLB3mRNA levels are plotted on the y-axis and time in meiosis is plotted on
the x-axis. Quantification of mMRNA-corrected CIb3 protein levels is shown. Source data and
meiotic progression analysis is shown in Figures S6C, S6D.
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Figure 7. Model of Rim4 clearance
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies
a-HA.11 Clone:16B12 BioLegend Cat# 901514; RRID:AB_2565336

a-Pgk1 (Phosphoglycerate Kinase monocolonal)

Novex (Life Technologies)

Part# 459250; RRID:AB_2532235

a-v5 monoclonal

Invitrogen

Cat# 46-0705; RRID:AB_2556564

a-mouse HRP-conjugated secondary

GE Healthcare

Cat# NA931-1ML

a-V5-coupled agarose Sigma Aldrich Cat# A7345-1ml
Rat a-tubulin alpha Bio-Rad Cat# MCAT77G
Chemicals, Peptides, and Recombinant Proteins

Acid-washed glass beads, 425-600um Sigma Aldrich G8772-500G
Imperial Blue Protein Stain Thermo Fisher Cat# 24615

Halt Protease Inhibitor Thermo Fisher Cati# 1861279
0.5mm dia Zirconia/silica beads BioSpec Products Cat# 11079105z
Hybond H+ membrane GE Healthcare Prod# RPN203B
Illustra Probequant Columns GC Healthcare Prod#28903408
ProlongGold w/DAPI LifeTechnologies Cat#P36935
Critical Commercial Assays

Amersham MegaPrime DNA Labeling Kit GE Healthcare Prod#RPN1604

Experimental Models: Organisms/Strains

S. cerevisiae: Strain background: SK1 (h0.:LYS2, lys2, ura3, leu2::hisG,
his3::hisG, trpl.:hisG)

ATCC (Kane and Roth,
1974)

ATCC: 204722

A15055: MATa/a
Ura3-.pGPDI-GAL4(848).ER::URAS/uras:.nGPDI-GAL4(848). ER::URA3
PGAL-NDT80::TRPL/pGAL-NDTE0::TRP1
CLB3-3HA::KANMX6/CLB3-3HA::KANMX

Berchowitz/Amon labs

N/A

A33024: MATa/a.
uras3-pGPDI-GAL4(848).ER::URAS/ura3-.nGPDI-GAL4(848). ER::URA3
PGAL-NDT80::TRPL/pGAL-NDTE0::TRP1
CLB3-3HA::KANMX6/CLB3-3HA::KANMX
RIM4-3V/5::HISIMXE/RIMA-3V/5::HISIMXE

IMEZ/IMEZ

Berchowitz/Amon labs

N/A

A37489: MATala
RIMA4-EGFP::HIS3/RIM4-EGFP::HIS3
HTBI1-mCherry-HISMX6/+

Berchowitz/Amon labs

N/A

A38060: MATa/a.
Uras3-pGPDI-GAL4(848).ER::URAS/uras:.nGPDI-GAL4(848). ER::URA3
PGAL-NDT80::TRPL/pGAL-NDTE0::TRP1
CLB3-3HA:KANMX6/CLB3-3HAKANMX
RIM4-99A-3V/5::HISIMXE/RIMA-99A-3V/5::HISIMXE

This paper

N/A

A38072: MATa/a.
ura3:pGPDI-GAL4(848).ER::URA3/ura3:pGPDI1-GAL4(848). ER::URA3
PGAL-NDT80:: TRP1/pGAL-NDT80::TRP1

CLB3-3HA::KANMX6/CL B3-3HA::KANMX
RIMA-10A-3V/5::HIS3MX6/RIMA-10A-3V5::HIS3MX6E

This paper

N/A

A38075: MATa/a.
ura3:pGPDI-GAL4(848).ER::URAS/ura3:.nGPDI-GAL4(848). ER::URA3
PGAL-NDT80:: TRPLPGAL-NDTS0:: TRP1
CLB3-3HA:KANMX6/CLB3-3HA:KANMX
RIMA4-47A-3V/5::HISIMX6E/RIMA-47A-3V/5::HISIMXE

This paper

N/A
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A38932: MATala
rim4-47A-EGFP::HIS3/rim4-47A-EGFP::HIS3
HTBI-mCherry-HISMX6/HTBI-mCherry-HISMX6

This paper

N/A

B5: MATa/a.

