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Abstract

Saccharomyces cerevisiae is an established model organism for the molecular analysis of
fundamental biological processes. The genomes of numerous strains have been sequenced,
and the transcriptome and proteome of major phases during the haploid and diploid yeast life
cycle have been determined. However, much less is known about dynamic changes of the
proteome when cells switch from mitotic growth to meiotic development. We report a
quantitative protein profiling analysis of yeast cell division and differentiation based on mass
spectrometry. Information about protein levels was integrated with strand-specific tiling array
expression data. We identified a total of 2366 proteins in at least one condition, including 175
proteins showing a statistically significant >5-fold change across the sample set, and 136
proteins detectable in sporulating but not respiring cells. We correlate protein expression
patterns with biological processes and molecular function by Gene Ontology term
enrichment, chemoprofiling, transcription interference and the formation of double stranded
RNAs by overlapping sense/antisense transcripts. Our work provides initial quantitative
insight into protein expression in diploid respiring and differentiating yeast cells. Critically, it
associates developmentally regulated induction of antisense long noncoding RNAs and
double stranded RNAs with fluctuating protein concentrations during growth and

development.



Introduction

The budding yeast S. cerevisiae is a model organism widely used to study important
biological processes. Yeast genes are exceptionally well defined, since a large number of
genomes from different strain backgrounds have been sequenced [1]. The transcriptome and
proteome in important phases of yeast’s haploid and diploid life cycle were analysed, which
revealed complex and often uncorrelated mRNA/protein expression patterns [2-11]. These
profiling data were complemented by a variety of functional genomics studies that yielded
insight into the roles of nearly all currently known protein-coding genes during mitotic
growth, stress response, gametogenesis (sporulation) and spore germination [12-16].

The meiotic process is induced by nutritional cues mediated by protein kinase A (PKA) and
target of rapamycin complex 1 (TORC1) signalling, and leads to the formation of four haploid
spores in an ascus [17-19]. Only a few analyses of the meiotic yeast proteome have been
carried out so far, and all but one are based on protein separation by two-dimensional gel
electrophoresis [20-23]. Early work attributed global down-regulation of the meiotic
proteome mostly to proteolysis, but more recently it was found that protein translation
controlled via extended developmental stage-specific 5’-untranslated regions (5’-UTRs) plays
an important and perhaps widespread role during gametogenesis [24-29]. Additional
mechanisms affecting cellular protein concentrations involve long non-coding RNAS
(IncRNAs) such as stable unannotated transcripts (SUTs) [30, 31]; reviewed in [32-34].
Interestingly, meiotic cells strongly accumulate numerous IncRNAs, including many that
partially or completely overlap sense mRNAs [35, 36]. Such sense/antisense transcript pairs
contribute to the control of proteins and IncRNAs in vegetatively growing cells, since
overlapping sense/antisense mMRNAs that form double-stranded RNAs (dsRNAS) in vivo can
influence protein levels during mitotic growth [37]. Moreover, antisense regulatory INCRNAs,
such as Xrnl-sensitive unstable transcripts (XUTs), are protected against nonsense mediated
decay when they are engaged in dsRNA structures with sense transcripts in vegetative cells
[38].

Quantitative insight into the meiotic proteome is critical for a better understanding of how the
transcriptome controls the proteome during the process. Various high-throughput methods to
precisely determine protein abundance in yeast have been developed, such as SILAC (Stable
Isotope Labelling by Amino acids in cell Culture) [4], SWATH (Sequential Windowed



Acquisition of all THeoretical fragment-ion spectra) [39], and T3PQ (Top 3 Protein
Quantification) [40, 41].

In this study, we carried out T3PQ-based quantitative protein profiling of diploid yeast cells
in mitosis and meiosis and integrated the output with corresponding tiling array expression
data. Our results reveal insight into the complex expression patterns within the dynamic
proteome of mitosis, meiosis and gametogenesis in a simple eukaryote, and point to a possible
link between antisense INcCRNA expression, dsRNA formation and developmental stage

specific changes in protein levels.

Materials and Methods
Strains and media

Diploid SK1 MATa/a cells were cultured in rich medium (YPD), pre-sporulation medium
(YPA) and sporulation medium (SPII) as published [9].

Detection of meiotic landmark events

Pre-meiotic DNA replication was analysed using fluorescence activated cell sorting (FACS)
and transition through meiotic M-phase was monitored by staining the cells with DAPI and
scoring the formation of bi- and tetranucleate cells as published [9].

Protein preparation for mass spectrometry

Fermenting cells undergoing mitotic growth (YPA) and meiotic cells at two time points (SPII
6h and 8h) were harvested and frozen using liquid nitrogen prior to storage at -80°C. Total
protein extracts were prepared using a tandem buffer system for soluble and membrane bound
proteins and fractionated into 30 trypsin-digested samples via SDS-PAGE gel electrophoresis
as described [10, 11].

Protein identification and quantification

Digested peptides were analysed using a LTQ-OrbiTrap XL mass spectrometer
(ThermoFisher Scientific). The instrument was operated in its data-dependent mode by
automatically switching between full survey scan MS and consecutive MS/MS acquisition.
Survey full scan MS spectra (mass range 400-2000) were acquired in the OrbiTrap section of
the instrument with a resolution of r = 60,000 at m/z 400; ion injection times are calculated

for each spectrum to allow for accumulation of 10° ions in the OrbiTrap. The ten most intense



peptide ions in each survey scan with an intensity above 2000 were sequentially isolated and
fragmented in the linear ion trap by collision-induced dissociation. For OrbiTrap
measurements, an external calibration was used before each injection series ensuring an
overall error mass accuracy below 5 ppm for the detected peptides. MS data were saved in
RAW file format (Thermo Fisher Scientific) using XCalibur 2.0.7 with tune 2.4. We
performed the data analysis using Proteome Discoverer 1.2 software supported by Mascot
(Mascot server v2.2.07; www.matrixscience.com) and SEQUEST database search engines.
We identified proteins by querying the Saccharomyces Genome Database (release
06/01/2010; 6717 amino acid sequences) using a mass tolerance for MS of 10 ppm and for
MS/MS of 0.5 Dalton. We selected trypsin allowing for one miss cleavage. Fixed and variable
modifications were carbamidomethylation of cysteines and oxidation of methionine,
respectively. We filtered identified peptides based on Xcorr values and the Mascot score to
obtain a false discovery rate (FDR) of 1% at the peptide level, using the Mascot decoy search
strategy, which corresponds to an average FDR of 5%. We quantified protein levels using the
Precursor lon Area Detector method implemented in the Proteome Discoverer Software. This
approach calculates the Protein Abundance Index (PAI) of each protein by averaging the
intensity of the three strongest signal peaks for peptides, according to the TOP3 method [40].
For each sample, we log2 transformed the PAI and normalized the data using the quantile-

quantile method.

