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Rie1 and Sgn1 form an RNA-binding complex that
enforces the meiotic entry cell fate decision
Alec Gaspary1, Raphaelle Laureau1, Annie Dyatel1, Gizem Dursuk1, Yael Simon1, and Luke E. Berchowitz1,2

Budding yeast cells have the capacity to adopt few but distinct physiological states depending on environmental conditions.
Vegetative cells proliferate rapidly by budding while spores can survive prolonged periods of nutrient deprivation and/or
desiccation. Whether or not a yeast cell will enter meiosis and sporulate represents a critical decision that could be lethal if
made in error. Most cell fate decisions, including those of yeast, are understood as being triggered by the activation of master
transcription factors. However, mechanisms that enforce cell fates posttranscriptionally have been more difficult to attain.
Here, we perform a forward genetic screen to determine RNA-binding proteins that affect meiotic entry at the
posttranscriptional level. Our screen revealed several candidates with meiotic entry phenotypes, the most significant being
RIE1, which encodes an RRM-containing protein. We demonstrate that Rie1 binds RNA, is associated with the translational
machinery, and acts posttranscriptionally to enhance protein levels of the master transcription factor Ime1 in sporulation
conditions. We also identified a physical binding partner of Rie1, Sgn1, which is another RRM-containing protein that plays a
role in timely Ime1 expression. We demonstrate that these proteins act independently of cell size regulation pathways to
promote meiotic entry. We propose a model explaining how constitutively expressed RNA-binding proteins, such as Rie1 and
Sgn1, can act in cell fate decisions both as switch-like enforcers and as repressors of spurious cell fate activation.

Introduction
Both eukaryotic and prokaryotic cells make developmental fate
decisions based on an array of environmental and develop-
mental cues. The cell must sense, accurately process, and, in
some cases, quantify multiple cues to adopt the proper physio-
logical state (Furlong, 2010; Kilian et al., 2010). Multicellular
eukaryotes rely on cell fate commitment through several path-
ways to create the diverse cell types needed for proper organ-
ismal development (Guo et al., 2010; Hetz, 2012; Dalton, 2015).
These pathways are often irreversible and involve a discrete
commitment point where the cell chooses a distinct develop-
mental fate (Cappell et al., 2016). Analogous cell fate decisions
also occur in unicellular eukaryotes (Tsuchiya et al., 2014).

The budding yeast Saccharomyces cerevisiae undergoes a few
well-defined cell fate decisions during its life cycle, making it an
advantageous model to study the mechanisms that commit a cell
to a particular fate (Herskowitz, 1988). A yeast cell in G1 can
choose to remain in G1, continue vegetative growth by budding,
transition to filamentous growth, enter sexual conjugation, or
commit to the meiotic developmental process that occurs in the
context of sporulation (Hartwell, 1974). During meiosis, one
diploid yeast cell becomes four haploid gamete spores. Each cell

fate carries strengths and drawbacks—budding cells can pro-
liferate rapidly in nutrient-rich conditions while spores can
survive long periods of desiccation and or nutrient deprivation.
The control of meiotic entry in yeast is a complex system in
which several biological pathways are involved such as sensing
glucose and nitrogen, cell size, and cell-cycle progression
(Honigberg and Purnapatre, 2003; van Werven and Amon, 2011).
The decision of whether to initiate meiosis and enter sporulation
is crucial to maintaining fitness and, if triggered in error, can be
lethal (Mitchell and Bowdish, 1992).

The expression of the master regulatory transcription factor
Ime1 is a key event leading to commitment to meiotic entry, and
its expression is tightly controlled (Kassir et al., 1988; Smith
et al., 1990). In addition to its roles as a direct transcriptional
activator of early meiotic genes, Ime1 drives degradation of the
Ume6 repressor, which allows robust expression of several key
early meiotic transcripts (Mallory et al., 2007). The IME1 promoter
contains multiple regulatory sites that integrate cell-intrinsic and
environmental signals, including ploidy and nutrient availability
(Kahana et al., 2010; van Werven and Amon, 2011; Tam and van
Werven, 2020). While the transcriptional requirements for
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meiotic entry in yeast are well-defined, how posttranscrip-
tional mechanisms, which are critical for proper meiotic
progression (Sherman et al., 1993; Brar et al., 2012; Kim and
Strich, 2016), influence the meiotic cell fate decision are less
understood.

RNA-binding proteins (RBPs) are crucial for posttrans-
criptional regulation and affect numerous biological processes,
including gametogenesis (Glisovic et al., 2008). RNA-binding
proteins can modify all steps of the mRNA life cycle including
transcription, processing (splicing, polyadenylation, etc.), ex-
port/localization, translation, and degradation (Dreyfuss et al.,
2002). Some RBPs have been identified in budding yeast as
essential posttranscriptional regulators of gametogenesis such
as Rim4, an RNA recognition motif (RRM)–containing RBP,
which controls the translation of several middle-stage meiosis
genes (Soushko and Mitchell, 2000; Deng and Saunders, 2001;
Berchowitz et al., 2013). Additionally, some members of the
WHI family encode RBPs that influence meiotic cell fate by
posttranscriptionally regulating genes that control cell size
(Garı́ et al., 2001; Day et al., 2004).

We hypothesized that there may be unknown yeast RBPs that
are inessential for vegetative growth but critical for meiosis.
Here, we identify two such RBPs, Rie1 and Sgn1, which form a
complex that is required for the timely entry into meiosis and
thus the spore cell fate. We show that Rie1 and Sgn1 act post-
transcriptionally to promote Ime1 expression and timely entry
into premeiotic DNA synthesis. We show through targeted
mutations that the RNA-binding domains of Rie1 are necessary
for its role in meiotic entry. We also demonstrate that Rie1 and
Sgn1 act through a pathway independent of cell size control or
poly(A) tail length. Our results support a model in which Rie1
and Sgn1 act directly to promote meiotic entry as switch-like
enforcers while also playing an indirect role to repress spuri-
ous meiotic entry.

Results
A forward genetic screen reveals RIE1 as an important meiotic
entry factor
We performed a systematic screen in the efficient sporulation
strain SK1 (Kane and Roth, 1974) to identify RBPs that are im-
portant for meiotic entry in S. cerevisiae (Fig 1 A). We generated a
library of diploid strains, each homozygous for a meiotic entry
reporter construct and a single deletion of a gene encoding a
putative RBP. We used Zip1-GFP as a readout for meiotic entry
because it is expressed, and localized to the nucleus, specifically
during meiotic prophase I. Strains also harbored ndt80Δ (Xu
et al., 1995) to prevent exit from pachynema and loss of Zip1-
GFP signal. Putative RBPs were defined as harboring one or
more of the following annotated domains: RRMs, K Homology
domains, retrotransposon-like zinc knuckle CCHC domains, zinc
finger CCCH-type, Pumilio Family domains, double-stranded
RNA binding domains, and pentatricopeptide repeat domains
(Finn et al., 2014; Fig S1 A and Table S1). After excluding petite
mutants, which do not enter meiosis (Ephrussi and Hottinguer,
1951), and essential genes, we were left with 64 mutant strains
from an original pool of 103.

Strains were sporulated in liquid culture and samples were
taken at 0 and 6 h for analysis by fluorescence microscopy. We
quantified the percentage of Zip1-positive cells at 6 h in three
biological replicates (Fig. 1 B). We grouped RBP mutants into
three categories based on natural breakpoints in the data: no
meiotic defect (>75% Zip1+, 39), mild meiotic entry defect
(45–75%, 17), and severe meiotic entry defect (<45%, 8). The most
severe entry mutant we observed was rie1Δ, which showed ∼15%
of cells entering meiotic prophase at 6 h (Fig. 1, B and C). By live
cell imaging of rie1Δ and wild type, we confirmed that rie1Δ cells
exhibit a severemeiotic entry defect—after 15 h, on average, 59%
of wild type and 10% of rie1Δ cells entered meiosis (Fig. 1 D; Video
1; and Video 2). Of the cells that entered meiosis, we found that
onset of metaphase I in rie1Δ cells was, on average, 162 min later
than wild type cells (Fig. 1 E). Furthermore, metaphase I, meta-
phase II, and anaphase II were all significantly slowed (2.1-, 1.9-,
and 1.5-fold longer, respectively) in rie1Δ cells compared with
wild type (Fig. 1 F). Anaphase I length was indistinguishable
between wild type and rie1Δ. These results support the no-
tion that Rie1 may also be important for progression through
the meiotic divisions in addition to its role in promoting
meiotic entry.

rie1Δ mutants do not properly accumulate Ime1 in conditions
promoting sporulation
RIE1 (also called WHI8) encodes a protein harboring three pre-
dicted RRMs and three intrinsically disordered regions (Fig. 2
A). Each of the RRMs contains an RNP1 and RNP2 motif with
phenylalanine residues that are essential for nucleic acid-
binding function (Maris et al., 2005). We confirmed that Rie1
binds RNA and that point mutation of RNP motifs within RRM2
and RRM3 affected RNA binding capacity (Fig. S1 B). All three
RRM mutants exhibited decreased steady-state abundance
(RRM1 and RRM3 mutants being more severe), suggesting that
functional RRMs are important for Rie1 stability (Fig. S1 C). We
found that Rie1 is expressed in bothmitotic andmeiotic cells, and
its abundance increases approximately threefold after over-
night growth in acetate-containing presporulation medium
(Fig. S1 D). Using a Rie1-Envy GFP fusion (Slubowski et al.,
2015), we observed that during meiosis, Rie1 is mainly cyto-
plasmic with both diffuse and granular morphology (Fig. S1 E).
Because RIE1 was reported to regulate cell size in mitosis
(Yahya et al., 2021), we tested whether rie1Δ mutants exhibit
mitotic growth defects. We found that (in the SK1 strain
background) the mitotic growth of rie1Δ mutants did not
significantly differ from wild type in four media conditions
(YPD complex–rich media, SDC semi-defined media, BYTA
presporulation acetate-containing media, and YPG glycerol-
containing non-fermentable media, Fig. 2 B). Our results in-
dicate that the severe rie1Δ phenotype, under the conditions
we tested, is specific to meiosis.

