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ABSTRACT

Meiosis is a special type of cellular renovation that involves 2 successive cell divisions and a single round of
DNA replication. Two major degradation systems, the autophagy-lysosome and the ubiquitin-proteasome,
are involved in meiosis, but their roles have yet to be elucidated. Here we show that autophagy mainly
affects the initiation of meiosis but not the nuclear division. Autophagy works not only by serving as a
dynamic recycling system but also by eliminating some negative meiotic regulators such as Ego4
(Ynr034w-a). In a quantitative proteomics study, the proteasome was found to be significantly
upregulated during meiotic divisions. We found that proteasomal activity is essential to the 2 successive
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meiotic nuclear divisions but not for the initiation of meiosis. Our study defines the roles of autophagy and
the proteasome in meiosis: Autophagy mainly affects the initiation of meiosis, whereas the proteasome

mainly affects the 2 successive meiotic divisions.

Introduction

Meiosis is a special type of cell division that is necessary for sex-
ual reproduction in eukaryotes. After a single round of DNA
replication following 2 successive cell divisions, meiosis results
in highly specific gametes or spores. Yeast sporulation involves
2 overlapping processes, meiosis and spore morphogenesis.
The process of yeast sporulation is very similar to that of game-
togenesis in mammals. The budding yeast Saccharomyces cere-
visiae is a very good model for deciphering the molecular
mechanism underlying gametogenesis, particularly for the evo-
lutionarily conserved meiotic process. Meiosis is regulated by
various genes at the transcriptional, translational, and post-
translational levels.”” Ubiquitination and ubiquitin-like
modifications are 2 important protein post-translational modi-
fications that play very important roles in meiosis. The well-
known anaphase-promoting complex/cyclosome is an E3 ubig-
uitin ligase that mediates the multiple ubiquitination of sub-
strates and triggers their proteolysis through the 26S
proteasome during meiosis.>* In addition, many other ubiqui-
tin-related modifications and ubiquitin-like modifications are
involved in the regulation of meiosis.>® Thus, proteolysis or cel-
lular degradation is a key mechanism that drives the events of
meiosis.

There are 2 major cellular degradation systems in eukaryotic
cells, the ubiquitin-proteasome system (UPS) and the

autophagy-lysosome system. Usually, the UPS is the major cel-
lular pathway for the degradation of short-lived proteins and
nonfunctional misfolded proteins, whereas autophagy is
regarded as the primary intracellular catabolic mechanism for
degrading and recycling long-lived proteins and organelles.””
Depending on the pathway by which the cargo is delivered to
the lysosome or vacuole, autophagy is divided into roughly 3
main types: macroautophagy, microautophagy, and chaperone-
mediated autophagy (CMA).” Among these pathways, macro-
autophagy (hereafter referred to as autophagy) is thought to be
the major type of autophagy, and it has been investigated more
extensively than the other 2 types. During autophagy, a small
portion of cytoplasmic proteins, organelles, or other materials
are sequestered by phagophores, which expand and close to
form autophagosomes. After fusion with the lysosome, the
cytoplasmic cargos are degraded by the resident hydrolases of
autolysosomes. In budding yeast, more than 40 autophagy-
related (ATG) genes have been identified,'® and most of them
are conserved from yeast to human. The ATG genes were origi-
nally identified as genes that are involved in yeast sporulation,
which has been confirmed by large-scale screening.'"'* Actu-
ally, before the molecular mechanism of autophagy was uncov-
ered, it was found that vacuolar protease activity is required for
yeast meiosis, thus hinting that autophagy might also be
involved in sporulation."””> However, up to now, the role of Atg
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proteins in sporulation and how these 2 degradation systems
coordinately drive meiotic progression have not be elucidated.

In this study, we found that autophagic activity was higher at
early meiosis, and some ATG genes, such as ATG8 and ATGI2,
are essential to budding yeast sporulation. Knocking out
ATGI2 prevents premeiotic DNA replication. To determine the
role of autophagy in meiosis, we applied quantitative proteo-
mics to a yeast strain that could undergo both meiotic divisions
synchronously. A total of 381 differentially expressed proteins
were found at various meiotic stages. Among these proteins, the
degradation of 4 proteins was found to be dependent on
autophagy during the premeiotic DNA replication process, and
the overexpression of one (EGO4) of these genes significantly
slowed down the meiotic progression, indicating that this gene
has a negative effect on meiosis. We further confirmed that
Ego4 was selectively degraded by autophagy at the prophase of
meiosis I. During the prophase of meiosis, Ego4 mainly inter-
acts with Acsl, suggesting that it might negatively regulate pre-
mejotic DNA replication by either decreasing histone
acetylation or changing the central carbon metabolism. In
addition, the quantitative proteomics results showed that
almost all proteasome components were significantly upregu-
lated after the pachytene stage, which was further confirmed
by western blotting. Functional study results suggested that
proteasomal activity is essential to the 2 successive meiotic
nuclear divisions but not for the initiation of meiosis.
Together, our studies define the roles of 2 major degradation
systems in meijosis: autophagy mainly takes part in premeiotic
DNA replication by eliminating some of the negative regula-
tors of meiosis, while the proteasome mainly affects the 2 suc-
cessive meiotic divisions. Both of these 2 systems coordinately
drive meiotic progression.

Results

Autophagy mainly participates in the initial stage of yeast
meiosis

Although there was evidence to show that autophagy is
required for yeast meiosis,>®!>!* the functional role of auto-
phagy in yeast meiosis is still unclear. To understand the role of
autophagy in yeast meiosis, a SK1 background yeast strain
which can sporulate with pretty high efficiency'>'® was used to
investigate the autophagic activity during yeast meiosis. The
meiosis of this strain could be synchronized with an inducible
allele of NDT80.'® Briefly, the open reading frame of a tran-
scription factor (NDT80) that is required for progression out of
the pachytene stage and into meiosis I was placed under the
control of an inducible GALI-10 promoter, thus, transcription
from the GALI1-10 promoter could only be induced by the addi-
tion of estrogen to the medium in a strain expressing the Gal4-
estrogen receptor fusion protein (Gal4.ER). After transfer into
sporulation medium (SPM, 1% KAc) without B-estradiol,
GAL4.ER GAL-NDT80 cells failed to undergo any meiotic divi-
sions and arrested in the pachytene stage. When 1 uM S-estra-
diol was added into the medium, GAL4.ER GAL-NDTS80 cells
underwent both meiotic divisions synchronously (0 h, meiosis
initiation; 6 h, pachytene; 7.5 h, metaphase I; 8 h, anaphase I;
8.5 h, metaphase II; and 9.5 h, anaphase II) (Fig. S1).'e

To monitor the autophagic activity during yeast meiosis,
Pp1K-GFP-ATGS plasmid was transformed into this yeast strain.
After being labeled the pre-sporulated cells with FM 4-64 (vac-
uole membrane dye), cells were diluted into 1% KAc for sporu-
lation, samples were collected from different sporulation time
points, and GFP-Atg8 signal was then detected by fluorescence
microscopy. The puncta-like GFP-Atg8 was sequestered into
the vacuole after transferring into the sporulation medium, and
GFP-Atg8 intensity increased very quickly at the prophase of
meiosis (before 6 h). While entering the meiotic division pro-
cess (after 7.5 h), the GFP signal intensity decreased and went
back to the initial stage at around 9.5 h (Fig. 1A). GFP-Atg8
processing assay'’ showed that the free GFP was quickly accu-
mulated when yeast cells were transferred into SPM, peaked at
pachytene stage (6 h), then decreased to some extent during
meiotic nuclear division (Fig. 1B). These results suggest that it
is most likely autophagy participates in the early stage of yeast
meiosis.