Minimal Information About a Proteome Experiment (MIAPE) compliance

The raw mass spectrometry proteomics data were uploaded to the ProteomeXchange
Consortium and are available at the PRIDE partner repository via the identification number
PXDO001275 [42].

Selection of proteins showing significantly different levels in mitosis and meiosis

2366 proteins were identified at least once in at least one sample. We focused on the 582
proteins reproducibly identified in all three conditions. After quantile-quantile normalization,
we selected proteins with an estimated abundance of log2(x) > 23.759 (corresponding to the
25" quantile) in at least one experiment (564/582), and identified those among them that
showed a >5-fold change in at least one pair of conditions (245/564). 175/245 proteins passed
a statistical t-test with a linear fitting of the variance (Limma R package) and a false discovery
rate (FDR) set at 5% [43, 44]. We empirically determined that K-means clustering at K=5

generated a useful number of expression patterns (Cluster1-5) within our sample set [45, 46].



Selection of proteins specifically identified in sporulation medium

Among 2366 proteins we identified 136 that were not detected in duplicate samples of cells
cultured in pre-sporulation medium (YPA), but present in duplicate samples from cells
cultured in SPII at 6h or 8h or both, with an estimated abundance log2(x) > 23.759 (25"
quantile) in at least one sample. The proteins were grouped into four meiosis-specific clusters
based on their patterns: ms cluster 1 (n=33) includes proteins peaking at SPII 6h (fold-change
>2.5 between 6h and 8h); ms cluster 2 (n=28) includes proteins highly expressed at 6h and 8h
(abundance log2(x) >24.85, corresponding to the 50" quantile); ms cluster 3 (n=46) includes
proteins with a medium abundance at both SPIlI 6h and 8h; ms cluster 4 (n=29) includes
proteins with a maximal abundance at 8h (fold-change >2.5 between SPI1 8h and 6h).

Selection of proteins encoded by genes paired with overlapping antisense INCRNAs

Among 100 known overlapping sense/antisense mMRNA/INCRNA pairs [36], we selected 26
cases where the mRNA encodes a protein we identified in at least one experimental condition,
and integrated protein profiling data with tiling array expression data for both DNA strands
(Supplemental Table S2).

Functional analysis of protein clusters
We determined significant enrichment of Gene Ontology Biological Process terms [47] in
protein clusters employing GOToolBox [48], using a hypergeometric law corrected for

multiple testing with Benjamini and Hochberg correction, with a FDR set to 1% [49].

Integration of Sc_tiling array expression profiling data

Microarray expression data were described in [36]. The full tiling array dataset is available for
viewing via the Saccharomyces Genomics Viewer (SGV, sgv.genouest.org; [50]) and the
ReproGenomics Viewer (RGV, rgv.genouest.org; [51]). This dataset covers the expression of
the yeast genome (SK1 strain), in rich medium (YPD), acetate medium (YPA), and during
sporulation (SPII, hourly samples from 1h to 10h). It was generated in 2009 using Sc_tlg
array data based on sacCer2 and was converted with the LiftOver tool (UCSC) to be
consistent with the current sacCer3 annotation. The colour scale used in the figure is directly
extracted from the dataset. For each protein, we (i) identified the exact transcript coordinates
from the Saccharomyces Genome Database (SGD, sacCer3) [52]; then (ii) identified tiling
array segments overlapping or included in this region; and finally, (iii) computed a weighted

mean of these values, whereby each segment contributed to the mean proportionally to the



percentage of the region it represented. Finally, we computed the same weighted mean for the
antisense transcript using the same coordinates on the opposite DNA strand. The complete
output together with functional annotation (retrieved from SGD on April 28" 2014) is

searchable in Supplemental Table S1.

Integration of functional chemoprofiling data

Results of the Yeast Fitness Database (http://fitdb.stanford.edu/) are integrated and presented
in Supplemental Table S1. The table indicates if a homozygous deletion mutant lacking a
given gene shows an increased sensitivity toward at least one of 145 chemicals. Specifically,
we used the data from supplemental file hom.z_tdist_pval_nm.counts.smallmol.cutoff.01.tab
[16].

Interpretation of RNA-Sequencing and ribosome profiling data

Compressed data files from [28] were downloaded from the NCBI’s GEO repository [53] and
imported into the Integrated Genomics Viewer (IGV version 2.3.66) [54]. We used the “S.
cerevisiae sk1” genome annotation file. For clarity, the original files were renamed to reflect

mitosis and progression through the meiotic pathway.

Interpretation of dsSRNA profiling data

Information about dsRNAs formed in wild-type cells (WT) or a temperature sensitive xrnl
mutant (xrnl) strain was compared to isogenic strains expressing fungal Dicer and Argonaut
orthologs (RNAI, xrnl RNAI). The data are available via http://vm-gb.curie.fr/mw2/
(Genome-wide mapping of double-stranded RNA), [38].

Identification of genes conserved between yeast and human
A comprehensive list of yeast genes for which human orthologs or homologs have been
identified was provided by the Saccharomyces Genome Database (as of May 2016; SGD,

www.yeastgenome.org) [52].