Because rie1Δ mutants do not properly enter meiotic pro-
phase I and exhibit no growth defect in presporulation medium,
we hypothesized that they fail to express a factor that promotes
meiotic entry. To test this idea, we compared the mRNA and
protein levels (using C-terminal epitope tags) of three key in-
ducer of meiosis (Ime) factors, Ime1, Ime2, and Ime4, in diploid
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Figure 1. A forward genetic screen for meiotic mutants reveals RIE1 as an entry factor. (A) Schematic overview of RBP meiotic entry screen. Repre-
sentative fluorescence images are shown for wild type (B2381) and a meiotic entry mutant (rim4Δ, B2585). Zip1-GFP is shown in green, Spc42-mCherry is
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rie1Δ and wild type cells upon transfer to sporulation (SPO)
medium (Fig. 2, C and D; and Fig. S2 A). The prominence of
Ime1 is discussed above, Ime2 is a cyclin-dependent kinase-
like kinase (Guttmann-Raviv et al., 2002), and Ime4 is an
mRNA N6-adenosine methyltransferase (Clancy et al., 2002;
Hongay et al., 2006). We found that Ime1, Ime2, and Ime4
protein levels were all decreased in rie1Δ. Furthermore, we found
that point mutation in any of the RIE1 RRMs was similar to rie1Δ
in that Ime1 expression was delayed but not totally abolished
(Fig. 2, C and D). Because RRM mutations negatively affect Rie1
abundance, phenotypes in these strains likely reflect a combi-
nation of decreased Rie1 RNA binding as well as protein levels. As
Ime1 is upstream and influences expression of IME2 (Mitchell
et al., 1990) and IME4 is dispensable for meiosis in the SK1
strain (Groth et al., 2010), we focused on understanding how RIE1
promotes Ime1 expression. Notably, the decreased Ime1 protein
levels in rie1 mutants did not appear to be simply a function of
lower IME1 transcript levels (Fig. 2, C and D). To assess whether
Rie1 has the capacity to bind IME1 mRNA, we conducted an
electrophoretic mobility shift assay (EMSA) using in vitro tran-
scribed IME1 mRNA and recombinant Rie1 purified from Esche-
richia coli (Fig. S2 B). We found that Rie1 binds IME1 mRNA
compared with a control protein, bovine serum albumin (BSA),
which does not bind (Fig. S2 C). Based on these data, we hy-
pothesized that Rie1 acts as a posttranscriptional activator
of IME1.

Because C-terminal tagging inhibits Ime1 function, we used an
N-terminal super-folder GFP Ime1 fusion (sfGFP-Ime1) to further
assess Ime1 expression and localization in rie1 mutants. In these
strains, expression of sfGFP-IME1 is driven by the IME1 promoter
from its endogenous locus (Tam and van Werven, 2020). We
confirmed that Ime1 protein levels (corrected for mRNA level)
were decreased in rie1Δ cells and rie1 RRMmutants (Fig. S3, A and
B). As expected, full deletion or point mutation of RIE1 RRMs
negatively affected the nuclear abundance of Ime1 as a conse-
quence of decreased total Ime1 levels (Fig. 2 E and Fig. S3 C). We
also measured how deletion or point mutation of RIE1 affects
progression through the meiotic divisions. While rie1Δ had the
most severe progression defect, every rie1 RRM point mutant
showed meiotic progression defects with rie1-F604L (RRM3) being
the most severe and rie1-F298L (RRM2) being the least severe
(Fig. 2 F). Taken together, these results support the hypothesis
that the RRM domains of Rie1 are important for its function in
proper Ime1 accumulation and meiotic progression.

While early meiosis events are altered in the absence of
Rie1, we wanted to further examine whether RIE1 is involved
in later meiotic events. To probe this question, we created
strains where Rie1 is fused with an auxin-inducible degron
(AID) tag in the NDT80-IN block-release synchronization
background, in which cells are released from a G2 arrest by
the induction of NDT80. (Benjamin et al., 2003; Carlile and
Amon, 2008). The AID tag allows for specific depletion of
a protein when auxin is added to the growth medium
(Nishimura et al., 2009). Using this system, we depleted Rie1
after 5 h in SPO medium and then released the cells from G2
arrest at 6 h. This allowed us to address whether Rie1 effects
meiotic processes after expression of Ime1. We found that
after depleting Rie1, meiotic progression was delayed as as-
sessed by accumulation of a protein specific to the second
meiotic division (Clb3) and by DAPI (Fig. 2 G). Two caveats to
these experiments are that the pRIM4-OsTIR (auxin-inducible
E3 driven by the RIM4 promoter) and the RIE1-AID tag (in the
absence of auxin) both negatively influence meiotic progres-
sion. Based on these data and our observations that rie1Δ cells
show delays in metaphase I, metaphase II, and anaphase II
(Fig. 1 F), we propose that Rie1 is important for later meiotic
events in addition to its role as an activator of early meiosis.

The meiotic activation role of Rie1 is independent of cell
size regulation
A previous study reported that Rie1 translationally represses the
G1 cyclin CLN3, and de-repression of CLN3 in rie1Δmutants leads
to decreased cell budding volume compared with wild type
(Yahya et al., 2021). Because Cln3 expression negatively impacts
Ime1 expression and thus meiotic entry (Garı́ et al., 2001;
Purnapatre et al., 2002), we wanted to determine whether and
to what degree rie1Δ phenotypes could be attributed to CLN3 de-
repression. If this is the case, the rie1Δ meiotic entry defect
should be suppressed in a cln3Δ background. To assess this
possibility, we compared meiotic entry and progression in wild
type, rie1Δ, cln3Δ, and rie1Δ cln3Δ double mutants by FACS and
DAPI staining. As expected, rie1Δ showed abnormal meiotic
progression and cln3Δ showed efficient entry as the checkpoint
for cell size entry into meiosis was made less stringent
(Nachman et al., 2007). Importantly, we found that the rie1Δ
cln3Δ double mutant did not rescue the rie1Δmeiotic entry defect
(Fig. 3, A and B). To determine whether Rie1 influences the size
of starved cells in G1 arrest (i.e., premeiotic cells), we measured

shown in magenta. Scale bar, 2 µm. (B) Strains homozygous for Zip1-GFP, Spc42-mCherry, ndt80Δ, and deletion of a gene encoding an RBP-containing protein
were induced to sporulate at 30°C. At 6 h, when cells had arrested in G2 due to the lack of NDT80, cells were collected, fixed with formaldehyde, and nuclear
Zip1 signal was assessed by fluorescencemicroscopy with DAPI staining to assess position of the nucleus. The y axis shows the percentage of Zip1-positive cells
as defined by a fivefold nuclear GFP signal over the background. Shown are screen results of three biological replicates where each point represents an
independent experiment. Orange bars indicate RRM mutants, and purple bars indicate genes encoding RBPs without an RRM. The results of two wild type
control strains (B2381) are shown in teal. (C) rie1Δ mutants exhibit a severe entry phenotype. Shown are representative examples of images taken at 6 h for
wild type (B2381) and rie1Δ (B2397) cells. Zip1-GFP is shown in green, Spc42-mCherry is shown in magenta (left panels) or red (right panels), and DAPI in blue.
Scale bar, 2 µm. (D–F) Strains harboring fluorescently labeled tubulin (pTUB1-GFP-TUB1) and Spc42 (SPC42-mCherry) and either RIE1 (wild type, B1451) or rie1Δ
(B1514) were induced to sporulate at 30°C. After 2.5 h of growth, the cells were loaded onto a microfluidics chip (Cell Asic), points were established, and cells
were imaged every 7 min starting at 3.5 h. (D) Percentage of cells entering meiosis was recorded. Each point represents the percentage entry in a field of view
(n = 12 fields [minimum five cells] for each genotype). (E and F) Single-cell analysis (for cells that entered meiosis, n = 25 for each genotype) of (E) time of
metaphase I onset and (F) time in metaphase I, anaphase I, metaphase II, and anaphase II. Mean is indicated by a black bar and statistical significance (*P < 0.05)
was determined by a two-sided student’s t test (data distribution was tested for normality).
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Figure 2. Rie1 is important for Ime1 expression in early meiosis. (A) Diagram of Rie1. RRM domains are shown in blue, RNP motifs in green, and IDRs in
purple. Phenylalanine residues critical for RRM function that we subsequently mutated are indicated in red. (B) Vegetative growth in various media conditions
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the cell size of rie1Δ, cln3Δ, andwild type cells grown overnight in
acetate growth medium (BYTA). As expected, both cln3Δ and
rie1Δ cln3Δ double mutants exhibited a significantly larger cell
volume than wild type cells (Fig. 3 C). We found that, in pre-
meiotic conditions, the size of rie1Δ cells does not differ signifi-
cantly fromwild type, indicating that the reported smaller size of
rie1Δ (Yahya et al., 2021) is likely limited to the context of veg-
etative growth. Taken together, our results indicate that the

meiotic entry defect in rie1Δ cells is not a result of CLN3 de-
repression.

Global translation is disrupted in cells lacking RIE1
Because the decreased Ime1 expression in rie1Δ cells cannot be
explained solely by decreased IME1 mRNA levels, we hypothe-
sized that RIE1 encodes a translational activator. This led us to
ask if rie1Δ cells show altered translation at a global level. To test

was determined in diploid wild type (B47, blue) and rie1Δ (B1574, red) strains. Strains were inoculated in YPD and grown overnight and then diluted to 0.2
OD600 the next day in YPD (glucose), BYTA (acetate) SDC (complete synthetic medium with glucose), or YPG (glycerol). Shown are mean values from three
biological replicates. Statistical significance was determined by Mann–Whitney test (n.s. = not significant). (C and D) Strains harboring IME1-3HA and rie1Δ
(B1653, red), wild type RIE1 (B1662, blue), rie1-F240L (B2403, yellow), rie1-F298L (B2836, pink), and rie1-F604L (B2298, purple) were induced to sporulate at
30°C. (C) Protein levels of Ime1 and Pgk1 (loading) were determined by immunoblot (IB) and mRNA levels of IME1 and rRNA (loading) were determined by
Northern blot. (D) Quantification of C showing Ime1 protein abundance corrected for IME1 mRNA levels. Biological replicates = 7. (E and F) Strains harboring
N-terminal sfGFP-tagged (sfGFP-IME1) and rie1Δ (B1653, red), wild type RIE1 (B1662, blue), rie1-F240L (B2403, yellow), rie1-F298L (B2836, pink), and rie1-F604L
(B2298, purple) were induced to sporulate at 30°C. (E) Single-cell measurements of nuclear sfGFP-Ime1 were determined using fluorescence microscopy.
Shown are individual measurements for 50 cells for each time point in each genetic background. Mean is indicated by a black bar and statistical significance
(***P < 0.0001) was determined by two-sided student’s t test with Welch’s correction for SD differences. (F) Progression through the meiotic divisions was
determined at the indicated times by DAPI staining. Biological replicates = 3 and error bars indicate SEM. (G) Strains harboring NDT80-IN, CLB3-3HA, pRim4-
OsTIR1, and either RIE1-6FLAG-AID (B1503) or wild type RIE1 (B1604) were induced to sporulate at 30°C. Cells were treated with auxin at 5 h (or vehicle control),
released from G2-arrest at 6 h, and samples were collected at the indicated times. Protein levels of Rie1, Clb3, and Pgk1 were determined by immunoblot, and
meiotic progression was determined by DAPI staining. Biological replicates = 3. Source data are available for this figure: SourceData F2.