To get a detailed view of the vacuole, transmission electron
microscopy (TEM) was used to monitor the dynamics of vacu-
ole and autophagosome of yeast cells during meiosis. Since
autophagic bodies (AB) were quickly degraded in wild-type
yeast strains, we cannot directly monitor its dynamics during
meiosis. Pep4 is a vacuolar aspartyl protease, which is required
for the breakdown of autophagic bodies, the deletion of this
gene causes AB accumulation in the vacuole lumen,'® and we
found that the meiotic division was not affected by the deletion
of this gene (data not shown). We then monitored the AB
dynamics during meiosis in this pep4A strain. Our TEM obser-
vation showed that the vacuole was almost empty in rich
medium (YPD, 1% yeast extract, 2% peptone, 2% glucose)
(Fig. S2A). After transferring into SPM, ABs formed and accu-
mulated quickly at the early stages of meiosis. The mean radii
of ABs decreased when yeast cells entered into the meiotic divi-
sion stages (Fig. 1C, Fig. S2, S3). In addition, we found that the
lipid phosphatidylethanolamine (PE) conjugated form of Atg8
(GFP-Atg8-PE) was higher at the beginning of meiosis, while
the ratio of GFP-Atg8-PE/GFP-Atg8 was decreased during
meiotic division (Fig. 1D). So consistent with previous fluores-
cent microscopic observation, these results also support how
autophagy participates in the early stages of yeast meiosis.

To examine whether autophagy is functionally important to
the early meiotic stage, we treated yeast cells with 200 .M chlo-
roquine (CQ, an inhibitor of autophagy-lysosome pathway) at
different meiotic stages. CQ treatment for first 5 h then washed
the CQ off with fresh medium (Fig. 1E, blue line) resulted in
very similar sporulation rate to those CQ treatments for 12 h
(Fig. 1E, red line). While 6 h CQ treatment from pachytene
stage only resulted in the sporulation efficiency dropping from
76.03% to 52.02%, which was significantly higher than those
first 5 h or 12 h treatments (Fig. 1E, green line). These results
suggest that the autophagic activity is mainly required during
the early stage of yeast meiosis but not the meiotic division
stages.

ATG12 deletion mainly affects premeiotic DNA replication

Because most of the screenings for meiosis-related genes were
carried out in an S288C background yeast strain,'"'* and the
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Figure 1. Autophagy mainly participates in the initial stage of yeast meiosis. (A) GFP-Atg8 localization during meiosis. The p1K-GFP-ATG8 plasmid under the control of the
ATG8 promoter was introduced into the SK1 background strain. Cells were labeled with FM 4-64 for 5 min then transferred into SPM for sporulation. Samples were col-
lected at different time points and washed 3 times with PBS, then immediately observed by fluorescence microscopy. Scale bar: 5 um. DIC, differential interference con-
trast. (B) GFP-Atg8 processing during meiosis. Yeast cells harboring the p1K-GFP-ATG8 plasmid were sporulated and collected from different sporulation time points, and
used to generate protein extracts; GFP-Atg8 and free GFP were detected by western blotting with anti-GFP antibody. Lanes 1-8 represent samples at 0, 2, 4, 6, 7.5, 8, 8.5,
and 9.5 h in SPM, respectively. (C) Estimation of autophagic body size formed at the indicated sporulation time points. The autophagic body size estimation was followed
by a protocol described in the methods. The error bars were the standard deviation (SD) of the radius. (D) GFP-Atg8-PE conjugation during meiosis. The p1K-GFP-ATG8
plasmid was introduced into the SK1 background pep4A strain. After sporulation and sample collection, the PE conjugated (GFP-Atg8-PE) and unconjugated (GFP-Atg8)
forms were detected by western blotting with anti-GFP antibody. The ratios of conjugated and unconjugated GFP-Atg8 are shown on the bottom of each lane. (E) Effect
of CQ treatment on yeast sporulation at different meiotic stages. 200 mM CQ was added into SPM at 0 h then cells were washed with fresh SPM after 5 h (blue line) induc-
tion, or CQ was added after 5 h induction (green line). The red line shows the sporulation rate of cells treated with CQ from 0 h to 12 h. Data are presented as the mean +
SD. Asterisk indicates statistically significant difference in comparison with the 0-12 h treated samples. *, P < 0.05; **, P < 0.01.

sporulation rate of this strain is not very high, we created ATGs
deletion strains in the SK1 background, and then tested the
effect of ATGs deletion on yeast meiosis. Atgl2 and Atg8 are 2
ubiquitin-like proteins that are essential for autophagy.'® After
transferring wild-type strains into liquid SPM at various times,
the yeast began to sporulate very quickly, an almost 100% spor-
ulation rate was achieved in approximately 24 h, but either
ATGI2 or ATG8 deletion significantly repressed meiosis
(Fig. 2A, Fig. S4A). The deletion of ATGI2 resulted in GFP-
Atg8 protein could not be transferred into the vacuole during
the meiosis induction process (Fig. 2B) and the processing of
GFP-Atg8 was significantly retarded (Fig. S4B), suggesting that
the autophagic flux was disrupted in this strain. Although
approximately 20% of atgl2A cells finished one or 2 rounds of
meiotic nuclear division after 24 h (Fig. 2A), the sporulated cells
could not form mature spores (Fig. 2C). These results are in
agreement with the previously reported data, which stated that
ATGI2 knockout leads to the absence of spore formation.'
Thus, we concluded that ATGI2 is essential to yeast sporulation.

Because most of the atgl2A cells only contained a single
nucleus even after 24 h induction (Fig. 2B), the first meiotic
division did not occur. We then tested whether ATG12 knock-
out affected the formation of the spindle pole bodies (SPBs) or
not. We fused green fluorescent protein (GFP) with the SPB
component CNM67 at the C terminus in either WT or atgl2A
strains and then counted the number of SPBs by fluorescent

microscopy (Fig. 2D, E). In the WT strains, after 6 h induction,
2-4 SPBs in a single cell appeared very quickly with more than
90% of the cells exhibiting SPBs at 9.5 h. In contrast, almost no
cells had 2-4 SPBs in the atgl2A strains even after 9.5 h induc-
tion. This result suggests that autophagy plays a role in meiosis
prior to the formation of SPBs.

Prophase in meiosis is very different from prophase in mito-
sis. Unique key events occur during this stage, including meiosis
initiation, premeiotic DNA replication, homolog pairing and
meiotic recombination. Homolog pairing and meiotic recombi-
nation are governed by the pachytene checkpoint. Pch2 is the
key pachytene checkpoint protein, and it is involved in the initi-
ation of meiotic recombination.”® Knocking out PCH2 can res-
cue some meiotic recombination-deficient mutants, allowing
them to go through the pachytene stage and finish the sporula-
tion process even if there were defects such as abnormal cross-
over. To test whether ATGI2 knockout triggered meiotic
recombination defects, we created a PCH2 and ATG12 double
knockout strain to determine whether knocking out PCH2
could rescue the meiotic defect of the ATGI2 knockout strain.
However, no rescue phenotype was observed in the sporulation
process (Fig. S5). This result suggests that the major role of
autophagy may occur even earlier than the pachytene stage.

Rec8 is essential for sister-chromatid cohesion during meio-
sis in budding yeast, but it is lost from chromosome arms dur-
ing meiosis I and lost from centromeres at meiosis I1.*"** In
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the WT strain, Rec8 was expressed from the beginning of spor-
ulation, peaked at around 4-6 h, then decreased through 8 h
and was totally lost by 12 h. In the atgI2A stain, the expression
level of Rec8 was similar to that of the WT during the early
stage, but the amount of Rec8 did not decrease, even after 12 h
induction (Fig. 2F). This result confirms that there is no sister
chromatid segregation during sporulation in atgI2A cells and
indicates that the initiation of meiosis is not disrupted. This
was further supported by the expression of Cdcl4 and Imel.
The release of the phosphatase Cdcl4 from the nucleolus is
controlled by the signal transduction cascade known as the
mitotic exit network (MEN) in late anaphase in mitosis. It is
the final step that allows cells to complete mitosis and enter
meiosis.”’ In budding yeast, entry into the pre-meiotic S phase
is promoted by a principal regulator (Imel) of meiotic initia-
tion upon nutrient limitation.** The expression patterns of

Cdc14 and Imel in atgI2A cells were very similar to that in
WT cells after transfer into SPM (Fig. 2F top and bottom pan-
els). These results indicate that the mitotic exit network and
meiosis initiation are not affected by ATG12 knockout.