Results

Experimental design and rationale

In previous work, we used Direct Iterative Protein Profiling (DIPP) to determine the
proteome of rapidly dividing diploid SK1 MATa/a. yeast cells cultured in rich medium (YPD),
and respiring cells cultured in rich medium with acetate as the sole carbon source (YPA),
which is often used as pre-sporulation medium [10, 11]. Here, we compared the proteomes in
dividing versus differentiating yeast cells using acetate as a carbon source, by analysing
samples cultured in YPA (mitosis) and SPII at 6h and 8h (broadly corresponding to meiosis |
and I1) with the quantitative label—free T3PQ method. We made this choice because profound
physiological changes during gametogenesis may interfere with quantitative proteomics
methods that require uptake of compounds, such as SILAC. Moreover, T3PQ was found to be

more reproducible, linear and robust than other label-free approaches [41].

Information on protein abundance was combined with published DNA strand specific tiling
array expression signals [36], and interpreted using data from RNA-Sequencing/ribosome
footprinting [28], dsSRNA profiling [38] and chemoprofiling [16] experiments. We focussed
on two classes of proteins: the first showed changing abundance within the sample set and the
second was detected only in meiotic cells. This enabled us to interpret protein detection
patterns in the context of (i) protein function, (ii) expression of overlapping sense/antisense
transcripts, and (iii) dSRNA formation (Figure 1A, B).

Protein profiling of mitosis versus meiosis

Duplicate samples from each time point were pre-fractionated using one-dimensional SDS gel
electrophoresis and processed as previously published (Figure S1A) [10]. A total of 2366
proteins were identified by mass spectrometry in at least one duplicate of samples from cells
cultured in YPA, SPII 6h or SPII 8h, and quantified using the label-free T3PQ method (Table
1). The distribution of protein abundance, which is calculated as the mean of the three
strongest signals measured for peptides from each protein identified, was sufficiently similar
across the sample set (Figure S1B). As expected, we detected more proteins in mitotically
dividing cells (1242 in both YPA duplicates, 402 only in YPA1 and 201 only in YPAZ2;) than
in cells entering meiotic M-phase (958 in both SPII 6h duplicates, 364 in SP1I 6h1 and 202 in
SPII 6h2), and cells entering post-meiotic spore formation (729 in both SPII 8h duplicates,
470 in SPII 8h1 and 115 in SPII 8h2; Figure 1C).



Among the total output we detected 973 proteins in all time points at least once, 202 in YPA
and SPI116h, 67 in YPA and SPI18h and 163 in SPII 6h and 8h. Finally, 603, 186 and 111 were
found only in YPA, SPII6h or SPII8h, respectively (Figure 1D, see Figure S1C for the

complete set of detection patterns in all samples).

The yield of the T3PQ profiling method was lower than the one obtained with DIPP, because
quantifying protein levels precludes multiple rounds of injection (thus decreasing the
sensitivity of the approach) and requires more stringent detection criteria [10]; see methods
for details. However, our approach identified, technical limitations notwithstanding, a

substantial sample of the yeast proteome in dividing and differentiating cells.

Protein peak expression and function correlate during growth and development

We first sought to explore the mRNA/protein profiles, sense/antisense patterns, and cellular
functions of proteins displaying fluctuating levels across out sample set. To this end, we
focussed on a subset of 175 proteins (among a total of 2366) for which we obtained signals in
all six samples (duplicates in YPA, SP116h and 8h), whereby signal intensities for at least one
sample were above the 25" quantile (log2 23.759), the fold-change between two conditions
was >5, and the difference was statistically significant (Limma’s package t-test, FDR 0.05).
To exemplify sense/antisense expression we focus this analysis on protein-coding genes
paired with known IncRNAs (Cryptic Unstable Transcripts, CUTs; Stable Unannotated
Transcripts, SUTs; Meiotic Unannotated Transcripts, MUTSs; Xrnl-sensitive unstable
Transcripts, XUTS).

Using Silhouette plots to assess the clusters, we grouped the proteins according to five
patterns and ordered them over initial peak levels. 36 proteins in Cluster 1 peak in YPA.
MRNA/protein signal intensities in mitosis and meiosis broadly correspond to each other for
the majority of them (Figure 2A). However, we also observed cases of increasing, persistent
or moderately declining mRNA levels in combination with strongly declining protein
concentrations (for example Ent2, Efbl, Met6, Nsrl, Patl, Rpl30, Rps2, Sdh2, Tif2, Yef3).
This likely points in some cases to regulatory mechanisms that act via protein stability during
growth and development. We observe meiotic induction of a known antisense IncRNA for
RPL5/SUT2589 and RPS13/MUT262 in combination with decreasing mRNA and/or protein
levels. Four proteins in this cluster are poorly characterized (Ycl042w, Yfr016c, Ykr018c,

Ypl260w); Yclo42w and Ykr018c may be important for protein translation since they



physically interact with Sbpl, a translational repressor that binds 5’-untranslated regions of
MRNAs [55]. The decreasing levels of Yfr016¢c and Ypl260w are consistent with a role in
chemical stress response not directly related to meiosis-specific landmark events [16]. Gene
Ontology (GO) term analysis revealed two major biological processes as being significantly
enriched: gene expression (p-value 3.20 x 10®) and protein synthesis (translation, 1.91 x 10°;
regulation of translation, 7.04 x 10; and ribosomal subunit assembly, 1.55 x 10®) (Figure
2B).

Cluster 2 contains 73 proteins that also peak in mitotic cells but show a slightly extended
pattern of expression in meiosis (Figure 2C). mRNA/protein abundance typically correlates
well, with some notable exceptions where proteins strongly decline in meiosis in spite of
continued or only moderately declining mRNA expression (such as Cprl, Idhl, Idp2, Lscl,
Lsc2, Pdbl, Rpl28, Ymr099c). We observe meiotic sense/antisense expression for
FBP1/SUT281, HOR2/SUT1395, PDC6/MUT645, and RPL35B/SUT1105. In all cases except
Fbpl this phenomenon is associated with decreasing protein levels in sporulating cells. The
poorly characterized protein Ymr099c likely encodes a protein involved in carbohydrate
metabolism [56]. GO term enrichment identified carbon metabolism (gluconeogenesis, 2.20 X
10°®; alcohol biosynthetic process, 1.03 x 10™%), and again protein synthesis (translation; 1.91

x 10 as key processes in this cluster (Figure 2D).