Figure 3. Rie1 acts independently of the CLN3 pathway to promote meiotic entry. (A and B) Wild type (B47, blue), rie1Δ (B1574, red), cln3Δ (B2729,
yellow), and rie1Δ cln3Δ (B2726, orange) strains were induced to sporulate at 30°C. Progression through the meiotic divisions was determined at the indicated
times by DAPI staining (A) and progression through pre-meiotic S-phase by flow cytometry (B). Biological replicates = 3 and error bars indicate SEM. (C) Cell
size of diploid wild type, rie1Δ, cln3Δ, and rie1Δ cln3Δ strains was determined by differential interference contrast microscopy measurements after overnight
growth in BYTA (pre-meiotic) medium. The mean is indicated by a black bar and statistical significance (*P < 0.05) was determined by two-sided student’s
t test.
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this, we performed polysome profiling in meiosis and mitosis in
wild type and rie1Δ strains to assess if there were major differ-
ences in bulk translational profiles. We observed a pronounced
buildup of 80S monosome peaks in rie1Δ compared to wild type
cells throughout meiosis (Fig. S4 A). On the other hand, the
polysome profiles of wild type and rie1Δ cells are similar in
vegetative cells undergoing mitosis (Fig. S4 B). While our data
support the idea that Rie1 is important for translation specifi-
cally during gametogenesis, we appreciate that some or all the
rie1Δ 80S buildup could be explained by pleiotropic defects.

To further investigate the possibility that Rie1 acts as a
translational activator, we wanted to test whether Rie1 physi-
cally interacts with the translational machinery. We examined
the distribution of epitope-tagged Rie1 (Rie1-V5) in cell lysates
fractionated on sucrose density gradients, relative to the posi-
tions of bulk protein, small ribonuclear particles, ribosomes, and
polysomes. We analyzed samples with and without a mild
formaldehyde crosslinking treatment which can help detect
transient interactions between ribosomes and other factors
(Valášek et al., 2007; Wagner et al., 2020). We observed in-
creased abundance of Rie1 in actively translating fractions
(i.e., ribosomes and polysomes) in the crosslinked samples
throughout pre-meiotic S-phase (Fig. 4, A–C). As some RBPs
have the capacity to self-assemble into structures that frac-
tionate as large/dense particles (Berchowitz et al., 2015), we
wanted to test whether the sedimentation profile of Rie1 re-
quires intact ribosomes. We assessed the sedimentation of Rie1
in the presence of EDTA, a magnesium chelator that disrupts
ribosome structure (Gesteland, 1966). We found that EDTA
treatment caused a dramatic change in Rie1 sedimentation to
light fractions containing disrupted ribosomal subunits (Fig. S4 C).
Together, these results support the idea that the sedimentation
profile of Rie1 is likely due to its association with either ribosomes
or translating mRNA and not due to hetero- or homotypic as-
sembly of the protein. We next asked whether Ime1 protein ex-
pression is affected by the presence or absence of Rie1 outside of
the meiotic context. To test this, we placed IME1 under the control
of an inducible pGAL1-10 promoter in haploid wild type and rie1Δ
strains harboring the GAL4.ER fusion. After induction of IME1
transcription, we observed that rie1Δ cells accumulated less Ime1
protein compared with wild type cells at early timepoints in
glucose-containingmedium (Fig. 4 D). This result suggests that the
effect of Rie1 is independent of the endogenous IME1 promoter and
independent of any upstream signaling cues that drive IME1 ex-
pression (i.e., diploidy or starvation).

To test whether the meiotic transcription of IME1 target genes
is dysregulated in rie1Δ, we performed an early meiotic RNA
sequencing (RNA-seq) time course in wild type and rie1Δ. We
confirmed that the presence or absence of Rie1 did not signifi-
cantly influence abundance of IME1mRNA from 0 to 4 h in SPO
medium (IME1 mRNA decreased 0.368-fold in rie1Δ; P value
0.67). Using the UME6 regulon as a reference (Williams et al.,
2002), we observed that after 4 h in meiosis, Ime1-Ume6 target
transcripts, as a group, were significantly enriched in wild type
compared with rie1Δ (Fig. S4 D). These results are consistent
with the notion that Rie1 acts a posttranscriptional activator of
IME1 and indirectly drives transcription of Ime1/Ume6 targets.

While many proteins in multicellular eukaryotes have a
similar domain structure as Rie1, true orthologs are difficult to
determine due to their high degree of disorder and commonality
of the RRM domain. However, the mammalian proteins most
similar to Rie1 are the Bruno-like family of RRM-containing
proteins (such as CELF1) which are involved in several RNA-
related processes such as translational control and poly(A) tail
regulation (Barreau et al., 2006). We hypothesized that Rie1
could influence the length of the IME1 poly(A) tail, which could,
in turn, affect translation efficiency. We tested this hypothesis
by performing an oligo(dT)/RNase H Northern blot assay in
which meiotic mRNA extracted from wild type and rie1Δ was
incubated with oligo(dT) DNA and then treated with RNase H
which cleaves DNA/RNA hybrids. Because oligo(dT) binds
poly(A), RNase H cleaves the poly(A) tail resulting in a Northern
blot band shift. This allows estimation of poly(A) tail length of
any mRNA based on the band size differences between the oli-
go(dT)-treated and non-oligo(dT)-treated samples. We found
that presence or absence of Rie1 did not affect poly(A) tail length
of IME1 (Fig. S5 A). We conclude that the control of IME1 by Rie1
does not occur by regulation of poly(A) tail length.

Rie1 forms a complex with the RNA-binding protein Sgn1 to
enhance IME1 translation
To determine co-factors important for Rie1 function, we im-
munopurified (IPed) Rie1 from cells in the early stages of meiosis
(0, 2 h in SPO) and analyzed bound proteins by quantitative
mass spectrometry. The most highly enriched protein was an-
other RNA-binding protein Sgn1 which harbors significant
similarity to the translation initiation factor eIF4B (Fig. 5 A).
Sgn1 is a ∼29 kD protein with a single RRM and has been pre-
viously identified as a factor that associates with eIF proteins to
stimulate translation (Fig. 5 B; Winstall et al., 2000). Notably,
our meiotic entry screen identified sgn1Δ mutants as having a
moderate entry defect (Fig. 1 B). We validated the interaction
between Rie1 and Sgn1 by reciprocal co-IP in which FLAG-tagged
Sgn1was pulled down and co-purified V5-tagged Rie1 abundance
was measured by immunoblot (Fig. 5 C). We found that essen-
tially all the Rie1 in the lysate was pulled down with Sgn1, im-
plying that the majority of Rie1 present in the cell interacts with
Sgn1 (Fig. 5 C). We found that Sgn1 is expressed in both mitotic
and meiotic cells with similar abundance in all conditions tested
(Fig. 5 D).

If Rie1 and Sgn1 act primarily as a complex, deletion of SGN1
should not enhance rie1Δmeiotic entry defects and vice versa. To
test this idea, we assessed IME1mRNA/protein accumulation and
meiotic progression in wild type, rie1Δ, sgn1Δ, and rie1Δ sgn1Δ
strains. We found that both rie1Δ and sgn1Δ exhibited decreased
Ime1 protein levels without corresponding downregulation of
IME1 mRNA levels (Fig. 5, E and F). As indicated by our screen,
sgn1Δ strains have a less severe phenotype, as measured by Ime1
accumulation and meiotic progression, compared with rie1Δ
strains (Fig. S5 B). Importantly, the rie1Δ sgn1Δ double mutant
showed similar defects as rie1Δ. These data indicate that Rie1 and
Sgn1 both contribute to proper Ime1 expression and meiotic
progression but not additively. We also found that Clb3 ex-
pression is delayed compared with wild type strains in rie1Δ and
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sgn1Δ cells (Fig. S5, C and D). Because Sgn1 contains an RRM, we
tested whether it has the capacity to bind IME1 mRNA. We
conducted an EMSA using in vitro transcribed IME1 mRNA and
recombinant Sgn1 purified from E. coli (Fig. S5 E). We found that
Sgn1 binds IME1 mRNA compared with the BSA control (Fig.
S5 F).

To further understand the physical interaction between Sgn1
and Rie1, we used AlphaFold2 Multimer (Jumper et al., 2021;
Evans et al., 2022 Preprint; Varadi et al., 2022) to predict the
structure of the complex and ChimeraX to visualize the proteins
individually and as a complex (Goddard et al., 2018; Pettersen
et al., 2021; Fig. 5 G). AlphaFold2 predicts that Sgn1 and Rie1
form a complex (we specified 1:1 stoichiometry based on spec-
ulative support from our mass spectrometry data) where the
interacting residues primarily exist in unstructured regions of
both proteins. The predicted Rie1–Sgn1 structure exhibited
clustering of the Rie1 RRM domains at the center of the protein

and supports a model where the Sgn1 RRM acts as a clasp around
the Rie1 RRM core RNA-binding domains. To test the Rie1–Sgn1
interaction model, we identified and mutated three key residues
at the predicted interface between the two proteins (alanine
substitutions at Rie1 D429, S433, S435, Fig. 5 G). We then per-
formed co-IP in which V5-tagged Rie1 was pulled down (wild
type and mutant) and co-purified FLAG-tagged Sgn1 abundance
was measured by immunoblot (Fig. 5 H). In support of our
model, we found that rie1 predicted interface mutations partially
disrupted the physical interaction between Rie1 and Sgn1. The
effect of the rie1 interface mutations was particularly evident in
the unbound sample, where Sgn1 protein was now detectable in
the mutant pulldown. We then tested whether disruption of the
Rie1–Sgn1 interface affected Ime1 expression and meiotic pro-
gression. We found that rie1 D429A-S433A-S435A mutants ex-
hibited defective Ime1 accumulation and delayed appearance of
bi- and tetranucleate cells compared with wild type (Fig. 5, H