After cells have committed to the meiotic cell cycle, they
undergo pre-meiotic DNA replication to prepare for the next 2
rounds of cell division.”> We therefore determined whether
pre-meiotic DNA replication was completed in the atgI2A
strain. We sporulated WT and atgI2A strains in SPM medium,
collected samples at 0-12 h in SPM and fixed the cells in 70%
ethanol. The yeast cells were then stained with Sytox Green and
analyzed by flow cytometry. In the WT strain, approximately
4-6 h after induction, almost all of the cells had finished pre-
meiotic DNA replication. However, in the atgI2A strain, even
12 h after induction, only a very small fraction of the cells had
finished pre-meiotic DNA replication (Fig. 2G). These results
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Figure 2. ATG12 deletion yeast cells arrested at the early stage of meiosis. (A-B) Sporulation defects in atg12A cells. (A) WT and atg12A strains were induced to sporulate
at 30°C by transferring into SPM at the indicated times, and cells with 2-4 nuclei were counted as sporulated. (B) GFP-Atg8 localization after transfer into SPM. WT and
atg12A cells expressing GFP-Atg8 was labeled by FM 4-64 then sporulated in SPM. After transfer into SPM for 4 h, cells were collected and immediately observed by fluo-
rescence microscopy. Scale bars: 5 um. DIC, differential interference contrast (C) DNA content of WT and atg12A strains during meiosis. Samples were collected 48 h after
transfer to SPM. Scale bars: 10 um. (D, E) SPBs failed to segregate in atg12A strains during meiosis. (D) SPBs were studied by fluorescence microscopy in WT and atg12A
strains during meiosis. Scale bars: 5 um. (E) Quantitative analysis of the SPBs during WT and atg12A cell meiosis. The error bar shows the SD of 3 independent experi-
ments. (F) Effect of ATG72 knockout on Cdc14, Rec8 and Ime1 expression. Cdc14 was fused with GFP and detected with a GFP antibody. Ime1 was tagged with MYC for
western blotting. Cells were transferred into SPM, and the same amount of samples was collected for protein extraction. Cdc14-GFP, Rec8 and Ime1-MYC were analyzed
by western blotting. Lanes 1-14 represent samples at 0, 2, 4, 6, 8, 10, 12 h in SPM for WT and atg12A cells, respectively. (G) Premeiotic DNA replication was retarded in
the atg12A strain during meiosis. The DNA content of WT and atg12A cells was analyzed by flow cytometry at different sporulation time points.
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suggest that the major function of autophagy during meiosis is
to promote pre-meiotic DNA replication, most likely by the
degradation of some specific substrates.

Quantitative proteomics study of meiosis

To test the working hypothesis that autophagy participates in
meiosis by eliminating negative meiotic regulators, quantitative
proteomics was used to identify differentially expressed pro-
teins and potential autophagic substrates during meiosis. Syn-
chronized yeast cells were collected 0 h, 6 h, 7.5 h, 8 h, 8.5 h
and 9.5 h after transfer into SPM and were prepared for the
quantitative proteomics study. These samples corresponded to
cells in meiosis initiation, pachytene, metaphase I, anaphase I,
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metaphase II and anaphase II stages, respectively (Fig. S1). The
proteins from the above samples were digested into peptides,
labeled with tandem mass tag (TMT 6 plex), and then separated
by strong cation exchange chromatography (SCX). Each of the
17 fractions was analyzed using mass spectrometry (MS)
(Fig. 3A). Finally, we identified 2376 proteins from 3 indepen-
dent replications (Fig. 3B). Then, 381 proteins (Fig. 3C,
Table S1) that exhibited statistically significant changes across
stages (1.5-fold) were selected for further bioinformatic analy-
sis. The reproducibility of our mass spec data is quite good, as
most of the pearson correlation coefficients of the 381 regulated
proteins between replicates were more than 0.77 (Fig. S6).
These differentially regulated proteins were clustered into 9
groups using Cluster software version 3.0 and visualized by
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Figure 3. Three hundred eighty one differentially expressed proteins during meiosis were identified by quantitative proteomics. (A) Workflow of the proteomic study of
yeast meiosis. Yeast cells (A14201) were induced to sporulate at 30°C by transferring into SPM. After 6 h, 1 uM B-estradiol was added. Samples were collected at 0, 6,
75,8, 8.5, and 9.5 h, and proteins were extracted. After trypsin digestion, peptides were labeled with isobaric TMT and mixed in equal ratios. The labeled mixture was
then subjected to an orthogonal first-dimension separation with SCX. Seventeen fractions were subsequently analyzed on an LTQ Orbitrap Velos mass spectrometer cou-
pled with nano-RP HPLC. Biological replicates were performed in triplicate. The spectra were analyzed with MaxQuant software. (B) Protein identification across the 3 bio-
logical replicates. (C) Venn plot of 381 differentially regulated proteins. (D) Cluster analysis of 381 differentially expressed proteins. All MS data were normalized and then

analyzed for cluster analysis. Cluster results were visualized by TreeView software.
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TreeView software (Fig. 3D, and Fig. S7). This analysis showed
that functionally related proteins exhibit similar expression
patterns.

Validation of quantitative proteomics data

To test the reliability of our mass spectrometry data, we first
compared our data with that reported in the literature. Twenty-
six of the 381 differentially regulated proteins (Table S2) were
previously reported to be meiotic essential genes."' For exam-
ple, the levels of Pch2 (checkpoint protein required for meiotic
double-stranded break formation), Redl (component of the
synaptonemal complex; involved in chromosome segregation
during the first meiotic division) and Hopl (meiosis-specific
protein required for chromosome synapsis) increased during
the pachytene stage (6 h in SPM) and then decreased as
expected.”*® Spsl, Sprl, Spr3, Spr28, Cdal, Cda2, Sps2 and

Smk1 were reported to be necessary for spore wall formation in
yeast sporulation®>* and were found to be highly expressed
only after the second meiotic division (Fig. S8). Thus, our
results are consistent with those reported by others.

To further validate our data, representative genes from dif-
ferent clusters were selected for knocking-in with 3HA-tag to
their C-terminal, their expression levels at different meiotic
stages were then detected by western blotting with anti-HA
antibody. Fifteen genes were successfully knocked in with
3HA-tag and their expression could be tested by western blot-
ting. Although there were some discrepancies due to technique
issue, most of the protein expression patterns were roughly
consistent with the MS data (Fig. S9). These results suggest that
the data quality of our protein profiling in yeast meiosis is
pretty good.

Protein levels in cluster 2 and cluster 7 decreased at
pachytene stage significantly (Fig. 4A), and they might be
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Figure 4. Pachytene stage downregulation of cluster 2 and cluster 7 proteins. (A) The expression pattern of cluster 2 and cluster 7 proteins during meiosis. (B). The expres-
sion patterns of 12 selected proteins from cluster 2 and cluster 7. The expression values of each protein were normalized across time points to have an average value of 0
and a standard deviation of 1, to better show the expression trend in color mode. (C) The selected genes were fused with GFP on their C-termini, and the intensity of GFP
represented the amount of those proteins. Yeast cells were collected and fixed at 0 h and 6 h after transfer into SPM, then analyzed by flow cytometry and western blot-
ting. Most of the flow cytometry and western blotting results were consistent with the MS data.
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degraded by the autophagy pathway. To simplify the screen-
ing, some of them were selected to be tagged with GFP on
their C-terminus in the SK1 background (Fig. 4B). The
expression levels of these genes were then determined based
on the intensity of GFP. Twelve genes were successfully
fused with GFP. These strains were sporulated, and the
GFP intensity was measured by flow cytometry and western
blotting with anti-GFP antibody at 0 h and 6 h after trans-
fer to SPM. Twelve of them could be verified by both flow
cytometry and western blotting (Fig. 4C), and the GFP
intensities of all strains decreased after 6 h induction
(Table S3), which was consistent with our quantitative pro-
teomics data. These results provide solid basis for autopha-
gic substrate screening.