Cluster 3 comprises 32 proteins that tend to peak at the onset of meiotic M-phase (SPII 6h),
whereby only very few cases show strongly deviating mRNA patterns (Alel, Crcl, Pho86,
Yet3). Ato3’s decline in concentration is associated with the meiotic induction of an as yet
unknown antisense transcript. Mic10/Ycl057c-a is a component of the MICOS complex that
was recently shown to be critically involved in mitochondrial architecture [57]. Ypr010c-a is
likely also involved in mitochondrial functions because it interacts with Mic60 (subunit of
MICOS) and Corl (component of the mitochondrial inner membrane electron transport chain)
[58, 59]. Enriched GO terms correspond to the metabolic state of cells in media containing
acetate (cellular respiration, 7.08 x 107%) and the physiological and architectural changes that
accompany spore formation (transport, 4.56 x 10”"; phospholipid biosynthetic process, 4.49 x
10%) (Figure 3B). We note that 19/32 proteins in this cluster are involved in transport,

including 11 that pay roles more specifically in intracellular transport.

Cluster 4 contains 26 proteins that peak during meiotic M-phase (SPII 6h and 8h) and show
similar mRNA/protein patterns, except in the cases of Cdcl10, Doal, Fthl and Vps75 (Figure

3C). The protein expression patterns we find are consistent with known meiotic and post-
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meiotic roles of Glc7 [60], MIh2 [61], Prcl, Pep4 [25], and Rim4 [24]. Ydr415 is likely
important for protein degradation during meiosis and gametogenesis because it binds Bre5
(ubiquitin protease cofactor) and Ubal (ubiquitin activating enzyme 1) [62]. Enriched GO
terms reflect increasing protein turnover during gametogenesis (proteolysis, 1.52 x 107
vacuolar protein catabolic process, 3.37 x 107), and the response to an environmental signal
(cellular response to stress, 3.47 x 10°) together with cell development (cell differentiation,
8.80 x 10 sporulation, 4.52 x 10*) (Figure 3D).

We find peak expression at 8h in sporulation medium for only 6 proteins and their mMRNAs in
Cluster 5 (Cis3, Cwpl, Hsp150, Leu2, Rpnl3, Yjl160c). The remaining two cases, Pirl and
Pir3 show increasing concentrations in the meiotic samples, while their mMRNAs decline
(Figure 3E). PIR1/SUT227 shows antagonistic sense/antisense mMRNA/INCRNA expression but
no concomitant decline of the protein level. HSP150 and LEUZ2 are associated with antisense
transcript expression that decreases when cells switch from respiration to sporulation, while
protein concentrations increase. Cwpl and Pir5/Yjil160c are known be involved in
sporulation [14, 63]. Enriched GO terms are consistent with architectural changes during
gametogenesis (cell wall organisation, 1.87 x 10°®; external encapsulating structure, 1.87 x

10°®; ascospore-type prospore membrane, 1.00 x 10°?) (Figure 3F).

Proteins present in meiotic M-phase are important for metabolic functions, signalling, cell

architecture and gametogenesis

To gain further insight into the roles of proteins undetectable in respiring cells but present
during sporulation, we identified 136 proteins not found in YPA but significantly detected in
SPII (6h and/or 8h; signal values >25™ percentile, Figure S3), and grouped them into four
meiosis-specific clusters (msClusters) according to their peak levels. We expected this
approach to identify (i) proteins involved in meiosis and gametogenesis, (ii) cell cycle
regulated proteins, which are below the threshold level of detection in asynchronous mitotic
cells but not semi-synchronous meiotic cells, or (iii) stress response proteins that are
undetectable during respiratory growth under perfect conditions (well oxygenated medium at

30°C) but present during sporulation.

msCluster 1 contains proteins that peak at the onset of meiotic M-phase (SPII 6h). Among 33
proteins in msCluster 1, 27 show uncoupled mRNA/protein levels, that is to say, the mRNA

accumulates in mitosis although the protein is detected only in meiosis (Figure 4A); this
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phenomenon holds true for the vast majority of the proteins in msClusters 1-4. To the
contrary, the mRNAs encoding the remaining six proteins are undetectable or barely above
background in mitosis and therefore correspond to the protein pattern we observe: Dtrl (spore
wall synthesis, [64]), Fks3 (spore wall assembly, [65]), Ime2 (regulator of meiotic
progression, reviewed in [66]), Tepl (spore wall formation, [67]), Lds2/Yol047c (spore wall
assembly, [68]), and Ypr078c (stress response, [69]). It is noteworthy that all of them, except
Ypr078c, are directly involved in meiosis and gamete formation. Examples for antisense
INCRNA expression antagonistic with protein levels in mitosis and meiosis are
YOL047C/SUT357, RRT8/MUT1398 and YLRO50C/SUT253. Five poorly characterized
proteins are likely involved in ion transport (Zspl/Ybr287w), lipid metabolism
(Mpol/Yglo10w), cell wall integrity signalling (Dck1/YIr422w), chemical stress response
(YplO1l4w; [16]), and DNA metabolism or genome stability (YprO78c; see yeastgenome.org).
GO term enrichment is consistent with cells progressing through gametogenesis (sporulation,
7.99 x 10°%; spore wall assembly, 1.27 x 10°°) (Figure 4B).

msCluster 2 contains 28 proteins that are highly expressed in both meiotic samples since their
signals are above the median in both meiotic samples (SPII 6h and 8h), including 11 that peak
at 8h. Again, for the majority (23/28) we find mRNA in mitotic cells, which is consistent with
the notion that these transcripts may not be translated during growth or the proteins may be
unstable in mitosis (Figure 4C). For the remaining five cases we find corresponding
MRNA/protein patterns: Cda2 (spore wall assembly, [70]), Dmcl (meiotic double strand
break repair, reviewed in [71]), Lds1/Yal018c (spore wall assembly, [68]), Smk1 (spore wall
assembly, [72]), and Spo21 (meiotic modification of the spindle pole body, [73]). We detect
antagonistic antisense INCRNA expression for DMC1/SUT521, GDH3/SUT434, and SMK1
(the latter being associated with an unannotated antisense transcript). The poorly characterised
proteins Ynl050c and Yhr202w may play roles in meiosis or gametogenesis; we note that the
latter binds Rad53 and Srs2, which are involved in DNA repair and meiotic recombination,
respectively. Yil077c and YKIO77w are likely involved in nutritional and chemical stress
response (see yeastgenome.org); [16]. GO term analysis associates signal transduction
(intracellular signalling cascade, 2.50 x 10™), energy metabolism (CAMP metabolic process,