ura3: pGPDI-GAL4(848).ER.:.URA3/ura3:pGPDI1-GAL4(848). ER::URA3
PGAL-NDT80:: TRP1/pGAL-NDT80:: TRP1
CLB3-3HA::KANMX6/CLB3-3HA::KANMX
RIMA-47A-3V/5::HIS3MX6/RIMA-47A-3V5::HIS3MX6E

IMEZ/IMEZ

This paper

N/A

B48: MATala
ura3:pGPDI-GAL4(848).ER::URAS/ura3:,nGPDI-GAL4(848). ER::URA3
PGAL-NDT80:: TRPLPGAL-NDTS0:: TRP1
CLB3-3HA:KANMX6/CLB3-3HA:KANMX
RIMA4-3V/5::HISIMX6/RIMA-3V/5::HISIMXE

Berchowitz/Amon labs

N/A

B67: MATa/a
Ura3-pGPDI-GAL4(848).ER::URAS/uras-.pGPDI-GAL4(848). ER::URA3
PGAL-NDT80::TRPL/pGAL-NDTE0::TRP1
CLB3-3HA:KANMX6/CLB3-3HA::KANMX
RIM4-52A-3V/5::HISIMXE/RIMA-52A-3V/5::HIS3MXE

This paper

N/A

B70: MATa/a

ura3:;pGPDI-GAL4(848).ER::.URA3/ura3: pGPDI1-GAL4(848). ER::URA3
PGAL-NDT80::TRP1/pGAL-NDTS0:: TRP1
CLB3-3HA::KANMX6/CLB3-3HA::KANMX
RIMA-36A-3V/5::HIS3MX6/RIMA-36A-3V/5::HIS3MX6

This paper

N/A

B73: MATala
ura3-.pGPDI-GAL4(848).ER::URAS/uras:.nGPDI-GAL 4(848). ER::URA3
PGAL-NDT80::TRPL/pGAL-NDTE0::TRP1
CLB3-3HA:KANMX6/CLB3-3HAKANMX
RIMA4-16A-3V/5::HISIMXE/RIMA-16A-3V/5::HIS3MXE

This paper

N/A

B119: MATa/a
ura3:pGPDI-GAL4(848).ER::URA3/ura3:pGPDI1-GAL4(848). ER::URA3
PGAL-NDT80:: TRP1/pGAL-NDT80::TRP1

CLB3-3HA::KANMX6/CL B3-3HA::KANMX

RIMA-3V5::HISIMX6/+

This paper

N/A

B120: MATa/a
Ura3:.pGPDI-GAL4(848).ER::URAS/ura3:.nGPDI-GAL4(848). ER::URA3
PGAL-NDT80::TRPLPGAL-NDTS0:: TRP1
CLB3-3HA:KANMX6/CLB3-3HAKANMX
RIM4-47A-3V/5::HISIMX6/+

This paper

N/A

B123: MATa/a

ura3: pTUBI-GFP-TUBI1::URA3 ura3::;pTUBI1-GFP-TUB1.::URA3
SPC42-mCherry..NATMX6/SPC42-mCherry.:NATMX6
ZIP1-GFP(700)/ZIP1-GFP(700)
RIMA4-3V5::HIS3MX6/RIM4-3V5::HIS3MX6

This paper

N/A

B126: MATala

ura3::pTUBI-GFP-TUB1..URA3 ura3:.pTUB1-GFP-TUB1.:URA3
SPC42-mCherry..NATMX6/SPC42-mCherry..NATMX6
ZIP1-GFP(700)/ZIP1-GFP(700)
RIMA4-47A-3V5::HISSMX6/RIMA4-47A-3V5::HISSMX6

This paper

N/A

B129: MATa/a
ura3-pGPDI-GAL4(848).ER::URAS/ura3-.nGPDI-GAL4(848).ER::URA3
PGAL-NDT80::TRPL/pGAL-NDTE0::TRP1
CLB3-3HA::KANMX6/CLB3-3HA::KANMX
RIM4-21A-3V/5::HISIMXE/RIMA-21A-3V/5::HIS3MXE

This paper

N/A

B149: MATala

ura3::pTUBI-GFP-TUB1.:.URA3 ura3:.pTUB1-GFP-TUB1.:URA3
SPC42-mCherry..NATMX6/SPC42-mCherry..NATMX6
ZIP1-GFP(700)/ZIP1-GFP(700)
RIMA4-47A-3V5::HISSMX6/RIMA4-3V5::HIS3MX6