Ego4 protein is one of the negative regulators of meiosis

To test whether the degradation of the 12 verified proteins
is depended on autophagy, we fused GFP to the C-terminus
of the 12 genes in the ATGI2 knockout background. After
6 h induction in SPM, we compared their expression levels
with that at 0 h by western blotting. The decreasing of
most of those GFP-tagged proteins (8 of 12) were not
affected by ATGI2 deletion, but the decreasing in the
expression level of Yef3-GFP, Rpl37a-GFP, Ego4-GFP and
Ald6-GFP were retarded in atgI2A cells compared to WT
(Fig. 5A-D), among them, Ald6 has been reported to be

AUTOPHAGY 677

selectively degraded by autophagy,” these results suggest
that the other 3 proteins may also be autophagic substrates.
Because GFP protein is relatively resistant to hydrolysis in
the vacuole, the appearance of free GFP is a canonical char-
acteristic of the GFP fused autophagic substrate.® Consis-
tent with the above results, along with the degradation of
these 4 proteins, there were free GFP accumulations at
pachytene stage but not in ATGI12 knockout strain (Fig. 5A,
B, C and D). So, we conclude that Ego4, Rpl37a, Yef3 and
Ald6 are autophagic substrates and all of them need to be
degraded by autophagic pathway at the early stage of
meiosis.

We then tested whether the degradation of these 3 newly
found autophagic substrate (Ego4, Rpl37a and Yef3) proteins
was necessary for meiosis by overexpressing these genes
under the control of the GALI promoter. After induction for
24 h in SPM in the presence of 0.5% galactose, most of the
cells in the control group completed sporulation, but the
overexpression of Ego4 inhibited yeast sporulation by 20%
(Fig. 5E) and caused delay in premeiotic DNA replication
(Fig. 5F). But overexpression of the other 2 proteins (Rpl37a
and Yef3) almost have no effect on sporulation (Fig. 5G). To
assess the inhibitory effect of Ego4, we compared the sporu-
lation efficiency of Ego4 overexpression with Rmel overex-
pression, which is a known meiotic repressor.”” We found
that the inhibitory effect of Ego4 overexpression was compa-
rable with Rmel overexpression (Fig. 5H). Thus, we
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Figure 5. Ego4 protein is identified as a negative meiotic requlator. (A-D) Free GFP accumulation after 6 h sporulation in EGO4-GFP (A), RPL37A-GFP (B), YEF3-GFP (C) and
ALD6-GFP (D) WT strains but not atg12A strains. WT and atg12A strains were sporulated, and samples at 0 h and 6 h sporulation were collected for protein extraction and
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concluded that Ego4 is a negative regulator of meiosis, and it
must be eliminated at the early stages of meiosis.

Ego4 is selectively degraded by autophagy at the
prophase of meiosis |

To exclude that the ubiquitin-proteasome degradation path-
way also contributed to the degradation of Ego4, the EGO4-
GFP strain was induced to sporulate in the presence of
100 uM MG132 (proteasome inhibitor) or 200uM CQ, and
cells were collected 0 h and 6 h after transfer into SPM. After
analysis by flow cytometry and western blotting, we found
that the decreasing of the GFP signal was not affected by
MG132 treatment but significantly inhibited by CQ

treatment (Fig. 6A, B). Since EGO4 mRNA level dropped
significantly at the pachytene stage (Fig. 6C), we conclude
that Ego4 is controlled at both transcriptional and posttrans-
lational level in the early stage of meiosis, and the degrada-
tion of this protein is solely dependent on the autophagy
pathway but not the ubiquitin-proteasome pathway.

To study how Ego4-GFP was degraded by autophagy, we
checked the localization of Ego4-GFP in either pep4A or pep4A
atgl2A double-mutant strains during meiosis. After transfer
into SPM for 4 h, the Ego4-GFP was transferred into the vacu-
ole in pep4A strain, while in pep4A atgI2A double mutant
strain, Ego4-GFP still distributed in the cytosol, it could not be
transferred into the vacuole (Fig. 6D). Western blotting result
showed that Ego4-GFP was stabilized in pep4A atgl2A double-
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Figure 6. Ego4 is selectively degraded by autophagy. (A-C) The degradation of Ego4 was not dependent on the proteasome but dependent on autophagy. The EGO4-GFP
strain was transferred into SPM and treated with or without 100 .«M MG132 or 200 1M CQ between 0 to 6 h. The GFP intensity and EGO4 mRNA expression level were
analyzed by flow cytometry (A), western blotting (B) and quantitative real time PCR (C). (D-F) Ego4-GFP was transferred into the vacuole at early stage of meiosis, which
was dependent on autophagy. pep4A or pep4 A atg12A cells were prepared as in Fig. 1A. The 4-h samples from SPM were visualized by fluorescence microscopy (D) and
protein changes were detected by western blotting (E). Scale bar: 5 um. DIC, differential interference contrast. The mRNA expression levels of those samples were ana-
lyzed by real-time PCR (F). (G) Ego4-GFP was selectively degraded by autophagy. GFP-tagged Ego4 proteins in WT, atg1 A, atg8A, atg12A, atg18A, atg19A, atg33A,
atgl1A4, atg19A atg24A and cue5A strains were analyzed by western blotting (lanes 1-40). Samples were collected at 0, 2, 4 and 6 h after transferring into SPM. (H-1)
Quantitative analysis of Ego4-GFP degradation in ATG knockout strains in (G). The degradation rates of Ego4-GFP in WT, atg19A, atg33A (H) atg1A, atg84, atgl11A,
atgi2A, atg18A, atg19A atg24A and cue5A (1) strains. (J) Degradation of Ego4-GFP was faster than Pgk1. The EGO4-GFP strain was sporulated and samples were collected
at 0, 2, 4, and 6 h for western blotting. The percentages of remaining protein were the value of the protein level divided by their protein levels at 0 h.
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mutant strain but not in pep4A strain (Fig. 6E), and the stabili-
zation was not caused by the increasing of its mRNA level
(Fig. 6F). Thus we conclude that the degradation of Ego4 pro-
tein occurs in vacuole, and the transfer into the vacuole of Ego4
protein is dependent on autophagy.

To further investigate which autophagy pathway is involved
in Ego4-GFP degradation, we deleted ATG1, ATGS, ATGI2,
ATGI8 (all of them are involved in starvation induced auto-
phagy),'® ATG11 (scaffold protein for pexophagy and the cyto-
plasm-to-vacuole targeting (CVT) pathway,”® ATGI9, ATG24
(CvT pathway),”’40 ATG33 (mitophagy specific gene),41 and
CUE5 (ubiquitin-Atg8 receptor in ubiquitin-dependent
autophagy),”” then tested their effects on Ego4-GFP protein
degradation and free GFP accumulation. Samples were col-
lected from 0 to 6 h after transfer into SPM. The deletion of
ATGI, ATGS8, ATGI11, ATGI2, ATG18, ATGI19-ATG24 and
CUES5 stabilized Ego4-GFP protein and decreased free GFP
accumulation. While in the wild-type, ATGI19 and ATG33 dele-
tion strains, there were clearly free GFP accumulation and the
degradation of Ego4-GFP protein were not delayed after trans-
ferring into the SPM (Fig. 6G, H, I). All these results suggest
that Ego4-GFP protein is selectively degraded by autophagy in
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for0,3and 6 h
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a ubiquitin-dependent manner during the prophase of meiosis
I. To our surprise, Pgkl-GFP was degraded by both selective
during prophase of meiosis I (Fig. S10) and nonselective bulk
autophagy,*’ but the degradation rate of Pgkl was much lower
than Ego4-GFP (Fig. 6]), suggesting it still could be used as a
relative good loading control during this dramatic cellular ren-
ovation process.