3.58 x 10™), and gametogenesis (sporulation, 5.40 x 10™*) for msCluster 2 (Figure 4D).

msCluster 3 contains 46 proteins that are undetectable in YPA and moderately abundant in
both meiotic samples (Figure 5A). Protein levels appear to be uncoupled from mRNA in

mitosis in all cases apart from Lohl (spore wall assembly, [68]), Spol9 (spore formation,
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[74]), Ysw1l (pro-spore membrane formation, [75]), and Ypr027c (competitive fitness; binds
Nab2, a protein involved in mRNA transport and processing; [76, 77]. Other proteins in
msCluster 3 known to be involved in meiosis and gametogenesis are Bem2 (ascus wall
formation; [78]), Clbl (regulation of meiosis; [79, 80]), and Pms1 (mismatch repair; [81]).
Six other poorly characterized proteins may be important for processes relevant for or
concomitant to gametogenesis, such as apoptosis (Ybl055c), heavy metal detoxification
(Ybr139w), sugar transport (Ybr241c), stress response signal transduction (Eghl/Yir007w),
and toxin resistance (Ymrl47w, Ypll13c; see yeastgenome.org). GO term enrichment data
are in agreement with the meiotic divisions (spindle organisation, 5.58 x 10™) and spore
formation (ascospore-type prospore, 1.12 x 10™*). We also identified cell death (4.26 x 107%),

which is potentially relevant for spore quality control and germination [82] (Figure 5B).

msCluster 4 includes 29 proteins that show peak levels at the exit of meiotic M-phase (SPII
8h) (Figure 5C). mRNA/protein patterns are uncoupled for 20 proteins, but appear broadly
consistent in nine cases: Gas2 (spore wall assembly, [83]), Rrt5 (rDNA expression, [84]),
Spr2/Yor21l4c (Spol9 paralog, [85]), Spr3 (spore formation, [86]), Sprl (spore
thermoresistance, [87]), Sps2 and Sps22 (spore wall assembly, [88]), Ynl019c (heat stress
response, [89]), and Ynl033w (binds Hek2, involved in mRNA processing and telomere

maintenance, [90, 91]).

Three genes in msCluster 4 are associated with antisense INCRNAs for which the expression
profile is antagonistic with mRNA/protein levels: SPR1/SUT785, YNL033W/SUT2342, and
YNLO19C, for which we observe strong expression of an as yet unannotated antisense
transcript. Two other uncharacterized proteins in msCluster 4 are possibly involved in DNA
damage response (Ybl029c-a), and protein translation (Ymrll4c) (yeastgenome.org). GO
term enrichment reflects progression through advanced stages of gamete formation
(ascospore formation, 5.03 x 10™'; spore wall assembly, 4.05 x 10°>; sexual reproduction, 6.23
x 10°®) (Figure 5E).

Chemoprofiling reveals global stress response component of the meiotic proteome

Earlier functional genomics work revealed that most genes expressed in differentiating cells
but not vegetatively growing cells are not directly involved in meiosis and gametogenesis [14,
15, 92]. We therefore hypothesized that yeast responds to a specific nutritional cue - lack of

nitrogen and a fermentable carbon source - not only by initiating meiosis, but by triggering a
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broad metabolic- and stress response, regardless of otherwise favourable culture conditions
including optimal oxygen supply, ideal temperature of 30°C, neutral pH, and no

environmental insult of any kind.

To test this idea, we explored potential functions of our target proteins using chemoprofiling
data [16]. We identified among the SPII-specific proteins 63 cases that bear the annotation
“function unknown”. Apart from Six genes important for meiosis and spore formation (LOH1,
MSC7, OSW5, SPS22, SPO71, SPO75), for which deletions tend to display few resistance
phenotypes, no direct role in gametogenesis has been annotated in SGD. For mutants lacking
any one of the remaining 56 genes we observe a wide variety of increased sensitivities against
selected toxins, disease-related drugs, anti-microbial/viral agents and nutritional supplements
(Figure 6, see Table S1 for the complete set of phenotypes).

We conclude that among our meiotically induced target proteins, which are undetectable in
vegetatively growing cells using acetate as a carbon source, the overwhelming majority is
involved in metabolic functions and a wide variety of stress responses. The result confirms
and extends earlier findings from RNA- and protein profiling studies that the accumulation of
proteins specifically important for meiosis and gametogenesis is inextricably linked to a
global transcriptional and translational response, which involves numerous proteins involved
in metabolic pathways, signalling, cell architecture, and detoxification [3, 9, 20-22, 93]. This
explains why most genes identified as meiosis-specific by microarrays (when compared to
growth medium or pre-sporulation medium) are not directly involved in meiotic landmark
events such as formation of the synaptonemal complex, recombination, chromosome

separation in meiosis | and 11 and gamete formation.