Figure 4. Rie1 is associated with the translational machinery and positively regulates IME1. (A–C) Strains harboring RIE1-3V5 (B3114) were induced to
sporulate at 30°C and samples were taken either without (A) or with (B) light crosslinking (1% formaldehyde, 15 min on ice). Lysates were fractionated on
10–50% sucrose density gradients with continuous monitoring at 260 nm. Rie1 and Pgk1 (monomeric control) protein levels were determined in each fraction
by immunoblot. Positions of the 40S, 60S, 80S, and polysomal ribosome peaks are indicated. (C) Progression through pre-meiotic S-phase was determined by
flow cytometry. Biological replicates = 3. (D) Haploid strains harboring pGAL-3HA-IME1, GAL4.ER, and either wild type RIE1 (B2722, blue) or rie1Δ (B2719, red)
were diluted to 0.5 OD600 in SDC. IME1 was induced by the addition of β-estradiol at 0.5 h. Ime1 and Pgk1 (loading) protein levels were determined at the
indicated times. Biological replicates = 3. Source data are available for this figure: SourceData F4.
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Figure 5. Rie1 forms a functional complex with the RBP Sgn1. (A) Strains harboring RIE1-3V5 (B3114) or wild type RIE1 (no tag, B47) were induced to
sporulate at 30°C and cells were collected at the indicated times. Lysates were prepared and Rie1 IP was conducted under non-denaturing conditions using
anti-V5 agarose beads. Precipitated proteins were tandem mass tag(TMT)–labeled and analyzed by mass spectrometry. Shown are the Log2 ratios of
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and I; and Fig. S5 G). Finally, to determine whether Sgn1 influ-
ences meiotic entry by affecting cell size, we performed a cell
volume analysis of diploid rie1Δ, sgn1Δ, and rie1Δ sgn1Δ cells
grown to saturation in acetate-containing medium. We found
that none of the mutants have cell volumes that statistically
differ from wild type strains under these conditions (Fig. S5 H).
Taken together, our results support a model in which Rie1 and
Sgn1 form a complex that acts to enforce the meiotic cell fate
decision.

Discussion
In this study, we show that two physically interacting RBPs, Rie1
and Sgn1, positively enforce the cell fate decision to enter mei-
osis in budding yeast. We found that Rie1 and, to a lesser extent,
Sgn1 posttranscriptionally enhance expression of Ime1, which
encodes the master regulatory transcription factor governing
entry into meiosis. Our results support the idea that after pro-
meiotic signaling cues, Rie1 and Sgn1 posttranscriptionally en-
hance Ime1 accumulation, thus contributing to timely meiotic
entry. We also determined that the role of Rie1 and Sgn1 in
promoting meiotic entry is not a result of a role in CLN3 re-
pression. We appreciate that Rie1–Sgn1 may have other func-
tions aside from Ime1 activation. rie1Δ mutants show slower
progression through the meiotic divisions, and Rie1 depletion in
meiotic prophase caused later meiosis progression defects. This
supports the notion that Rie1 and Sgn1 have additional targets
and roles because Rie1 depletion occurred after the function of
Ime1 had already been executed.

There are several mechanisms by which the Rie1–Sgn1
complex could promote Ime1 expression. We can rule out that
the Rie1–Sgn1 complex acts primarily by restricting IME1mRNA
decay based on our steady-state Northern blot and RNA-seq
mRNA measurements. One possibility would be that Rie1 and
Sgn1 affect splicing of IME1mRNA, but because IME1 contains no
introns, this can be ruled out. Alternatively, poly(A) tail length
of IME1 could be affected by Rie1 and Sgn1. However, this is not
supported by our poly(A) tail assays. Because C-terminally tag-
ged IME1-3HA and pGAL-IME1-3HA (the pGAL1-10 promoter swap
replaces the IME1 59UTR) are both repressed in rie1Δ, we con-
clude that there is no essential Rie1-responsive element in the
IME1 59 or 39UTRs, which also likely rules out alternative 39

cleavage. However, it is possible that the HA construct and/or or
the pGAL 59UTR contains a Rie1 binding site. We suspect that
Rie1–Sgn1 either binds to the coding sequence of the IME1mRNA
or a generic mRNA feature such as the poly(A) tail. A speculative
possibility is that some feature of IME1 mRNA could make it
more susceptible to regulation by Rie1–Sgn1. We have not de-
termined whether Rie1–Sgn1 influences the IME1 transcription
start site. Our preferred hypothesis, supported by the robust
polysome association of Rie1, is that Rie1–Sgn1 recruits IME1
mRNA to ribosomes.

Our results imply that yeast has evolved a way to control
meiotic entry via RBPs that are expressed in both mitosis and
meiosis. Aside from its role in promoting Ime1 expression,
Rie1 functions in vegetative cells. For example, Rie1 coloc-
alizes with stress granules (Buchan et al., 2008; Yahya et al.,
2021) and endoplasmic reticulum encountering structures
(ERMES; Kojima et al., 2016). Notably, Rie1 overexpression can
rescue respiratory growth in ERMES-deficient mmm1Δ mutants.
While we did not observe any vegetative growth defects in rie1Δ
cells under the conditions we tested, it is likely that Rie1 has RNA
targets whichmay allow the protein to have distinct roles in both
mitosis and meiosis. It is also possible that its role in ERMES
function affects meiotic entry. However, this is somewhat
complicated by the fact that diploid rie1Δ cells grow readily in
respiration-requiring media such as YPG, indicating that, over-
all, mitochondrial function is maintained in rie1Δ cells.

Initiation of meiotic entry in a haploid cell is lethal, and it is
critical that a cell restricts Ime1 protein expression to meiosis.
Several mechanisms, including RNA decay, play important roles
in preventing spurious meiotic entry. Many early meiotic
mRNAs, including IME1, have short half-lives (∼3.1 min for IME1
when expressed in vegetative cells; Surosky and Esposito, 1992).
Because both Rie1 and Sgn1 are low-abundance proteins (Rie1
∼500 and Sgn1 ∼2,000 molecules/cell as measured by quanti-
tative mass spectrometry in vegetative growth; Kulak et al.,
2014), there is strong competition in the cell for Rie1–Sgn1
mRNA binding sites in vegetative cells (∼15,000–40,000 mRNA
per cell; Holstege et al., 1998; Zenklusen et al., 2008). We ob-
served that Rie1 is upregulated in starvation while Sgn1 abun-
dance is consistent (in conditions tested). Because Rie1 levels are
lower than Sgn1 in vegetative growth (Kulak et al., 2014), Rie1
abundance is likely the limiting factor in Rie1–Sgn1 complex

enrichment over no-tag control for each identified protein (minimum 2 unique peptides). (B) Diagram of Sgn1. RRM domain is shown in blue, RNP motifs in
green, and eIF4B-related region is outlined in orange. (C) Strains harboring RIE1-3V5 and either SGN1-FLAG (B2668) or wild type SGN1 (B3114) were induced to
sporulate at 30°C. Sgn1-FLAG was IPed frommeiotic lysate using anti-FLAG agarose beads at the indicated time points. Shown are Sgn1 and Rie1 protein levels
by immunoblot (IB) in lysate, unbound, and IP samples. Biological replicates = 2. (D) Strains harboring SGN1-FLAG (B2668) were grown in either YPD (log phase),
BYTA (stationary phase), or induced to sporulate at 30°C. Samples were collected at the indicated times and Sgn1 and Pgk1 (loading) protein levels were
determined by immunoblot. Quantifications of Sgn1/Pgk1 compared to YPD (set at 1) are indicated below. (E and F) Strains harboring N-terminally tagged
sfGFP-IME1 and rie1Δ (B2430, red), wild type RIE1 and SGN1 (B2459, blue), sgn1Δ (B3375, orange), or rie1Δ sgn1Δ (B3378, gray) were induced to sporulate at
30°C. Protein levels of Ime1 and Pgk1 (loading) protein levels were determined by immunoblot and mRNA levels of IME1 and rRNA (loading) were determined by
Northern blot. (F) Quantification of Ime1 protein levels corrected for IME1mRNA levels are shown. Biological replicates = 3. (G) AlphaFold2 output of individual
Rie1–Sgn1 structures and AlphaFold2 Multimer output of predicted Rie1–Sgn1 complex. Rie1 is shown in blue and Sgn1 is shown in orange. A ribbon diagram
zoomed in on the predicted Rie1–Sgn1 interface is shown on right with key interacting residues on Rie1 highlighted. (H and I) Strains harboring SGN1-FLAG and
3V5 tagged RIE1 (B2668) or rie1 D429A, S433A, and S435A (B3551) were induced to sporulate at 30°C. RIE1-3V5 with untagged wild type SGN1 (no tag control,
B3114) was also included. Rie1-3V5 was IPed frommeiotic lysate using anti-V5 agarose at the indicated time points. (H) Shown are Sgn1 and Rie1 protein levels
by immunoblot in lysate, unbound, and 1% IP and 99% IP samples. (I) Protein levels of Ime1 and Pgk1 (loading) were determined by immunoblot with
quantifications shown below. Source data are available for this figure: SourceData F5.

Gaspary et al. Journal of Cell Biology 10 of 17

Rie1 and Sgn1 enforce timely meiotic entry https://doi.org/10.1083/jcb.202302074

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/222/11/e202302074/1917258/jcb_202302074.pdf by C

olum
bia U

niv Biol Sci user on 25 Septem
ber 2023

https://doi.org/10.1083/jcb.202302074


abundance. We propose that when IME1 transcription bursts in
conjunction with Rie1 upregulation, downstream of nutrient and
diploidy cues, the probability that an IME1 mRNA encounters a
Rie1–Sgn1 complex will increase as a function of both IME1
mRNA and Rie1–Sgn1 complex abundance (Fig. 6). Our model is
conceptually similar to the “hungry spliceosome” model pro-
posed by Talkish et al. (2019), which rationalizes why splicing of
meiotic genes containing suboptimal introns is more efficient in
starvation (Juneau et al., 2007). In this model, spliceosomes are a
limiting resource predominantly recruited to optimal splicing
sites on abundant transcripts that generally encode ribosomal
proteins. During starvation and meiotic entry, transcription of
ribosomal protein genes is downregulated, which frees spliceo-
somes to bind to and splice mRNAs that contain non-consensus
splice sites such as HOP2, REC107, REC114, and DMC1. Like IME1,
misexpression of these meiotic factors could be detrimental and
the cell has evolved several fail-safe mechanisms, including the
Rie1–Sgn1 complex and meiotic introns, to prevent mistimed
translation of these transcripts. However, it is equally important
that Ime1 expression is robust during the onset of meiosis such
that this key developmental decision can be enforced when
dictated by environmental conditions. We propose that upre-
gulation of the Rie1–Sgn1 complex during starvation allows
sufficient Ime1 protein to trigger Ume6 degradation. This ac-
tivity triggers IME2 expression, which results in negative feed-
back on IME1 (Rubenstein and Schmidt, 2007) and proper
commitment to the meiotic cell fate.