Ego4 interacts with Acs1 during the prophase of meiosis |

To explore the functional role of Ego4 protein in meiosis, we
generated a EGO4-TAP strain. Yeast cells were collected at 0, 3
and 6 h after transfer into the SPM, after purification, trypsin
digestion and TMT labeling, samples were applied for mass
spectrometry analysis (Fig. 7A). Eventually, we identified 7 can-
didate proteins that might interact with Ego4 protein (Table S4
and Fig. 7B). Among them, the abundantly expressed proteins
such as ribosome-related proteins and chaperone protein might
be nonspecific binding proteins, this possibility was then tested
by TAP affinity isolation experiment, after pulling down TAP-
tagged Ego4 protein, we found almost equal amounts of Ssal
were copurified from either EGO4-TAP or the control strain
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Figure 7. Identification of Ego4 interacting proteins at the prophase of meiosis. (A) Workflow for Ego4 interacting protein identification. (B) Cluster analysis of the identi-
fied proteins. The expression levels of proteins were normalized and clustered by Cluster 3.0 and visualized by TreeView software. (C, D) Interactions between Ego4 and
Ssal (C) or Acs1 (D). Cells were sporulated and collected from 0, 3 and 6 h after being transferred into sporulation medium. Proteins were pooled together for affinity iso-
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(Fig. 7C). We then analyzed the remaining proteins, and only
ACSI was found to be involved in yeast meiosis.** So we
focused on the interaction between Ego4 protein and Acsl. We
first confirmed their interaction by pulldown experiment
(Fig. 7D), then compared the expression level of Acsl at the
early meiosis stage, and found that with the induction of meio-
sis the expression level of Acsl also increased (Fig. 7B and E),
correspondingly, more Acsl could be pulled down by Ego4-
TAP (Fig. 7F). In addition, we found that Acsl was stabilized
in ego4A cells during the prophase of meiosis I (Fig. 6E). These
results suggest that Ego4 might negatively regulate meiosis by
destabilization Acsl.

Finally, to test whether Ego4 is a major meiotic regulator or
not, we created the ego4A atgl2A double mutant strain, then
tested its sporulation efficiency. Even after 2 d induction, the
sporulation efficiency of this double mutant was not rescued
compared to the atgI2A strain (Fig. S11) suggesting that Ego4
is one of the negative regulator of meiosis that needs to be
degraded by autophagic pathway, other negative regulators that
must be degraded by the autophagic pathway still need to be
identified in the future work.

Metabolic, ribosome and proteasome-related components
are major categories of differentially expressed proteins in
meiosis

Given that autophagy mainly affects the early stages of meiosis
by degrading at least one negative meiotic regulator, the stages
at which the ubiquitin proteasome system is involved also need
to be defined. The APC/C and other E2s or E3s were identified
as differentially expressed proteins (such as Apc4, Cdclé,
Ubcl, Ubc5, Dma2 and Safl). To further understand the cellu-
lar functions of these differentially expressed proteins, we per-
formed network analysis using protein interaction information
from the search tool for the Retrieval of Interacting Genes/Pro-
teins (STRING) database. The interaction network was visual-
ized using Cytoscape 2.8.2. To our surprise, many metabolism-
related proteins, ribosome and proteasome components were
found to be closely connected by functional and physical pro-
tein-protein interactions (Fig. 8A). These metabolic proteins
are involved in fatty acid metabolism, chitin metabolism, ami-
noglycan metabolism, coenzyme metabolism, carboxylic acid
catabolism, polysaccharide metabolism and so on (Table S5).
The expression of these metabolic proteins showed different
patterns. Proteins involved in coenzyme metabolism (such as
Ald6, Tesl, Acs2, Coq5 and Mdh2) were highly expressed in
early meiosis. Many proteins participating in fatty acid metabo-
lism (Pox1, Fox2, Cat2, Faal and Yat2) were highly expressed
during the 2 meiotic divisions, while the expression levels of
proteins involved in chitin metabolism, carbohydrate metabo-
lism and polysaccharide metabolism (such as Glc7, Gfal,
Bmbhl, Cdal, Cda2, Gall0, Gal7 and Cts2) were higher in later
meiosis (Fig. S12). It has been reported that translational con-
trol plays an important role during meiosis.” In support of that
result, the expression of ribosomal proteins decreased very
quickly after the initiation of meiosis, increased during the cell
division process, and peaked during either metaphase II or ana-
phase II (Fig. 8B). These results suggest that the genes involved

in metabolism and the ribosome actively participated in the
meiotic renovation process.

Consistent with the network analysis, Gene Ontology
enrichment analysis, which was performed by the functional
annotation tool of the DAVID (Database for Annotation, Visu-
alization and Integrated Discovery) bioinformatics resour-
ces,**® showed that proteasome components were the most
enriched proteins during meiosis (Fig. 8C). The enrichment
score of the proteasome was even higher than that of sporula-
tion-specific and meiotic chromosome-related proteins
(Fig. 8C). The expression levels of almost all components of the
proteasome started to increase at the pachytene stage and were
highly expressed during the 2 successive meiotic nuclear divi-
sions (Fig. 8D). These results suggest that the upregulation of
the proteasome is also needed to facilitate meiotic division,
thus providing a new layer of meiotic regulation.

Proteasome activity is essential to meiotic division but not
to the initiation of meiosis

To verify the expression level of the proteasome during meiosis,
3HA was fused to the C-terminus of 6 proteasome components
genes (RPN9Y, RPN11, PUPI1, SEMI, PRE6 and RPNI12). After
transfer into SPM and adding B-estradiol to induce sporulation
at 6 h, yeast cells were collected at 0, 6, 7.5, 8, 8.5 and 9.5 h,
respectively. Consistent with our mass spectrometry data, these
3HA fusion proteins increased after 6 h in SPM (Fig. 9A and
Fig. §9). To examine the proteasome activity during meiosis,
we then detected the chymotrypsin-like peptidase activity of
proteasome at various time points after inducing for sporula-
tion, and found that the chymotrypsin-like peptidase activity of
the proteasome increased significantly during meiotic division
processes compared with the initial stages of meiosis induction
(Fig. 9B). These results confirmed that both the expression level
and the activity of proteasome are upregulated during meiotic
division and suggest that the proteasome might play a major
role during meiotic division rather than initiation.

Because the proteasome is essential to the cell, it is not possi-
ble to directly detect the role of the proteasome in meiotic divi-
sion by knockout. MGI132 is a widely used proteasome
inhibitor that can inhibit proteasome-dependent protein degra-
dation, so it was applied to yeast cells during sporulation. After
100 uM MG132 treatment, the sporulation efficiency decreased
significantly (Fig. 9C, red line), confirming that the proteasome
indeed plays a very important role during meiosis, which is in
agreement with many studies show that ubiquitin-proteasome
dependent proteolysis of cyclins is essential to meiotic progres-
sion.”" To test whether the proteasome is essential to the early
stage of meiosis, we treated sporulating cells at 0-5 h (early mei-
osis) with 100 uM MG132, then washed the cells with fresh
SPM. The treated cells sporulated with high efficiency, close to
that of the control (Fig. 9C, blue line). Thus, we concluded that
the proteasome does not play a major role in the initiation of
meiosis. To further confirm the role of the proteasome during
meiotic division, we treated cells only at the meiotic division
stage (5-12 h). To our surprise, the sporulation efficiency of
these cells was lower than those treated with MG132 from the
beginning, and almost no cells finished the second meiotic
nuclear division (Fig. 9C, green line), presumably because of
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Figure 8. Proteasome and metabolism-related proteins are highly enriched during meiosis. (A) Protein interaction map of differentially expressed proteins during yeast
meiosis. The interaction network was calculated by STRING and visualized by Cytoscape 2.8.3. (B) The expression pattern of ribosomal proteins identified by MS data. (C)
Gene functional clusters of differentially expressed proteins. Clusters were generated by DAVID 6.7 online. (D) Expression patterns of proteasome members. Almost all
the components of the proteasome complex were upregulated after the pachytene stage.

some MG132 have lost their function during the first 5 h
incubation.