Induction of antisense transcription can correlate with low protein levels

It has been reported that antisense transcription of InCRNAs can interfere with the expression
of overlapping sense mMRNAs [94]; reviewed in [32]. Interestingly, co-expression of
overlapping sense/antisense transcripts in the same cell allows, in many but not all cases, for
dsRNA formation in vivo during growth and/or development [36-38, 95]. This phenomenon
can influence protein levels in E. coli, budding yeast and mammals [37, 38, 95, 96].
Therefore, we further explored our mMRNA/protein data in the context of a genome-wide assay
detecting dsRNAs formed by sense/antisense pairs, available for viewing at vm-
gb.curie.fr/mw2/small_RNA-seq; [38].
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We selected 26 proteins showing variable levels within the samples, and that overlap with an
antisense transcript expressed in at least one condition (Table S2). The proteins were
organised into five groups depending on their expression patterns. Manual inspection of RNA
profiling data revealed that the vast majority of these transcript pairs (17/26, 65%) can form
dsRNAs in vivo (Figure 7A) [38]. Nine cases for which no dsRNAs were detected include
two genes associated with strongly induced IncRNAs and decreasing protein levels in meiosis
(SED4/MUT214, and YMRO034C/MUT1155). We therefore hypothesized that the
transcriptional induction of the antisense MUTs during the onset of meiotic M-phase
interferes with sense mMRNA transcription, which may negatively regulate these proteins. Our
tiling array data are in agreement with this notion [36]; (see sgv.genouest.org). To further
explore this idea, we used strand-specific RNA/ribosome profiling data covering mitotic
growth and meiotic development [28]. Indeed, the accumulation of MUT214 and MUT1155
correlates with strongly decreased mRNA levels and, as a consequence, ribosome footprints
for SED4 and YMRO034C during meiotic M-phase (Figure 7B). These patterns are consistent
with meiotic antisense interference, and may at least in part explain the decreasing protein

levels observed for Sed4 and Ymr034c in differentiating cells.

In vivo dsRNA formation is associated with fluctuating protein levels

Among 17 mRNA/IncRNA pairs that can form dsRNAs in vivo during vegetative growth, we
find 14 cases were INcCRNA expression is associated with strongly fluctuating protein levels
(in the most extreme cases no protein was detected in at least one sample). For
MGR1/SUT1053 and PRY1/SUT209 (also annotated as XUT0531 [38]) no proteins are
detected when IncRNAs accumulate and dsRNAs form in vegetatively growing cells (Figure
7A and C) and during late meiotic M-phase (SPII 8h; Figure S4; the full dataset will be
published elsewhere). No effect of INcRNA expression and dsRNA formation was observed
for HSP42/MUT276, SI1S1/SUT2384, and TEF4/SUT1895 which might be due to an excess of
MRNA versus INcRNA concentrations in the cell (Figure 7A).

Taken together, the data are consistent with the idea that induction of meiotic antisense
InNcRNAs (i) can be correlated with decreased overlapping sense mRNA (hence protein)
levels, which is likely due to transcription interference, and (ii) can lead to the formation of
putative regulatory dsRNAs that may influence protein levels.
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Discussion

The present study provides initial quantitative insight into the dynamic proteome underlying
the switch from mitosis to meiosis, the latter of which is a key step of gametogenesis in the
simple eukaryote S. cerevisiae. We integrated large-scale protein-profiling data obtained via
mass spectrometry with information from genome-wide and strand-specific RNA profiling
studies based on tiling arrays and RNA-Sequencing. Our results (i) identify differentially
expressed proteins showing correlated or uncoupled mRNA/protein profiles in mitosis and
meiosis, (i) suggest novel functions in meiosis and gametogenesis for poorly characterized
proteins, and (iii) associate protein levels with developmental stage-specific antisense

INcCRNA expression via transcriptional interference and dsRNA formation.

Correlating mRNA/protein peak levels and essential function in meiosis

When transcriptome and proteome data from vegetatively growing cells were combined, it
was critically noted that mMRNA and protein levels often did not correspond to each other; this
phenomenon was reported to also occur in meiosis in later work [4, 20, 23]. We do, however,
not think that this is a problem — quite the opposite. Uncoupled mRNA/protein patterns are
interesting, because they typically point to novel mechanisms for translational control via, for
example, extended 5’- or 3’-UTRs that inhibit or enhance ribosome activities, or dSRNAs that
trigger selective degradation of mRNAs [28, 37]. Moreover, the small but critical group of
yeast genes, which are genuinely specific and essential for gametogenesis, actually does show
tightly correlated mRNA/protein patterns that typically peak at the developmental stage where
the protein acts (see Figures 4 and 5; [3, 9]; for review, see [97]). For such cases,

transcriptional induction and function in meiosis are statistically significantly correlated [15].

We note that the present analysis failed to detect some early meiotic proteins, which are
expressed at very low levels because they typically fulfil enzymatic functions important for
processes such as recombination, chromosome synapsis and chromosome separation [98, 99].
However, our study provided, among many others, robust quantitative profiling data for more
abundant meiotic enzymes (e.g. Dmcl, Ime2, Smk1), transcription factors (Msa2, Swib6), a
factor involved in chromosome separation (Spo21), and proteins important for gamete
formation and maturation (Bem2, Dtrl, Gas2, Ldsl, Lohl, Spol9, Sps2, Sps22, Tepl). In
summary, we conclude that quantitative insight into the meiotic proteome helps complete our

understanding of the expression program underlying gametogenesis, and facilitates the
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discovery of novel functions for protein-coding genes that are directly or indirectly required
for optimal cell differentiation.

The role of IncRNAs in controlling the proteome

Determining global protein concentrations during growth and development identifies many
stage-specific proteins, and others that show large differences in their steady-state levels. This
raises the question how such patterns arise. Classical views include coupled mRNA/protein
expression whereby timing of induction and time of translation (hence function) overlap [97,
100]. More recently it was proposed that transcript isoforms with extended 5’-UTRs
contribute to controlling protein levels during sporulation [28, 29, 35, 101].

How might IncRNAs control protein expression in meiotic cells? While two studies have
addressed the function of IncRNAs in coordinating entry into budding yeast meiosis, their
roles during the process remain a matter of speculation [94, 102]. In the distantly related
fission yeast Schizosaccharomyces pombe, INcCRNAs have also been found to regulate entry
into meiosis, albeit using different mechanisms; for review see [103, 104]. Critically, in S.
pombe a non-coding RNA was not only shown to regulate the onset of cell differentiation, but
to be involved in a key meiotic step — chromosome synapsis — itself [105]. In the current
study we provide initial evidence that antisense interference, a process whereby the
expression of sense MRNASs is inhibited by the induction of overlapping antisense INCRNAS,
appears to act not only at the onset of meiosis but also during the process (MUT214,
MUT1155, see Figure 7B) [94].