This paper

N/A
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B152: MATa/a
ura3:.pGPDI-GAL4(848).ER::URAS/ura3:.nGPDI-GAL4(848). ER::URA3
PGAL-NDT80::TRPLpGAL-NDTS0::TRP1
CLB3-3HA:KANMX6/CLB3-3HA:KANMX
RIM4-27A-3V/5::HISIMX6/RIMA-27A-3V/5::HIS3MXE

This paper

N/A

B155: MATa/a.
ura3::pGPDI-GAL4(848).ER::URA3/ura3:.pGPD1-GAL4(848). ER::URA3
PGAL-NDTE0::TRPLpGAL-NDT80:: TRP1
CLB3-3HA::KANMXG6/CLB3-3HA :KANMX
RIMA4-25A-3V/5:HIS3MX6/RIMA-25A-3V5::HISIMX6

This paper

N/A

B197: MATala

ura3: pTUBI-GFP-TUBI1::URA3 ura3::;pTUBI-GFP-TUB1.:.URA3
SPC42-mCherry..NATMX6/SPC42-mCherry..NATMX6
RIMA4-3V5::HIS3MX6/RIMA4-3V5..HIS3MX6

This paper

N/A

B198: MATala

ura3: pTUBI-GFP-TUB1::URA3 ura3::;pTUBI-GFP-TUB1.:.URA3
SPC42-mCherry..NATMX6/SPC42-mCherry..NATMX6
RIMA4-47A-3V5::HISSMX6/RIM4-47A-3V5::HISSMX6

This paper

N/A

B207: MATa/a
Ura3:.pGPDI-GAL4(848).ER::URAS/ura3:.nGPDI-GAL4(848). ER::URA3
PGAL-NDT80::TRPLPGAL-NDTS0:: TRP1
CLB3-3HA:KANMX6/CLB3-3HA:KANMX
RIMA4-3V/5::HISSMX6/RIMA-3V/5::HISIMXE
RPNG::1pn6-1::HIS3MX6/RPNG.:1pn6-1::HIS3MX6E

This paper

N/A

B251: MATa/a

ura3: pGPDI-GAL4(848).ER::.URA3/ura3: pGPDI1-GAL4(848). ER::URA3
PGAL-NDT80:: TRP1/pGAL-NDT80:: TRP1
CLB3-3HA::KANMX6/CLB3-3HA::KANMX
RIMA-3V5::HISIMX6/RIMA-3V5::HISIMXE
RPNG6::1pn6-1::HIS3MX6/RPNG::1on6-1.:HISIMX6

IMEZ/IMEZ

This paper

N/A

B343: MATa/a
Ura3-pGPDI-GAL4(848).ER::URAS ura3:pGPD1-GAL4(848).ER::URA3
PGAL-NDT80::TRPI, pGAL-NDT80:: TRP1

CLB3-3HA:KANR CLB3-3HA:KANR

rimdD::HISSMXE rimd\::HISSMX6

This paper

N/A

B346: MATa/a

ura3:pGPDI-GAL4(848).ER::URA3 ura3:pGPDI1-GAL4(848). ER::URA3
PGAL-NDT80::TRPI, pGAL-NDT80:. TRP1

CLB3-3HA:KANR CLB3-3HA:KANR

1imA4-45E-3V/5::HIS3MX6 rim4-45E-3V/5::HIS3MX6

This paper

N/A

Oligonucleotides

Primer: CLB3 Northern blot probe forward: AGC ATA AGT AAG CCA
AAA GTCGC

(Carlile and Amon, 2008)

N/A

Primer: CLB3 Northern blot probe reverse: C TAA TGC TAT CCACTT
CGCTACG

(Carlile and Amon, 2008)

N/A

Recombinant DNA

RIM4-allA-HIS3 plasmid (pLB90)

This paper

N/A

RIM4-allE-HIS3 plasmid (pLB119)

This paper

N/A

Software and Algorithms

GraphPad Prism

GraphPad software

https://www.graphpad.com/scientific-software/prism/

Proteome Discoverer

Thermo Fisher

OPTON-30795

Mascot version 2.4.1

Matrix Science

http://www.matrixscience.com/

Other

CellAsic ONIX microfluidic system

Millipore Sigma

Model EV-261
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CellAsic ONIX microfluidic diploid yeast plates Millipore Sigma

Cat #: Y04D-02-5PK

DeltaVision Elite Microcope

GE Healthcare

Prod #: 29065728

Dev Cell. Author manuscript; available in PMC 2019 May 07.
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