Further experiments showed that MG132 treatment didn’t
inhibit premeiotic DNA replication (Fig. 9D), and SPB duplica-
tion (Fig. 9E). But the duplicated SPBs couldn’t separate; even
after 9.5 h induction, 4 GFP dots were still crowded around the
nuclear (Fig. 9F). Together, these results suggest that autopha-
gic activity is essential for premeiotic DNA replication, while
proteasomal activity plays a very important role during meiotic
nuclear divisions but is not essential for meiosis initiation
(Fig. 9G).

Discussion

In this article, we confirm that autophagy-related genes are
essential to meiosis, and autophagy mainly affects early
meiotic phases such as premeiotic DNA replication by

degrading some negative meiotic regulators. These results
are consistent with previous large-scale screens*® and are
further supported by the fact that some cytoplasm-to-vacu-
ole targeting (CVT) and vacuolar protein sorting (VPS)
related genes (CCZ1, VPS1, AVT3 and AVT5) are required
for the early meiotic phase.*’>! Importantly, our proteomic
study also reveals that substrates of the autophagy pathway
may include certain negative meiosis regulators, as exempli-
fied by our characterization of a previously uncharacterized
ORF (open reading frame), Ego4. We show that endogenous
Ego4 is downregulated during sporulation, which is depen-
dent on the selective autophagy pathway. This process
appears to contribute to the timely initiation of DNA repli-
cation because overexpression of Ego4 is sufficient to slow
meiosis initiation. However, because the effect of Ego4 over-
expression is moderate, we assume that there might be a
host of inhibitors that need to be degraded collectively in



Downloaded by [McMaster University] at 17:17 07 April 2016

682 (&) F-P.WENETAL.

A B
0 675 8 85 95 Time(h) Chg/omotrypsn:-hke peptidase activity
[ e e e . RpNO-3HA o
— - 3
s — g w—— Pk 1 S e
0 675 8 85 95 Time(h) Lo L P
s ssawsdad Rpn11-3HA ﬁw £ 3
—— e — - Pgk1
1 2 3 4 5 86
0 6 75 8 85 9.5
Time (h)
D DMSO MG132 DMSO
C 12 E 100~
J‘-/k M © 80{ —s—20r4SPBs
] ¢4 SPBs
- AN Mm 2o
@ 0 h Pachytene 12 h 2 »
% 80| Control - ———@——) 8= 20 _—
$ = BVANEYANE- %% %
S o [Me132{ z 0 5 8 95
= J\k /k 6o Time (h)
= @
8 40 LA g - HMG132
; AN |
To) « 80{ —e-2o0r4SPBs
ke M M 3 60 + 4 SPBs
< 00 ‘ |2 5 40
0 2 4 6 8 10 12 A [\ 2 59 »
Hours of sporulation 0 06t o o ot
2C 4C 2C 4C 0 6 8 9.5

F mCherry
DIC DAPI -Tub1
B

‘..

Time (h)

Cnm67 mCherry-Tub1
-GFP  Cnm67-GFP

Meiotic
Initiation nuclear division
.- o

Proteasome

Figure 9. Proteasome activity is essential for meiotic division but not for meiosis initiation. (A) Validation of proteasome upregulation during meiotic division. A 3HA tag
was fused at the C termini of RPN9 and RPN11 in the SK1 background yeast strain. Cells were sporulated and released from NDT80 arrest by adding 5 «M S-estradiol at
6 h. Samples were collected and detected by western blotting with anti-HA antibody. (B) Chymotrypsin-like activity of 20S proteasome during meiosis. Total cell lysates
from different time points were collected and were used to detect their relative proteasome activity. *, P < 0.05 vs 0 h sample. (C) Effect of MG132 treatment at different
meiotic stages on yeast sporulation. MG132 (100 M) was added to the SPM at either the time of transfer or 6 h after induction. MG132 was washed out after 6 h, and
the effect on sporulation was detected. DMSO was used as the control. Data were presented as the mean =+ SD. Asterisk indicates statistically significant difference in
comparison with 0 to 12 h treated samples (red line). *, P < 0.05; **, P < 0.01. (D) MG132 treatment did not affect premeiotic DNA replication. The WT yeast strain was
sporulated in SPM without or with MG132, samples were stained with Sytox Green and analyzed by flow cytometry. (E) Effect of MG132 treatment on yeast nuclear divi-
sion and SPB duplication. The CNM67-GFP mCherry-TUB1 strain was sporulated in SPM in the absence or presence of MG132, and the numbers of SPBs in either MG132-
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ential interference microscopy. (G) Model for the role of autophagy and the proteasome in yeast meiosis.

order to initiate meiosis. This model is consistent with a
previous study that reported Ume6 as an inhibitor of meio-

> Our proteomic study further show that Ego4 preferen-
tially interacts with Acsl during the prophase of meiosis.
Acsl is an acetyl-CoA synthetase, which catalyzes the for-
mation of acetyl-CoA from acetate and CoA. The nuclear
acetyl-CoA serves as acetyl donor for histone acetylation,
and the cytoplasmic acetyl-CoA is mainly important for the
central carbon metabolism.”> Most importantly, the deletion
of ACSI leads to the decreasing of sporulation efficiency.*
So it is possible that Ego4 suppresses meiosis by destabiliza-
tion Acsl, thus decreasing histone acetylation and finally
altering the transcription of some meiotic related genes;
alternatively, changing the central carbon metabolism which
is specifically required for meiosis. Although additional
work is required to identify the full spectrum of meiosis
inhibitor, our study raises the possibility that the autoph-
agy-lysosome system can participate in meiosis initiation

not only by serving as a dynamic recycling system that pro-
duces new building blocks and energy for this cellular reno-
vation process,”* but also by degrading a cohort of negative
meiotic regulators.

The development of a new method to synchronize meiotic
cells by the Amon lab greatly promoted the application of new
‘omics’ methods to the study of yeast meiosis.'® Recently, ribo-
some profiling together with RNA sequencing were applied to
this system to study meiotic gene expression and translational
control.” Previous microarray and RNA expression profiling
studies also provided a global view of the regulation and coor-
dination of gene transcription during yeast meiosis.'> However,
a detailed kinetic profile of protein expression during meiosis
has not yet been obtained. Proteomic strategies have been
applied to investigate yeast mitosis, mitochondria and the dif-
ference between haploid and diploid yeast cells.”>”” So far as
we know, only 2-D DIGE (2-dimensional fluorescence differ-
ence in gel electrophoresis) has been used in the investigation
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of meiosis. That study found that 142 protein spots were tem-
porally regulated during meiosis but only identified 44 unique
proteins by LC-MS/MS.***® Here, TMT-based quantitative
proteomics was applied to highly synchronized yeast cells at
successive intervals following transfer to SPM, and 381 differ-
entially expressed proteins (>1.5-fold) of 2376 total identified
proteins were found, significantly expanding our knowledge of
meiosis at the proteome level. According to the studies of Chu
et al. and Primig et al., more than 1000 genes among approxi-
mately 6200 protein-encoding yeast genes showed significant
changes (either induction or repression) in mRNA levels dur-
ing sporulation.'>*® Considering that only 2376 proteins were
identified, the number of differentially expressed proteins
should be approximately 1000, which is comparable to the
mRNA data.