When interpreting data on IncRNAs it might be helpful not to simply apply working
hypotheses known to fit mMRNAs. That is, unlike mMRNAs that typically have the unique role
of encoding (multiple isoforms of) proteins, an IncRNA may have evolved to fulfil several
roles at once. For example, MUT214’s and MUT1155’s synthesis may interfere with the
expression of SED4 and YMRO034C and, when the IncRNAs are in the cytoplasm, they may
attenuate together with (numerous) other IncRNAs protein translation during sporulation by
engaging ribosomes in non-productive interactions (see Figure 7B and for example MUT1465
in [28]). While this idea is consistent with antagonistic MRNA/INCRNA patterns and ribosome
footprints being limited to the extreme 5’-regions of MUT214 and MUT1155, we currently
cannot exclude that these INCRNAs encode biologically active peptides.

17



Associating meiotic dsRNA formation with protein levels

It has recently emerged that numerous overlapping pairs of sense/antisense transcripts
involving mRNAs, IncRNAs or both can form dsRNAs in vivo [37, 95, 96]. It is unclear why
some sense/antisense pairs do not appear to form such structures but this may be related to
threshold levels of detection, or strain- and condition-dependent dsRNA stability. In any case,
for yeast mMRNA/mRNA dsRNAs it was shown that selective degradation of one participating
MRNA via the so-called no go decay (triggered by stalled ribosomes), depletes cells of the
corresponding protein [37]. In this context, it is intriguing that we find signal patterns
consistent with a role for dSRNAs in down-regulating proteins during meiosis. For example,
in the case of PRY1/SUT209 (XUT0531) [38] dsRNA is formed, and sense/antisense transcript
concentrations are at a peak during mitosis when Pryl is undetectable by mass spectrometry.
Pryl belongs to a family of sterol-binding proteins that may play a role in metabolic processes
involving prospore membrane formation during meiosis and sporulation [17, 106, 107]. It is
not clear why Pryl is present only at the onset of meiotic M-phase. However, the pattern we
detect is consistent with work published 40 years ago showing that cerulenin, an inhibitor of
fatty acid and sterol synthesis, could interfere with sporulation only during early but not late
stages [108]. The tight post-transcriptional regulation of Pry1 is coherent with the fact that the
phenomenon of dynamic changes in membrane lipid composition are conserved between

yeast sporulation and mammalian spermatogenesis [109].

We also observed cases where dsSRNA does not appear to strongly influence protein levels,
which might mean that the sense/antisense transcripts form fortuitous structures that have no
biological function. It could, however, also be that these proteins are unusually stable, thereby
masking a negative effect of dsSRNAs on translation. Alternatively, dsSRNAs might retain
transcripts in the nucleus, or protect mMRNAs against degradation, thereby preserving them for
rapid translation when spores germinate and newly formed cells undergo the first mitotic

division.

From large-scale protein profiling to the full meiotic proteome

While the mitotic yeast proteome is well studied and methods have been developed to identify
all known proteins in a growing cell undergoing rapid growth and divisions, only a limited
number of proteins were identified in meiotic cells using 2D-gel technology. Using our

approach, we identified all of 39 proteins listed in three relevant studies (Supplementary
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Table 3; [20-22]). This is not surprising since gel-based approaches tend to identify abundant
proteins, which are usually very reliably detected by mass spectrometry. Furthermore, the
output of meiotic proteins reported here is comparable to a recent protein-profiling analysis of
yeast sporulation based on mass spectrometry (357 versus 381) [23]. However, we observe
only a small overlap of 56 proteins that both studies detected (Figure S5A; Table S3). Since
we used the same SK1 strain background as Wen et al. the large number of proteins identified
in only one study is likely due to methodological differences in tryptic peptide fractionation
prior to mass spectrometry analysis, resulting in comparatively low proteome coverage by our

LTQ-OrbiTrap mass spectrometer in combination with the T3PQ quantification method [23].

While quantitative isotope labelling-based mass spectrometry approaches typically yield more
proteins, the labelling step may introduce a technical bias into analyses of gametogenesis,
because of substantial changes in cell metabolism and the chemistry of the cell wall that occur
when cells progress through the meiotic differentiation pathway [17, 93]. We plan to address
the critical issue of proteome coverage in future work by using an improved mass
spectrometer such as triple-TOF, Q-OrbiTrap or Q-TOF in combination with a label-free

method.

In this context is it perhaps noteworthy that among 357 proteins we quantified in at least one
of the replicates from meiotic samples, 226 have human orthologs or homologs (Figure S5B;
Table S4). Consistently, most of these human proteins have been detected in fetal and/or adult
gonads in a recent mass-spectrometry based protein profiling experiment (www.
humanproteomemap.org) [110]. Given that the human testis is key organ for ongoing work to
complete the human proteome, further genomic and genetic studies will likely identify more

conserved proteins potentially important for gametogenesis in yeast and mammals [111-113].

Conclusion

Previous studies and our work clearly indicate that protein extracts from sporulating cells are
suitable for high-throughput studies in spite of elevated proteolytic activities and profound
physiological and morphological changes that occur during the process. While considerable
progress has been made in the field of reproductive genomics, much remains to be learned
about the interplay between transcript isoforms, the sense/antisense transcriptomes, dsRNAs,
and the proteome during gametogenesis. The stage is now set to combine the most advanced
methods for RNA- and protein profiling of the meiotic developmental process in eukaryotes.
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Figure legends

Figure 1. Experimental design and total protein yield. (A) A schematic outlines the
biological processes and the stages corresponding to cell samples. (B) A flow diagram
summarizes the experimental approach. (C) Colour coded Venn diagrams show the numbers
of proteins detected in duplicate samples cultured in rich medium with acetate (YPA, light
orange) and in two time points in sporulation medium (SPII 6h and 8h, green). (D) A Venn
diagram shows how many proteins were detected in only one condition or in multiple samples

as indicated.