Materials and methods
Yeast strain construction
All strains used in this work were derived from the S. cerevisiae
SK1 background. We used standard transformation methods
(Gietz et al., 1995). Transformations were done in a B1 wild type
strain and confirmed by sequencing. Positive transformants
were backcrossed with B2 before mating with strains containing
desired constructs until the desired genotype was achieved. For
point mutants of Rie1, we co-transformed B1 with a plasmid
expressing Cas9 and a gRNA sequence targeting the RIE1 locus
and a DNA repair template harboring the desired mutations in
RIE1. The plasmid also harbored a kanMX cassette, allowing for
isolation of positive colonies. All strains were confirmed by
sequencing.

Yeast media details and culture conditions
All yeast strains were grown at 30°C. For meiotic cultures,
strains were inoculated in YEPD (1% yeast extract, 2% peptone,
and 2% dextrose) and grown overnight with shaking at 30°C.
The following day, the cells were diluted in BYTA (1% yeast
extract, 2% tryptone, 1% potassium acetate, 50 mM potassium
phthalate) to an OD600 of 0.3 and grown overnight with shaking
(∼16 h). The following morning, cells were washed once with
water and resuspended in SPOmedium (0.3% potassium acetate,
pH 7.0, 0.02% raffinose) at OD600 = 1.8 and grown with shaking.
Auxin-AID strains were induced to degrade AID-tagged proteins
by addition of 0.25 mM Auxin at 5 h. pGAL-NDT80, GAL4.ER

Figure 6. Model for IME1 activation by Rie1–Sgn1. Top: In vegetatively growing cells, IME1 transcription is repressed and Rie1–Sgn1 abundance is low. IME1
mRNAs that arise by leaky transcription will have a low probability of encountering Rie1–Sgn1 activators. Bottom: At meiosis onset, IME1 transcription and
Rie1–Sgn1 abundance are increased by pro-sporulation cues. IME1 transcripts now have a higher probability of encountering Rie1–Sgn1 complexes due to the
increased ratio of IME1 mRNA to total mRNA as well as the increased availability of Rie1–Sgn1.
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strains were released from G2 arrest by the addition of 1 μM
β-estradiol at 6 h.

Meiotic progression analysis and fluorescence microscopy
Cells were fixed in 3.7% formaldehyde. For the analysis of nu-
clear divisions, Rie1-ENVY, and sfGFP-Ime1, fluorescence mi-
croscopy was performed as in Carpenter et al. (2018) with minor
modifications. Samples were permeabilized with 1% Triton-X
and mounted in 0.1 M KPO4 (pH 7.5), 1.2 M sorbitol with
DAPI. Images were acquired using SoftWoRx (Cytiva) at 100×
magnification (Olympus UPLXAPO, numerical aperture 1.45)
using a DeltaVision microscope (GE Healthcare) equipped with
an EDGE sCMOS 5.5 camera at room temperature (∼25°C) and
analyzed using FIJI (ImageJ) software. Cells containing one dis-
tinct nucleus were classified as uninucleate, cells containing two
separate and distinct nuclei were classified as binucleate, and
cells containing any more than two separate and distinct nuclei
were classified as multinucleate. For live imaging, after 2.5 h of
growth in SPO at 30°C, the cells were loaded onto a microfluidics
chip (Cell Asic), stage positions were established, and cells were
imaged every 7 min for 12 h starting at 3.5 h. Exposure con-
ditions were as follows: FITC 5%T, 0.08 s; mCherry 50%T 0.10 s;
5 z-stacks at 0.2 μm spacing. A max intensity projection was
used for analysis.

Fluorescence microscopy signal intensity analysis
GFP signal intensity in the nucleus was quantified using FIJI
software. DAPI channel signal was traced in FIJI for each indi-
vidual cell analyzed (100 cells per condition) and signal intensity
in GFP channel was quantified within the border of the DAPI
trace to generate numerical values for GFP intensity. The
background GFP signal for each image was normalized to the
average background signal for each condition.

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 µl acid-washed glass beads
(Sigma-Aldrich), 100 µl lysis buffer (10 mM Tris-HCl, 1 mM
EDTA, pH 8, 2.75 mM DTT), Halt protease inhibitors (Thermo
Fisher Scientific), and a 45-s process in a FastPrep-24 (MP Bio-
medicals) at maximum speed.We added 50 µl loading buffer (9%
SDS, 0.75 mM Bromophenol blue, 187.5 mM Tris-HCl, pH 6.8,
30% glycerol, and 810 mM b-mercaptoethanol); samples were
heated at 100°C for 5 min and centrifuged 5 min at 20,000 g.

Polynucleotide kinase RNA labeling assay
5 ml of SPO culture (2 h) were UV crosslinked with 750,000 mJ/
cm2, collected by centrifugation, resuspended in 5% TCA,
washed once with acetone, and air-dried. A no-UV-crosslinking
control was included for each strain analyzed. IP from denatured
protein extracts was conducted with modifications. After clari-
fication, extracts were treated with 8 ng/ml RNase A and 4 U
Turbo DNase for 15 min at 37°C with shaking at 1,100 rpm. After
IPwith α-V5 agarose gel (mousemonoclonal, Cat# A7345; Sigma-
Aldrich), the gel was washed twice with high salt buffer, twice

with low salt buffer, and twice with PNK buffer (50 mM Tris
HCl, pH 7.5, 50mMNaCl, 10mMMgCl2, 0.5% NP-40) containing
5 mMDTT. Beads were resuspended in PNK buffer + 5 mMDTT,
0.1 mCi/ml [ γ-32P]ATP (Perkin Elmer), 1 U/ml T4 PNK (New
England Biolabs), and labeled for 15 min at 37°C. Beads were
washed with 1 ml PNK buffer to remove unincorporated [γ-32P]
ATP and boiled 5 min in 1× SDS-PAGE loading buffer. Samples
were then separated by SDS-PAGE and blotted to nitrocellulose.
Bound RNA was assessed by phosphorimage, and IP efficiency
was determined by the immunoblot protocol listed below.
α-V5 (mouse monoclonal, RRID:AB_2556564; Thermo Fisher
Scientific) at 1:2,000 was used as a primary antibody and
TrueBlot ULTRA α-mouse Ig horseradish peroxidase (HRP; Cat#
18-8816-31; Rockland) used at 1:20,000 for the secondary
antibody.

Non-denaturing immunoprecipitation
2 ml of SPO culture was harvested, centrifuged, and flash-frozen
in liquid nitrogen. Samples were fully thawed and resuspended
in 200 µl NP-40 lysis buffer (50 mM Tris-HCl, pH 7.5, 150 mM
NaCl, 1% NP-40, 10% glycerol) and protease inhibitors (1:1,000
DTT, 1:100 Halt protease inhibitors [Thermo Fisher Scientific],
and 1 mM PMSF) with 0.5 mm zirconia/silica beads (BioSpec
Products). Cells were lysed using a 45-s process in a FastPrep-24
(MP Biomedicals) at maximum speed. The lysates were clarified
twice by centrifugation at maximum speed for 10 min at 4°C.
Total protein input samples are takenwith 10 µl of the lysate and
5 µl loading buffer (9% SDS, 0.75 mM Bromophenol blue,
187.5 mM Tris-HCl, pH 6.8, 30% glycerol, and 810 mM b-mer-
captoethanol) and boiled 5 min. The remaining lysate was di-
luted to 1.5 ml of NP-40 buffer and incubated with 15 µl α-FLAG
M2 affinity gel (mouse monoclonal, Cat# A2220; Sigma-Aldrich)
or α-V5 agarose (mouse monoclonal, Cat# A7345; Sigma-Al-
drich) with rotation for 1 h at 4°C. To pellet affinity gel, samples
were centrifuged at 2,000 rpm for 30 s. Unbound protein
samples were collected (10 µl), 5 µl loading buffer was added,
and samples were boiled for 5 min. The affinity gel was then
washed four times with 1 ml NP-40 buffer. The affinity gel was
then incubated in 20 µl lysis buffer (10 mM Tris-HCl, 1 mM
EDTA, pH 8, 2.75 mM DTT, Halt protease inhibitors [Thermo
Fisher Scientific]) and 10 µl loading buffer, boiled for 5 min, and
centrifuged 5 min at maximum speed. Samples were then ana-
lyzed by the immunoblot protocol listed below, and TrueBlot
ULTRA α-mouse Ig HRP (Cat# 18-8816-31; Rockland) used at
1:5,000 for the secondary antibody.

Immunoblot analysis
Polyacrylamide gels were run on a mini or midi gel system
(BioRad) with SDS Running Buffer (190 mM glycine, 25 mM
Trizma base, 3.5 mM, 1% SDS) using 4–15% gels. Gels were
transferred to a nitrocellulose membrane using a semi-dry
transfer apparatus (BioRad). α-GFP (mouse monoclonal, Cat#
11814460001; Sigma-Aldrich) was used at 1:1,000, α-Pgk1 (mouse
monoclonal, RRID:AB_2532235; Thermo Fisher Scientific) was
used at 1:20,000, α-v5 (mouse monoclonal, RRID:AB_2556564;
Thermo Fisher Scientific) was used at 1:2,000, α-FLAG (mouse
monoclonal, Cat# F7425; Sigma-Aldrich) was used at 1:2,000,
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and α-HA (mouse monoclonal, RRID:AB_2565336; BioLegend)
was used at 1:1,000. An α-mouse HRP-conjugated secondary
antibody (Cytiva) was used at 1:10,000. The signal was visual-
ized using ECL prime chemiluminescence substrate (Cytiva) and
acquisition of chemiluminescence images was conducted using
an Amersham Imager 600 (GE Healthcare). At least three ex-
posures were taken for each experiment to ensure that our
signal did not saturate and that we were in the linear range of
the instrument.