Although only 44 proteins were identified in the 2-D DIGE
studies, 2 functional categories, including carbon metabolism
and protein catabolism, were found to be of primary impor-
tance. This result is further supported by our network analysis,
which shows that metabolism and ribosome-related proteins
play central roles in meiosis. It is not surprising that metabo-
lism changes dramatically during meiosis, given that depriva-
tion of glucose and nitrogen trigger autophagy, many long-
lived proteins and organelles are degraded to provide building
blocks for the next phase of meiosis, which is totally different
from mitotic division. In addition, during meiotic division, our
quantitative proteomic results showed that ribosome compo-
nents are significantly upregulated to accommodate the transla-
tion of some meiosis-specific mRNAs. Thus our studies provide
additional evidence for the translational control of yeast
meiosis.

Another intriguing finding of our quantitative proteomic
study is that proteasome components are highly regulated com-
pared to genes in other functional categories during starvation-
induced sporulation in yeast. This is consistent with our prote-
omic studies during human and mouse spermatogenesis.®"%*
Many reports have investigated the role of the ubiquitin-pro-
teasome system in meiosis and gametogenesis. For example,
many E3s such as APC/C, SCF and other UPS elements were
found to be involved in the regulation of the meiotic cell
cycle.**7%*%* However, most of these studies focused on ubiq-
uitination rather than on the proteasome itself. The only
description of proteasome localization during meiosis comes
from fission yeast, during the first meiotic division, the protea-
some signal is more dispersed throughout the nucleus. In con-
trast, in meiosis II, the proteasome is restricted to the area
between the separating DNA.> We did not observe this type of
dramatic localization change during meiosis in budding yeast,
but we did find that the expression levels of proteasome com-
ponents and proteasome activity significantly increased during
meiotic division (Fig. 9A and B, Fig. S9), and proteasome activ-
ity is essential for the 2 meiotic nuclear divisions but not for
meiosis initiation (Fig. 9C). These results strongly support our
recent discovery about spermatoproteasomes, which contain
spermatid/sperm-specific subunits in addition to PA200 and
are proposed to be involved in the acetylation-dependent deg-
radation of somatic core histones during double-stranded DNA
breaks.®® All these results suggest that in addition to canonical
ubiquitination-dependent protein degradation, the proteasome
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itself also undergoes noncanonical regulation to fit the specific
requirements of meiosis during sexual reproduction.

Materials and methods
Strains and plasmids

All strains are SK1 derivatives and are described in Table S6.
GAL-NDT80 and GAL4.ER constructs were obtained from
Angelika Amon,'® and construction methods were described in
a previous study.”’” NDT80-Myc, CDC14-GFP, CNM67-GFP,
EGO4-GFP and all other GFP knock-in strains were con-
structed by using a PCR-based method.*® Yeast deletion strains
were constructed by the PCR-mediated gene replacement
method as described previously.”” Diploid deletion strains were
obtained by genetic crosses of appropriate MATa and MAT«
haploids. Overexpression plasmids were constructed by insert-
ing genes between the HindIII and BamHI loci of the pYC2/
NTC vector (Addgene, 631903) using the In-Fusion™ Advan-
tage PCR Cloning Kit according to the user’s manual.

Sporulation conditions

Strains were grown 24 h in YPD, diluted in YPA (1% yeast
extract, 2% peptone, 2% potassium acetate) to ODggy = 0.3, and
grown for 14 h for A14201-derived strains and 10 h for A14200-
derived strains. Cells were washed 3 times and resuspended in
sporulation medium (2% potassium acetate) to ODggo = 1.9 and
sporulated at 30°C. GAL-NDT80 GAL4.ER strains were released
from the pachytene arrest by the addition of 1uM pB-estradiol
(5 mM stock in ethanol; Sigma, E2758-1G) at 6 h as described by
Carlile and Amon."® For overexpression, strains were grown in
SC for 12 h, washed 3 times and resuspended in SG (SC medium
without sugar, add 1% galactose) to ODggo = 0.6 and grown for
40 h for induction. Cells were washed and resuspended in sporu-
lation medium (1% KAc, containing 0.5% galactose).

Western blotting analysis

Cells were subjected to mild alkali treatment and then boiled in
a standard electrophoresis loading buffer as described by Kush-
nirov.”® The samples were run on SDS-PAGE (sodium dodecyl
sulfate PAGE) gels, and electrophoretic protein transfer was
performed with a Bio-Rad Trans-Blot® SD Semi-Dry Transfer
Cell. For GFP-Atg8-PE formation assay, we used 12% SDS
PAGE gels containing 6% urea as described by Klionsky et al.'”
The antibodies were used at 1:2000, except for anti-Pgkl (gen-
erated in rabbit), which was used at 1:5000. GFP tagged pro-
teins were detected by western blotting with GFP-tag (7G9)
mouse monoclonal antibody (mAb; Abmart, M20004). The
Rec8 antibody was generated from a rabbit. Imel-MYC was
blotted by MYC-tag (19C2) mouse mAb (Abmart, M20002).
3HA fusion proteins were detected by western blotting with
HA-tag (26D11) Mouse mAb (Abmart, M20003).

Proteasome activity assay

Cells were collected at indicated sporulation time-points, then
washed 2 times with H,O, and resuspended in a buffer
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containing 50 mmol/L HEPES, pH 7.5, 150 mmol/L NaCl,
5 mmol/L EDTA, and protease inhibitors (Sigma-Aldrich,
E9884).”" The resuspended cells were disrupted by glass beads
(Sigma-Aldrich, G1145) using a Genie vortex. The chymotryp-
sin-like activities of proteasomes were determined with protein
extracts and the fluorogenic substrates Suc-LLVY-AMC (Bos-
ton Biochem, S-280). All measurement were performed in trip-
licate and further replicated in independent experiments. One-
way ANOVA was used to determine significant differences
among sample groups.

Protein extraction, reduction, alkylation and digestion

Yeast cells were finely ground using liquid nitrogen and lysed in
protein extraction buffer consisting of 7 M urea (Sigma-
Aldrich, 51456), 2 M thiourea (GE Healthcare, RPN6301),
65 mM DTT and 1% (v/v) protease inhibitor cocktail.”® Protein
content was measured using a Bradford assay; cysteine residues
were reduced by incubating lysates with 200 mM DTT for 1 h
at 56°C followed by alkylation in 375 mM iodoacetamide for
45 min at room temperature in the dark. Protein lysates were
cleaned by acetone precipitation and digested with trypsin
overnight at 37°C at a 1:50 enzyme:protein ratio.

TMT labeling

TMT labeling was performed according to the manufacturer’s
instructions. Briefly, TMT Label Reagents (Thermo Scientific,
90064) were equilibrated at room temperature, each aliquot
was resuspended in 41 uL of anhydrous acetonitrile, and 42 uL
of the TMT Label Reagent was added to 100 ug peptides were
dissolved in 200 mM triethylammonium bicarbonate. After
60 min of reaction at room temperature, 8L hydroxylamine
5% (w:v; Thermo Scientific, 90115) was added to each tube,
which was incubated for 15 min. The aliquots were then com-
bined, and the pooled samples were evaporated under vacuum.

Strong cation exchange chromatography sample
fractionation

The peptide mixture was resuspended in buffer A (10 mM
NH,COOH, 5% acetonitrile [ACN], pH 2.7) and loaded onto a
strong cation ion exchange column (1 mm ID x 10 cm packed
with Poros 10 S, DIONEX) with the UltiMate~ 3000 HPLC sys-
tem at a flow rate of 50 uL/min. The following linear gradient
was used: 0% to 56% buffer B (800 mM NH,COOH, 5% ACN,
pH 2.7) in 20 min; 56% to 100% B for 1 min; 100% B for 5 min;
100% to 0% B in 1 min; 0% B for 20 min before the next run.
Effluents were monitored at 214 nm based on the UV-light
trace, and a total of 17 fractions were collected in 2 min inter-
vals during the SCX gradient.