Figure 2. Differentially expressed proteins peaking in mitosis. (A) False colour heat maps
are shown for protein levels (mass spectrometry) and RNA levels (tiling microarrays). Protein
names are given to the left, the Cluster number (Cluster 1) is indicated to the right. Samples
are shown at the top for proteins, protein-coding transcripts (sense mMRNASs) and RNAs
encoded on the opposite strand (antisense transcript). Scales for protein and RNA levels are
given at the bottom. (B) A bar diagram shows enrichment (x-axis) of Gene Ontology terms
(y-axis) for the cluster (percentage of annotated terms in light grey) versus the entire genome
(in dark grey). The p-values, which were computed with a hypergeometrical law corrected for
multiple testing (Benjamini and Hochberg), are indicated. (C-D) Data are shown for Cluster 2
like in panels A and B. Colour-coded arrows mark selected proteins exemplifying four

different categories as indicated at the bottom.

Figure 3. Differentially expressed proteins peaking in meiosis | and Il. (A-D) Protein
data, RNA data and Gene Ontology enrichment values for Cluster 3 and Cluster 4 are shown
as in Figure 2. (E-F). Protein data, RNA data and Gene Ontology enrichment values for

cluster 5 are shown as in Figure 2.
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Figure 4. Specific proteins peaking in meiosis I. (A-D) Protein data, RNA data and Gene
Ontology enrichment values for msClusters 1 and 2 are shown as in Figure 2.

Figure 5. Specific proteins peaking in meiosis Il. (A-D) Protein data, RNA data and Gene

Ontology enrichment values for msClusters 3 and 4 are shown as in Figure 2.

Figure 6. Chemoprofiling and sporulation. Protein and RNA profiling data are shown as in
Figure 2. Colour-coded squares mark significant sensitivity of a mutant strain against selected
therapeutic molecules grouped into five categories as given at the bottom; the complete
dataset was reported by [16]. Green arrows indicate gene known to be important for meiosis

and/or gametogenesis.

Figure 7. Association of protein levels with sense/antisense expression. (A) Protein and
RNA profiling data are shown as in Figure 2. Transcript pairs that form double-stranded
RNAs in vivo (dsRNA) are indicated by a dot. (B) Bar diagrams created with IGV are shown.
Transcripts are given in blue (RNA profiles), ribosome interactions (ribosome footprints) are
shown in red. Open reading frames are given in blue, IncRNAs are shown in yellow (MUTSs)
and red (XUT). Sample names are given to the left; data types are indicated to the right. The
display parameters were bar chart, log scale, data range 0-200 for mRNA and 0-20 for
ribosome footprints. (C) A histogram shows dsRNA profiling data for MGR1/SUT1053 and
PRY1/SUT209 in wild type (WT) and mutant strains (xrnl) and corresponding strains
expressing Dicer and Argonaut (RNAI and xrnl RNAI). Log 2 tag intensities (x-axis) are
plotted for each base (y-axis). Genome coordinates are shown. Signals corresponding to the
top (+) and bottom (-) strands are given in blue and red, respectively. Genes are shown as
violet rectangles, IncRNAs are given in red (XUT) and light blue (SUT). Arrows indicate the

transcriptional direction.

Figure S1. Sample fractionation and distribution of protein abundance. (A) The image of
a Coomassie-stained SDS gel resolving total protein extracts from mitotic duplicate samples
(YPA 1 and 2), and meiotic samples (SPII 6h 1, 2 and SPII 8h 1, 2) is shown. The last lane
contains molecular weight markers (MW). Values in kilo Dalton (kD) are given to the right.
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A schematic to the left represents 30 bands that were excised from each lane for further
processing. (B) A colour coded boxplot shows the distributions of log2-transformed protein
abundance signals (x-axis) in duplicate samples from cells grown in pre-sporulation medium
(YPA) and sporulation medium (SPII) at the time points indicated (y-axis). A horizontal black
line is the median. The boxes indicate the 1% and 3" quantile, which reflects the interquartile
range (IQR). Whiskers extend to 1.5 x IQR from the box. (C) A composite diagram shows the
number of proteins detected in each of the sample duplicates from mitotic cells (YPA 1 and 2)
and meiotic cells (SPII6h 1 and 2, SPII8h 1 and 2). Dots represent 40 protein quantification
patterns in the complete sample set (x-axis), and a bar diagram above the dots shows the
number of proteins for each pattern (y-axis).

Figure S2. Experimental approach for the identification of fluctuating proteins. A flow

chart outlines the method used to identify proteins showing variable signal intensities.

Figure S3. Experimental approach for the identification of SP11-specific proteins. A flow
chart outlines the method used to identify proteins detected only in sporulation medium
(SP1).

Figure S4. dsRNA profiling in mitosis and meiosis. Histograms shows dsRNA profiling
data for MGR1/SUT1053 and PRY1/SUT209 in wild type (WT) and Dicer/Argonaut (DA)
cultured in rich medium (YPD) or sporulation medium (SPII 8h) as indicated. Log 2 tag
intensities (x-axis) are plotted for each base (y-axis). Genome coordinates are shown. Signals
corresponding to the top (+) and bottom (-) strands are given in blue and red, respectively.
Genes and dubious open reading frames are shown as dark blue and while rectangles,
respectively, INCcRNAs are given in red (XUT), light blue (SUT), magenta (CUT), and yellow
(MUT). Arrows indicate the transcriptional direction.

Figure S5. Comparison of protein profiling output. A Venn diagram comparing the

proteins identified by reference [23] (Wen et al.) to our results (this study) is shown.
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Tables

Table 1. Total numbers of proteins identified in each sample.

Sample N° of proteins identified
YPA 1 1644

YPA 2 1443

SPIlI6h 1 1322

SPI1I6h 2 1160

SPII8h 1 1199

SP118h 2 844

Total non-redundant hits 2366

Table S1. Global data integration. This file contains protein profiling data (tabl; not
quantified (NQ) signifies that the protein was detected but it was not possible to reliably
quantify it, not available (NA) signifies that the protein was not detected), integrated protein-,
RNA-, and chemoprofiling data (tab2), and data for selected meiosis-specific genes for which

no molecular function is annotated (tab3).

Table S2. Sense/antisense expression. This file contains gene-, and IncRNA annotation,

protein profiling data, and sense/antisense expression data.

Table S3. Protein profiling overlap. This file contains the names of proteins shown in
Figure S4a.

Table S4. Protein profiling overlap. This file contains the names of proteins shown in
Figure S4b.
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