Polysome profiling
Approximately, 5 × 108 of yeast cells were lysed using a 45-s
process in a FastPrep-24 in polysome lysis buffer (20 mM Tris-
HCl, pH 7.5, 10 mM magnesium chloride, 50 mM potassium
chloride, 10 μg/ml cycloheximide, 1 mM PMSF, 1× Halt protease,
and phosphatase inhibitor cocktail [78442; Thermo Fisher Scien-
tific]). Lysate was cleared by centrifugation at 4°C at 20,000 g for
10 min. Lysate was loaded on a 10–50% sucrose gradient in
polysome lysis buffer. Gradients were centrifuged for 2 h at
38,000 rpm in a Beckman SW41Ti rotor. Fractions were collected
using a BioComp gradient station and a BioComp TRiAX flow cell
monitoring continuous absorbance at 260 nm. For Western blot
analysis, each fraction received 100% TCA to a final concentration
of 5% TCA. We then added 50 µl loading buffer (9% SDS, 0.75 mM
Bromophenol blue, 187.5 mM Tris-HCl, pH 6.8, 30% glycerol, and
810 mM b-mercaptoethanol); samples were heated at 100°C for
5 min and centrifuged 5 min at 20,000 g.

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

Samples were centrifuged at 13,000 g for 20 min, washed
with 1 ml 80% ethanol, centrifuged at 13,000 g for 5 min, and
dried. RNA pellets were resuspended in 25 µl diethyl pyrocar-
bonate (DEPC) water at 37°C with shaking at 1,000 rpm for
15 min and concentrations were determined using a NanoDrop
(Thermo Fisher Scientific). We added 22 µl denaturing mix (15
µl formamide, 5.5 µl formaldehyde, and 1.5 µl 10× MOPS) to
8 mg total RNA in 8 µl and heated at 55°C for 15 min. 20 µl of
sample (∼5 µg) was resolved on a denaturing agarose gel (1.9%
agarose, 3.7% formaldehyde, 13 MOPS buffer) for 2.5 h at 80 V.
The gel was blotted to a Hybond membrane (GE Healthcare) by
capillary transfer in SSC (1.5 M NaCl, 0.15 M trisodium citrate
dihydrate, pH 7). The membrane was incubated in a hybridi-
zation 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
α-32P-labeled DNA probes prepared via Amersham Megaprime
DNA labeling kit (GE Healthcare) and Illustra ProbeQuant col-
umns (GE Healthcare), transferred to a phosphor screen, and
imaged on a Typhoon imager (GE Healthcare).

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

RNA–protein EMSA
IME1 in vitro transcription
IME1mRNA (with 59 and 39 UTRs) was transcribed in vitro using
the MEGAscript T7 kit (Thermo Fisher Scientific). Briefly, an
IME1 DNA template with a T7 promoter sequence was amplified
from SK1 genomic DNA by PCR and gel purified. 1 µg of DNA
template was used in the in vitro transcription reaction which
was incubated at 37°C for 3 h. The reaction was treated with
TURBO DNAse to remove the DNA template (37°C, 15 min). RNA
was recovered by phenol/chloroform extraction, isopropanol
precipitated, washed with 80% ethanol, and resuspended in
DEPC-treated water.

Cloning, expression, and purification of Rie1 and Sgn1
Full-length RIE1 and SGN1 (from S. cerevisiae SK1 genomic DNA)
was cloned into the first cassette of a pET-Duet plasmid using
inverse PCR. The pET-Duet plasmid was previously modified to
encode a C-terminal 3C protease cut site) followed by a His tag.
For protein expression, the plasmids carrying C-terminally
tagged RIE1 and SGN1 were transformed into the low back-
ground strain (LOBSTR) E. coli expression strain containing a
RIL plasmid (Kerafast; Andersen et al., 2013). To obtain purified
Rie1 and Sgn1, 1 liter of LOBSTR cells containing the RIE1 or SGN1
plasmids were grown in LB (with 100 µg/ml of ampicillin and
35 µg/ml of chloramphenicol) to an OD600 of 0.7 at 37°C, shifted
to 18°C for 30 min, and induced with 200 µM IPTG for 18 h. The
cells were collected by centrifugation and resuspended in
400 ml of cold lysis buffer (50 mM Tris/HCl, pH 8.0, 500 mM
NaCl, 40 mM imidazole, and 5 mM β-mercaptoethanol). The
cells were lysed on ice by sonication (Misonix). Cell debris was
removed by centrifugation and the supernatant was incubated
with 1 ml of equilibrated Ni-Sepharose 6 Fast Flow resin (GE Life
Sciences) and gently mixed in batch for 1 h at 4°C. The Ni-resin
was collected by centrifugation and placed in a 10-ml polypro-
pylene column (Thermo Fisher Scientific) and washed with 100
column volumes of wash buffer (10 mM Tris/HCl, pH 8.0,
150 mMNaCl, 40mM imidazole, and 5 mM β-mercaptoethanol).
Rie1 and Sgn1 were eluted with 5 ml of elution buffer (10 mM
Tris/HCl, pH 8.0, 150 mM NaCl, 300 mM imidazole, and 5 mM
β-mercaptoethanol) and analyzed by SDS-PAGE. The eluate was
treated with HRV 3C protease (Sino Biological) for 16 h at 4°C to
cleave the His tag. Samples were reincubated onNi-Sepharose to
remove the tag and the 3C (contains a His tag), placed in a 10-ml
polypropylene column, and the flowthrough was collected and
analyzed by SDS-PAGE.

EMSA
5 pmol of IME1 mRNA (including UTRs) was incubated with
purified protein (gradient from 100, 50, 10, 5, 1, 0.5, 0.1 pmol) in
a binding buffer (40 mM Tris HCl, pH 8.0, 30 mM KCl, 1 mM
MgCl2, 0.01% NP-40, 1 mM DTT) for 45 min at 30°C. After in-
cubation, samples were diluted with 4 µl loading buffer (60 mM
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KCl, 10 mM Tris HCl, pH 7.6, 5% glycerol, 0.01% xylene cyanol,
and 0.01% Bromophenol blue). 10 μl of each sample was sepa-
rated on a 1% agarose Tris-Borate-EDTA gel which was stained
with SYBR Gold (Thermo Fisher Scientific) and visualized on a
UV imager.

Flow cytometry analysis
Samples were harvested as 1.5 ml of SPO culture, centrifuged for
1 min at 3,000 g, resuspended in 1 ml 70% ethanol, and left
overnight to fix. Samples were twice centrifuged, aspirated, and
resuspended in 800 µl 50 mM sodium citrate (pH 7). Cells were
sonicated (S-4000; Misonix) for 10 s at 2 amplitude. 200 µl of
RNAse buffer (50 mM sodium citrate, 0.25 mg/ml RNAse A
[Millipore]) was added to the sample and incubated at 37°C
overnight. Samples were incubated for 1 h at 37°C with 5 µl of
proteinase K (Millipore). Samples were pelleted at 3,000 g, as-
pirated, resuspended in SYTOX buffer (500 µl 50 mM sodium
citrate, pH 7, 1 µM SYTOX green [Invitrogen]), transferred to
5 ml polystyrene tubes (Falcon), and allowed to stain at room
temperature for 1 h protected from light. Before measuring,
samples were sonicated for 10 s at 2 amplitude, and SYTOX
staining for 30,000 cells was measured on a flow cytometer
(Accuri) with gating to remove debris.

Rie1 IP and quantitative mass spectrometry
For native Rie1 IP, 25 ml meiotic culture was pelleted, washed
once with Tris (pH 7.5), transferred into a 2 ml tube, and snap-
frozen in liquid nitrogen for later processing. Cells were broken
with Zirconia/Silica beads in 200 µl NP-40 Lysis Buffer (50 mM
Tris, pH 7.5, 150 mM NaCl, 1% NP-40, 10% glycerol) containing
1 mM DTT and Halt protease inhibitors (Thermo Fisher Scien-
tific). After breaking, extracts were cleared twice by centrifu-
gation at maximum speed at 4°C in a benchtop centrifuge. IPs
were performed in extract diluted to 1 ml in NP-40 buffer. Rie1-
3V5 was IPed at 4°C for 2 h using 20 µl of anti-V5-agarose
(Sigma-Aldrich). After incubation, beads were washed four
times with NP-40 buffer, twice in Buffer 2 (50 mM Tris, pH 7.5,
150 mM NaCl, 10 mM MgCl2, 0.05% NP-40, and 5% glycerol),
and twice in Buffer 3 (50 mMTris, pH 7.5, 150 mMNaCl, 10 mM
MgCl2, and 5% glycerol). After the last wash, the wash buffer
was aspirated completely and the beads were resuspended in
80 µl trypsin buffer (2 M urea, 50 mM Tris, pH 7.5, 5 µg/ml
trypsin) to digest the bound proteins at 37°C for 1 h with agita-
tion. The beads were centrifuged at 100 rcf for 30 s and the
partially digested proteins (the supernatant) were collected. The
beads were then washed twice with 60 µl urea buffer (2 M urea,
50 mM Tris, pH 7.5). The supernatant of both washes was col-
lected and combined with the partially digested proteins (final
volume 200 µl). After brief centrifugation, the combined par-
tially digested proteins were cleared from residual beads and
frozen in liquid nitrogen.

100 µl of the partially digested proteins were thawed and
disulfide bonds were reduced with 5 mM DTT and cysteines
were subsequently alkylated with 10 mM iodoacetamide. Sam-
ples were further digested by adding 0.5 µg sequencing grade
modified trypsin (Promega) at 25°C. After 16 h of digestion,
samples were acidified with 1% formic acid (final concentration).

Tryptic peptides were desalted on C18 StageTips according to
Rappsilber et al. (2007) and evaporated to dryness in a vacuum
concentrator. The desalted peptides were labeled with the
TMT11plex mass tag labeling reagent according to the manu-
facturer’s instructions (Thermo Fisher Scientific) with small
modifications. Briefly, peptides were dissolved in 30 µl of
50 mMHepes (pH 8.5) solution and the TMT-11plex reagent was
added in 12.3 µl of MeCN. After 1 h incubation, the reaction was
stopped with 2.5 µl 5% hydroxylamine for 15 min at 25°C. Dif-
ferentially labeled peptides were mixed for each replicate (see
mixing scheme below) and subsequently desalted on C18
StageTips (Rappsilber et al., 2007), evaporated to dryness in
a vacuum concentrator, and reconstituted in 20 µl 3% ace-
tonitrile and 0.1% formic acid.