Mass spectrometry analysis

SCX fractions were sequentially loaded onto a p-precolumn™

cartridge (0.3x5 mm, 5 um, 100 A; DIONEX,) at a flow rate of
20 uL/min. The trap column effluent was then transferred to a
reverse-phase microcapillary column (0.075x150 mm,
Acclaim® PepMap100 C18 column, 3 pm, 100 A; DIONEX)

with a flow rate of 300 nL/min. The reverse-phase separation of
peptides was performed using the following buffers: 2% ACN,
0.5% acetic acid (buffer A) and 80% ACN, 0.5% acetic acid
(buffer B); a 120-min gradient was used (4% to 7% buffer B for
3 min, 7% to 33% buffer B for 102 min, 33% to 50% buffer B
for 10 min, 50% to 100% buffer B for 1 min, 100% buffer B for
3 min, 100% to 4% buffer B for 1 min).

Peptide analysis was performed using a LTQ Orbitrap Velos
(Thermo Scientific, Waltham, MA) coupled directly to a LC
column. An MS survey scan was obtained for the m/z range
400-1800, and CID MS/MS spectra were acquired from the sur-
vey scan for the 8 most intense ions (as determined by X-cali-
bur mass spectrometer software in real time). After each CID
MS/MS, the most intense fragment ion in an m/z range
between 110-160% of the precursor m/z was selected for HCD-
MS3, adapted from Ting et al’s method.”* Dynamic mass
exclusion windows of 60 s were used, and siloxane (m/z
445.120025) was used as the lock mass.

Protein identification and quantification

RAW files for MS/MS were identified using MaxQuant (ver-
sion: 1.2.2.5) with fixed TMT 6-plex modification. The
sequence database for identification was downloaded from the
Saccharomyces Genome Database (www.yeastgenome.org),
which contains proteins translated from ORFs and pseudo-
genes. The default settings were used for the other parameters.
The false discovery rate (FDR) for peptide and protein identifi-
cation were both set to 0.01 as evaluated by MaxQuant based
on reverse sequences. For each identified peptide, quantifica-
tion signals were extracted from the corresponding HCD-MS3
spectra, and the relative protein expression levels were calcu-
lated according to the Libra algorithm of TPP”*’* using in-
house developed scripts. In brief, each channel of reporter ion
intensity was normalized by the sum of the signals in the corre-
sponding channels. For each peptide, spectra with intensities
that deviated from the mean by more than 2 folds of sigma
were removed. Each peptide channel was then re-normalized
by the sum across channels. The protein intensity was calcu-
lated as the median of normalized intensity of the correspond-
ing peptides. For the identification of peptides and proteins, the
FDR was estimated by searching against the protein database
with the reversed protein sequences using MaxQuant. For sta-
tistical comparison of protein expression levels, one-way analy-
sis of variance (ANOVA) was used to calculate significant
differences in abundance among groups. A permutation-based
FDR value less than 0.05, and a fold change greater than 1.5
was considered significant using Perseus software’> for protein
quantification. Thus spectra with abnormal intensity were
already removed. And proteins with only a single unique pep-
tide were removed to increase the confidence of quantification.

Clustering and bioinfomatic analysis

Before clustering analysis, the expression values of each protein
were normalized across time points to have an average value of
0 and a standard deviation of 1, to better show the expression
trend, and they were showed in column 23-30 of supplemen-
tary Table S1. We then performed clustering analysis by Cluster
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3.0 software and visualization using TreeView software. Protein
interaction network was generated by STRING and visualized
by cytoscape 2.8.3. Gene functional clusters were performed by
DAVID 6.7 online tools.

FM 4-64 staining

Cells were collected after pre-sporulation and incubated with
5ug/ml FM 4-64 (from 100ug/ml stock solution in Me,SO;
Invitrogen, T13320) for 5 min at room temperature. Then cells
were diluted in 1% KAc for sporulation.

Flow cytometry

For DNA content analysis, 1x10” cells were fixed with 1 ml
cold 70% ethanol overnight, then resuspended in 1 ml 50 mM
sodium citrate. The samples were centrifuged at 376 x g for
5 min, and the supernatant fraction was removed. Samples
were digested with RNase A (Sigma Aldrich, R6513) for 2 h at
37°C and then sonicated for 2 s at 20% power, stained with
1 uM Sytox Green (Molecular Probes, S-7020), and analyzed
by BD FACSvantage SE Flow Cytometry System. For GFP
detection, samples were collected and washed once with cold
phosphate-buffered saline (PBS; HyClone, SH30256.01B), then
immediately subjected to BD FACSvantage SE Flow Cytometry.

Transmission electron microscopy analysis

Yeast cells were sporulated and collected at different time
points for TEM analysis. Sample preparation was conducted
according to a previously described protocol.”® Briefly, sporu-
lated samples were collected and wash 3 times with PBS (pH
6.5), then fixed by 4% K,MnO, for 4h at 4°C. After pre-embed-
ding with 1% argarose, samples were dehydrated and embed-
ded using spur’s low viscosity embedding kit (EMS, 14300)
following the manuscript. Sections were cut to about 90 nm
and examined in a JEM-1400 electron microscope.

Autophagic body size estimation

The estimation of autophagic bodies was performed exactly as
described by Backues et al.”” Briefly, photos taken by TEM
analysis was outlined by photoshop and measured using
Image], the measured particle sizes were input in the “Size_Es-
timation.xlsx” offered by Backues et al. Then adjusted the
empirical parameters, the section thickness was set to 90 nm.
After that, we adjusted the values of mu (u) and sigma (o) to
fit the actual data, at last we got the best-fit values of « and o in
order to calculate the mean and standard deviation of the radii
and the mean volumes of the original autophagic bodies.

Identification of Ego4 interacting proteins

For purification of Ego4-TAP interacting proteins, yeast cells col-
lected at different time points were ground to powder using liquid
nitrogen. The lysate was purified by IgG Sepharose 6 Fast Flow
(GE Healthcare, 17-0969-01) and calmodulin Sepharose 4B (GE
Healthcare, 17-0529-01) beads according to a tandem affinity
purification method.”® After purification, the proteins were
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digested using the previous on-beads digestion method.” In brief,
after reduction and alkylation, the beads were suspended in
200 pL 25mM NHHCO; with 250 ng trypsin, and incubated
overnight at 37°C with shaking. The reaction was stopped by add-
ing formic acid to 5% final concentration, and the peptides were
purified with the OASIS HLB C18 cartridges (Waters, Milford,
MA) before TMT labeling. The TMT labeling, LC separation,
CID MS/MS identification and HCD-MS3 quantification were
the same as described for whole yeast proteome quantification.
Wild-type strain was used as negative control. All proteins identi-
fied in the negative control were removed as nonspecific binding.

Abbreviations

Abs autophagic bodies

ACN acetonitrile

APC anaphase-promoting complex

ATG autophagy related gene

CID collision-induced dissociation

CMA chaperone-mediated autophagy

CQ chloroquine

Cvt cytoplasm-to-vacuole targeting

DAVID  Database for Annotation, Visualization and Inte-
grated Discovery

DTT dithiothreitol

FDR false discovery rate

GAL4.ER Gal4-estrogen receptor fusion protein

GFP green fluorescent protein

HCD higher energy collision dissociation

LC liquid chromatography

MEN mitotic exit network

MS mass spectrometry

ORF open reading frame

PAGE polyacrylamide gel electrophoresis

PE phosphatidylethanolamine

SCF Skp Cullin, F-box containing complex

SCX strong cation exchange chromatography

SDS sodium dodecyl sulfate

SPBs spindle pole bodies

SPM sporulation medium

STRING  Search Tool for the Retrieval of Interacting Genes/
Proteins

TEM transmission electron microscopy

TMT tandem mass tag

UPS ubiquitin-proteasome system

VPS vacuolar protein sorting

WT wild type
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