Liquid chromatography–tandem mass spectrometry was
performed as previously described with minor modifications
(Cheng et al., 2018; Keshishian et al., 2015). The samples were
analyzed on an Eksigent nano LC-415 HPLC system (Sciex)
coupled via a 25 cm C18 column (inner diameter 100 µm packed
in-house with 2.4 µm ReproSil-Pur C18-AQ medium; Dr. Maisch
GmbH) to a benchtop Orbitrap Q Exactive HFmass spectrometer
(Thermo Fisher Scientific). Peptides were separated at a flow
rate of 250 nl/min with a linear 106min gradient from 2% to 25%
solvent B (100% acetonitrile, 0.1% formic acid), followed by a
linear 5-min gradient from 25% to 85% solvent B. Each sample
was run for 140 min, including sample loading and column
equilibration times. Data were acquired in a data-dependent
mode using Xcalibur 2.8 software. MS1 Spectra were measured
with a resolution of 60,000, an automatic gain control target of
3e6, and a mass range from 375 to 2,000 m/z. Up to 15 MS2
spectra per duty cycle were triggered at a resolution of 60,000,
an automatic gain control target of 2e5, an isolation window of
1.6 m/z, and a normalized collision energy of 36.

All raw data were analyzed with MaxQuant software version
1.6.0.16 (Cox and Mann, 2008) using a UniProt yeast database
(release 2014_09, strain ATCC 204508/S288c), and tandemmass
spectrometry searches were performed with the following pa-
rameters: TMT-11plex labeling on the MS2 level, oxidation of
methionine and protein N-terminal acetylation as variable
modifications; carbamidomethylation as fixed modification;
Trypsin/P as the digestion enzyme; precursor ion mass toler-
ances of 20 ppm for the first search (used for nonlinear mass re-
calibration) and 4.5 ppm for the main search; and a fragment ion
mass tolerance of 20 ppm. For identification, we applied a
maximum false discovery rate of 1% separately on protein and
peptide levels. We required one or more unique/razor peptides
for protein identification.

Finally, the TMT MS2 intensities were normalized such that
at each condition these intensity values added up to exactly
1,000,000; therefore, each protein group value can be regarded
as a normalizedmicroshare (we did this separately for each TMT
channel for all proteins that made our filter cutoff in all the TMT
channels).

Oligo(dT)/RNase H Northern blot assay
10 µg of purified RNA samples for each condition (wt and rie1Δ)
was transferred to a PCR tube (VWR). Then 1.7 µl of primer was
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added to each tube. 3.3 µl oligo dT or water (+/− oligo dT sam-
ples) was then added. Samples were then flick mixed, briefly
spun down, and incubated at 65°C for 5 min. Samples were re-
moved from heat and placed on ice before RNAse H digestion
with 1.6 µl RNAse H, 1.6 µl RNAse H 10× buffer, and water to
16 µl total volume. The samples were again flick mixed, spun
down, and then incubated at 37°C for 30 min. The samples were
run as in the above Northern blot protocol, with the only dif-
ferences being 44 µl of standard denaturation mix was used and
the final gel was a 2% agarose gel, which was run for 3 h.

RNA-seq and alignment
Briefly, poly-A pull-down was used to enrich mRNAs from total
RNA samples and proceed on library preparation by using Illu-
mina TruSeq RNA prep kit. Libraries were sequenced using
paired-end sequencing (100 bp) in multiplex using Illumina
NovaSeq at Columbia Genome Center. Real-time analysis (RTA,
Illumina) was used for base calling and bcl2fastq2 (version 2.17)
for converting BCL to fastq format, coupled with adaptor trim-
ming. Sequencing reads were mapped onto SK1 genome refer-
ence (Yue et al., 2017) using STAR (Dobin et al., 2013) with the
following parameters: multiple alignments allowed: 20; multiple
alignment retained: 1; order of multiple alignments: Random
(--outMultimapperOrder Random --outSAMmultNmax 1 --out-
FilterMultimapNmax 20 --outFilterScoreMinOverLread 0.3
--outFilterMatchNminOverLread 0.1 --seedSearchStartLmax
20 --seedSearchStartLmaxOverLread 0.2 --alignSJoverhangMin
1 --alignSJDBoverhangMin 1) while other parameters were set to
defaults. Reads count were scaled by count per millions.

Differential RNA-seq analysis
The tool featureCounts (Liao et al., 2014) was used to determine
the number of reads mapped to each transcript using the default
parameters except -O allowMultiOverlap. Volcano plots were
produced using the output of DESeq2 (Love et al., 2014). To
determine whether the overall enrichment of the UME6 regulon,
as a group, in wild type vs. rie1Δ is significant, we compared the
mean enrichment of the UME6 regulon (38 genes) to random
expectations. Briefly, we sampled enrichment values of 38
randomized genes 10,000 times. From these randomizations, we
generated a distribution with a defined mean and standard de-
viation. We then generated a z-score and corresponding P value
from our observed enrichment value for the UME6 regulon
(mean fold enrichment 0.561).

Statistical methods
Statistical significance was determined by Student’s t test (two-
sided), Mann-Whitney test, or Z test statistic as indicated. We
used Prism 9 software to determine whether our data met the
assumptions of each statistical approach. In cases of non-normal
data distributions, we analyzed statistical significance using a
non-parametric Mann–Whitney test. The number of biological
replicates and exact values of n are indicated in figure legends
where applicable.

Online supplemental material
The supplementary material for this paper includes five figures.
Fig. S1 contains a graphical representation of RBP genes used in
our screen, analyses of Rie1 abundance and RNA binding, and
Rie1 localization analysis. Fig. S2 provides supporting data for
the assertions that Rie1 affects Ime2 and Ime4 levels and binds
IME1 mRNA. Fig. S3 is related to Fig. 2, C–F, and supports the
argument that rie1 mutants accumulate lower levels of Ime1
protein using N-terminal sfGFP-tagged Ime1 driven by its en-
dogenous promoter. Fig. S4 supports the idea that, during mei-
osis, global translation is decreased in rie1Δ, sedimentation of
Rie1 into a velocity gradient depends on intact ribosomes, and
that levels of IME1 target mRNAs are down in rie1Δ. Fig. S5 is
related to Fig. 5 and supports the argument that Rie1 interacts
with Sgn1 to promote IME1 translation and meiotic entry. The
supplementary material also includes two videos. These videos
are examples of time-lapse epifluorescence microscopy of wild
type (Video 1) and rie1Δ (Video 2) used for the analyses in Fig. 1.
The supplement also contains four tables detailing the strains
and data used for our meiotic entry screen (Table S1), the strains
used in this study (Table S2), a table of reagents used in this
study (Table S3), and RNA-seq raw data (Table S4).

Data availability
The data underlying all figures are available in the published
article and its online supplemental material. The RNA-seq data
underlying Fig. S4 D are openly available at the NIH BioProject
repository (accession: PRJNA902727).
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Yahya, G., A.P. Pérez, M.B. Mendoza, E. Parisi, D.F. Moreno, M.H. Artés, C.
Gallego, and M. Aldea. 2021. Stress granules display bistable dynamics
modulated by Cdk. J. Cell Biol. 220:e202005102. https://doi.org/10.1083/
jcb.202005102

Yue, J.-X., J. Li, L. Aigrain, J. Hallin, K. Persson, K. Oliver, A. Bergström, P.
Coupland, J. Warringer, M.C. Lagomarsino, et al. 2017. Contrasting
evolutionary genome dynamics between domesticated and wild yeasts.
Nat. Genet. 49:913–924. https://doi.org/10.1038/ng.3847

Zenklusen, D., D.R. Larson, and R.H. Singer. 2008. Single-RNA counting
reveals alternative modes of gene expression in yeast. Nat. Struct. Mol.
Biol. 15:1263–1271. https://doi.org/10.1038/nsmb.1514

Gaspary et al. Journal of Cell Biology 17 of 17

Rie1 and Sgn1 enforce timely meiotic entry https://doi.org/10.1083/jcb.202302074

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/222/11/e202302074/1917258/jcb_202302074.pdf by C

olum
bia U

niv Biol Sci user on 25 Septem
ber 2023

https://doi.org/10.1074/mcp.M114.046813
https://doi.org/10.1073/pnas.0903269107
https://doi.org/10.1186/s13008-016-0024-3
https://doi.org/10.1186/s13008-016-0024-3
https://doi.org/10.1002/1873-3468.12358
https://doi.org/10.1038/nmeth.2834
https://doi.org/10.1038/nmeth.2834
https://doi.org/10.1093/bioinformatics/btt656
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.molcel.2007.08.019
https://doi.org/10.1111/j.1742-4658.2005.04653.x
https://doi.org/10.1111/j.1742-4658.2005.04653.x
https://doi.org/10.7554/eLife.00117
https://doi.org/10.7554/eLife.00117
https://doi.org/10.1093/genetics/131.1.65
https://doi.org/10.1128/mcb.10.5.2104-2110.1990
https://doi.org/10.1128/mcb.10.5.2104-2110.1990
https://doi.org/10.1002/yea.2967
https://doi.org/10.1002/yea.2967
https://doi.org/10.1016/j.cell.2007.09.044
https://doi.org/10.1016/j.cell.2007.09.044
https://doi.org/10.1038/nmeth.1401
https://doi.org/10.1038/nmeth.1401
https://doi.org/10.1002/pro.3943
https://doi.org/10.1046/j.1365-2443.2002.00551.x
https://doi.org/10.1038/nprot.2007.261
https://doi.org/10.1038/nprot.2007.261
https://doi.org/10.1128/EC.00026-07
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1007/BF00279441
https://doi.org/10.1007/BF00279441
https://doi.org/10.1002/yea.3065
https://doi.org/10.1128/MCB.10.12.6103
https://doi.org/10.1128/MCB.10.12.6103
https://doi.org/10.1002/(SICI)1097-0061(200005)16:7<631::AID-YEA559>3.0.CO;2-U
https://doi.org/10.1002/(SICI)1097-0061(200005)16:7<631::AID-YEA559>3.0.CO;2-U
https://doi.org/10.1128/mcb.12.9.3948-3958.1992
https://doi.org/10.1371/journal.pgen.1008249
https://doi.org/10.1038/s41467-020-16107-w
https://doi.org/10.1038/s41467-020-16107-w
https://doi.org/10.1371/journal.pgen.1004398
https://doi.org/10.1016/S0076-6879(07)29008-1
https://doi.org/10.1016/S0076-6879(07)29008-1
https://doi.org/10.1093/nar/gkab1061
https://doi.org/10.1016/j.molcel.2020.06.004
https://doi.org/10.1098/rstb.2011.0081
https://doi.org/10.1098/rstb.2011.0081
https://doi.org/10.1016/j.cell.2012.06.049
https://doi.org/10.1016/j.cell.2012.06.049
https://doi.org/10.1073/pnas.202495299
https://doi.org/10.1073/pnas.202495299
https://doi.org/10.1074/jbc.M002412200
https://doi.org/10.1074/jbc.M002412200
https://doi.org/10.1128/MCB.15.12.6572
https://doi.org/10.1128/MCB.15.12.6572
https://doi.org/10.1083/jcb.202005102
https://doi.org/10.1083/jcb.202005102
https://doi.org/10.1038/ng.3847
https://doi.org/10.1038/nsmb.1514
https://doi.org/10.1083/jcb.202302074


Supplemental material

Gaspary et al. Journal of Cell Biology S1

Rie1 and Sgn1 enforce timely meiotic entry https://doi.org/10.1083/jcb.202302074

D
ow

nloaded from
 http://rupress.org/jcb/article-pdf/222/11/e202302074/1917258/jcb_202302074.pdf by C

olum
bia U

niv Biol Sci user on 25 Septem
ber 2023

https://doi.org/10.1083/jcb.202302074


Figure S1. Rie1 binds RNA and is involved in meiotic entry. (A) Overview of protein characteristics of screened RBPs. For our forward screen for meiotic
entry mutants, we considered 94 total genes encoding RBPs harboring at least one of the following domains: RRM, zinc finger (ZnF), K Homology domains (KH),
Pumilio Family domains (PUF), double-stranded RNA binding domains (dsRBD), or pentatricopeptide repeat domains (PPR). Mutants in non-essential genes
(green) were included in the screen. Mutants in essential genes (magenta) or petites (orange) were not included. (B and C) Strains harboring RIE1-3V5 (B3114,
blue), rie1 F240L-3V5 (B2674, yellow), rie1 F298L-3V5 (B2816, pink), or rie1 604L-3V5 (B2680, purple) were induced to sporulate at 30°C. (B) Cells were collected
either with or without UV crosslinking at 2 h in SPO. Samples were treated with DNAse and Rie1 was IPed under denaturing conditions, and bound RNA was
assessed by a polynucleotide labeling assay. Shown are autoradiograms (top) indicating bound RNA and immunoblot (IB; bottom) indicating IPed Rie1.
Quantifications of RNA-binding signal/IPed Rie1 protein are indicated below. (C) Protein levels of Rie1 and Pgk1 (loading) were determined by immunoblot at
the indicated times. Quantification of Rie1 normalized to Pgk1 (three technical replicates) is shown below. (D) Strains harboring RIE1-3V5were grown in either
YPD (log phase), BYTA (stationary phase), or induced to sporulate at 30°C. Samples were collected at the indicated times, and Rie1 and Pgk1 (loading) protein
levels were determined by immunoblot. Quantifications of Rie1/Pgk1 compared with YPD (set at 1) are indicated below. Biological replicates = 3. (E) Strains
harboring HTB2-mCherry and either RIE1-ENVY (B1554) or wild type RIE1 (no tag control, B3680) were induced to sporulate at 30°C. Cells were collected at the
indicated times and imaged by fluorescence microscopy. Rie1 is shown in green and Htb2 (histone indicating nucleus) is shown in magenta. Green signal in no
tag likely represents autofluorescence from bud scars and mitochondria. Scale bar, 2 µm. Source data are available for this figure: SourceData FS1.
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Figure S2. Rie1 affects Ime2 and Ime4 levels and binds IME1mRNA. (A) Strains harboring IME2-3HA and rie1Δ (B1701, red), or wild type RIE1 (B1704, blue),
or IME4-3HA and rie1Δ (B1656, red), or wild type RIE1 (B1698, blue) were induced to sporulate at 30°C. Protein levels of Ime2, Ime4, and Pgk1 (loading) protein
levels were determined by immunoblot (IB) and mRNA levels of IME2, IME4, and rRNA (loading) were determined by Northern blot. Quantifications of Ime2 and
Ime4 protein levels (corrected for mRNA levels) are shown below. (B and C) Rie1 binds IME1 mRNA. (B) Coomassie-stained SDS-PAGE of recombinant Rie1
purified from E. coli. (C) 5 pmol of in vitro transcribed IME1mRNA (including UTRs) was incubated with purified Rie1 or BSA (gradient from 100, 50, 10, 5, 1, 0.5,
0.1 pmol) for 45 min at 30°C. Samples were separated on agarose gels which were stained with SYBR Gold. Binding caused IME1 mRNA to shift upwards.
Percent bound IME1 mRNA is plotted (y axis) vs. concentration of Rie1 (x axis). Source data are available for this figure: SourceData FS2.
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Figure S3. rie1 mutants accumulate lower levels of Ime1 protein. (A–C) Strains harboring N-terminal sfGFP-tagged (sfGFP-IME1) and rie1Δ (B1653, red),
wild type RIE1 (B1662, blue), rie1-F240L (B2403, yellow), rie1-F298L (B2836, pink), or rie1-F604L (B2298, purple) were induced to sporulate at 30°C. (A) Protein
levels of Ime1 and Pgk1 (loading) were determined by immunoblot (IB), and mRNA levels of IME1 and rRNA (loading) were determined by Northern blot.
(B) Quantifications of Ime1 protein corrected for mRNA levels are shown. Biological replicates = 5. (C) Examples of images quantified for Fig. 2 E. sfGFP-Ime1 is
shown in green and DAPI is shown in blue. Scale bar, 5 µm. Source data are available for this figure: SourceData FS3.
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Figure S4. RIE1 affects global translation and transcript levels of the UME6 regulon. (A–C) Strains harboring rie1Δ (B1574, red) or wild type RIE1 (B47,
blue) were (A) induced to sporulate at 30°C or (B) grown to mid-log phase in rich medium (YPD) and samples were collected at the indicated times. Lysates
were fractionated on 10–50% sucrose density gradients with continuous monitoring at 260 nm. Positions of the RNP, 40S, 60S, 80S, and polysomal ribosome
peaks are indicated. (C) Lysates were treated with 25 mM EDTA to disrupt ribosomes prior to fractionation. Biological replicates = 2. IB, immunoblot.
(D) Strains harboring rie1Δ (B1574, red) or wild type RIE1 (B47) were induced to sporulate at 30°C and total RNA samples were collected at 0 and 4 h for RNA-
seq analysis. Shown is a volcano plot of log2 fold change plotted against −log10 P value of RNA-seq reads for wild type and rie1Δ. Values represent a ratio of
expression between the wild type and rie1Δ cells between the 0 and 4 h time points. The further right the value, the more enriched the mRNA in the wild type
strain. Genes with a log2 fold change less than −0.75 are colored red and genes with a log2 fold change >0.75 are colored blue. Genes within the UME6 regulon
(putative IME1 targets; from Williams et al., 2002) are labeled. UME6 regulon genes (mean enrichment 0.561) are significantly enriched in wild type (two-tailed
t test of 10,000 data randomizations: P value <0.0001). IME1mRNA is highlighted in red (fold change = 0.368; P value 0.67). Source data are available for this
figure: SourceData FS4.
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Figure S5. Rie1 and Sgn1 work together to facilitate timely meiotic entry. (A) Strains harboring rie1Δ (B1574) or wild type RIE1 (B47) were induced to
sporulate at 30°C and samples were collected at 2 h. IME1 poly(A) tail length was assessed by oligo(dT) Northern blot assay. Differences in band sizes between
samples with and without oligo(dT) indicate size of the poly(A) tail. Biological replicates = 2. (B) Strains harboring N-terminally tagged sfGFP-IME1 and rie1Δ
(B2430 ), wild type RIE1 and SGN1 (B2459), sgn1Δ (B3375), or rie1Δ sgn1Δ (B3378) were induced to sporulate at 30°C. Meiotic progression was determined by
DAPI staining. Biological replicates = 3 and error bars indicate SEM. (C and D) Strains harboring NDT80-IN, CLB3-3HA, and either rie1Δ (B1418), sgn1Δ (B2606),
or wild type RIE1 SGN1 (B48) were induced to sporulate at 30°C. (C) Protein levels of Clb3 and Pgk1 (loading) protein levels were determined by immunoblot
(IB), and mRNA levels of CLB3 and rRNA (loading) were determined by Northern blot. Biological replicates = 2. (D) Clb3 quantification (loading corrected) are
shown. (E and F) Sgn1 binds IME1 mRNA. (E) Coomassie stained SDS-PAGE of recombinant Sgn1 purified from E. coli. (F) 5 pmol of in vitro transcribed IME1
mRNA (including UTRs) was incubated with purified Sgn1 or BSA (gradient from 100, 50, 10, 5, 1, 0.5, 0.1 pmol) for 45 min at 30°C. Samples were separated on
agarose gels that were stained with SYBR Gold. Binding caused IME1mRNA to shift upwards. Percent bound IME1mRNA is plotted (y axis) vs. concentration of
Sgn1 (x axis). (G) Strains harboring N-terminal sfGFP-tagged (sfGFP-IME1) and rie1Δ (B1653, red), wild type RIE1 (B1662, blue), or rie1-D429A, S433A, S435A
(B3562, yellow) were induced to sporulate at 30°C. Meiotic progression was determined by DAPI. (H) Cell sizes of diploid wild type (B47, blue), rie1Δ (B1574,
red), sgn1Δ (B3088, orange), and rie1Δ sgn1Δ (B3342, gray) strains were determined after overnight growth in BYTA (pre-meiotic) medium. Mean is indicated by
a black bar and statistical significance (P < 0.05) was determined by student’s t test.
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Video 1. Strains harboring fluorescently labeled tubulin (pTUB1-GFP-TUB1) and Spc42 (SPC42-mCherry) and wild type RIE1 (B1451) were induced to
sporulate at 30°C. After 2.5 h of growth, the yeast cells were loaded onto a microfluidics chip (Cell Asic), points were established, and cells were imaged by
time-lapse epifluorescence microscopy with frame capture every 7 min (shown here at six frames/second). Tubulin is shown in green and the spindle pole
bodies in red.

Video 2. Strains harboring fluorescently labeled tubulin (pTUB1-GFP-TUB1) and Spc42 (SPC42-mCherry) and rie1Δ (B1514) were induced to sporulate
at 30°C. After 2.5 h of growth, the yeast cells were loaded onto a microfluidics chip (Cell Asic), points were established, and cells were imaged by time-lapse
epifluorescence microscopy with frame capture every 7 min (shown here at six frames/second). Tubulin is shown in green and the spindle pole bodies in red.

Provided online are four tables. Table S1 shows RBP screen strains and raw data. Table S2 shows the strains used in this study.
Table S3 shows the reagent table. Table S4 shows RNA-seq raw data.
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