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SUMMARY

Sexually reproducing eukaryotes employ a developmentally regulated cell division program—meiosis—to
generate haploid gametes from diploid germ cells. To understand how gametes arise, we generated a pro-
teomic census encompassing the entire meiotic program of budding yeast. We found that concerted waves
of protein expression and phosphorylation modify nearly all cellular pathways to support meiotic entry,
meiotic progression, and gamete morphogenesis. Leveraging this comprehensive resource, we pinpointed
dynamic changes in mitochondrial components and showed that phosphorylation of the F,F;-ATP synthase
complex is required for efficient gametogenesis. Furthermore, using cryoET as an orthogonal approach to
visualize mitochondria, we uncovered highly ordered filament arrays of Ald4*-°"2, a conserved aldehyde de-
hydrogenase that is highly expressed and phosphorylated during meiosis. Notably, phosphorylation-resis-
tant mutants failed to accumulate filaments, suggesting that phosphorylation regulates context-specific
Ald4APH2 polymerization. Overall, this proteomic census constitutes a broad resource to guide the explora-

tion of the unique sequence of events underpinning gametogenesis.

INTRODUCTION

Sexual reproduction in eukaryotic organisms relies on meiosis, a
developmentally regulated cell division program that halves the
diploid genome of progenitor cells to generate haploid gam-
etes.”” To generate gametes, meiotic cells utilize general as
well as dedicated molecular pathways that are different from
those that drive the mitotic division of somatic cells. For
example, the reductional segregation of homologous chromo-
somes during the first meiotic division requires a succession of
specialized events, including the programmed breakage of chro-
mosomes, the repair of broken chromosomes using crossover
recombination, and the mono-orientation of sister kinetochores
on the meiosis | spindle.’ Each of these processes is vital to
the success of meiosis but, at the same time, could be delete-
rious to cells undergoing meiosis Il or a mitotic cell division.
Therefore, meiosis requires a specialized cell-cycle program
that orchestrates the orderly execution of events. Despite signif-
icant progress in recent years, we still lack a detailed molecular
understanding—particularly at the post-translational level—of
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how meiotic cells modify the vast array of cellular pathways to
control meiotic progression and enable the production of
“healthy” gametes.

Gametogenesis also entails extensive cellular remodeling, en-
compassing structural and metabolic aspects.®>* Gametes are
typically morphologically different from progenitor cells, as
exemplified in mammals by motile sperm with flagella or by the
enlarged oocytes.®® Morphological changes are likewise prom-
inent in unicellular organisms, such as budding yeast, which form
four individualized spores within an ascus.” Spore formation re-
lies on remodeling of the cellular architecture, including, among
others, changes in cell size, cell envelope structure, and cyto-
plasmic composition.®° Importantly, the viability and fitness of
offspring depend not only on the appropriate inheritance of a
haploid set of chromosomes by gametes but are also contingent
on the controlled transmission of cytoplasmic macromolecules,
biomolecular complexes, and entire organelles.®'°"'? How cells
modify and coordinate the plethora of specialized cellular pro-
cesses that are required to form mature gametes remains poorly

understood.
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Figure 1. A census of meiotic protein expression and phosphorylation
(A) Experimental workflow and sampling strategy. Samples were collected from asynchronously proliferating (asynchronous) and nocodazole-synchronized
mitotic cultures (mitotic M phase), representing vegetative growth. Meiotic samples were collected at regular time intervals after transfer of G0/G1 synchronized
cultures (pre-meiotic GO/G1) to sporulation medium (SPM). Additional meiotic samples were collected from ndt804 and cdc20™” mutants, which arrest meiotic
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(legend continued on next page)
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Viewed as a whole, gametogenesis is a meticulously orches-
trated developmental program that requires numerous cellular
events, unfolding across scales and following a precisely defined
sequence. The induction of gametogenesis is itself tightly regu-
lated and typically requires environmental cues for initiation.'®
In many unicellular organisms, including budding yeast, nutrient
scarcity triggers gametogenesis/sporulation, which switches the
metabolism from fermentation to mitochondrial respiration.'*'®
This adjustment is necessary to initiate the transcriptional
cascade that regulates the commitment to meiotic entry, kick-
starting the cell-cycle program that drives progression through
meiosis and gamete morphogenesis.”'*'%'" Transcriptional
and translational control of gene expression play important roles
in broadly modifying the proteome of cells throughout
meiosis.’”~'® However, the post-translational modification
(PTM) of proteins—phosphorylation in particular—is thought to
play major roles in coordinating the exquisite series of events
driving gamete formation.?°=>° At least in part due to the lack
of systems-level studies characterizing the precise targets and
dynamics of protein phosphorylation throughout the whole pro-
cess of gametogenesis, we remain far from understanding the
full impact PTMs have on proteome rewiring.

Here, we have used sequential window acquisition of all theoret-
ical mass spectra (SWATH-MS) to characterize changes in protein
abundance and phosphorylation occurring throughout the entire
meiotic program of budding yeast, from pre-meiotic G0/G1 to
spore formation. We identified thousands of meiotic phosphoryla-
tion events and show that combined waves of regulated protein
expression and phosphorylation rewire the proteome to support
gametogenesis. Moreover, we verified the usefulness of the data-
set as a hypothesis generator by deducing and validating roles for
phosphorylation in the regulation of chromosome segregation,
DNA repair, and mitochondrial respiration. Finally, prompted by
Gene Ontology (GO) analyses of highly dynamic meiotic pro-
cesses, we leveraged the proteomic census in combination with
cryo-electron tomography (cryoET) to identify and characterize or-
dered protein filament arrays that assemble within mitochondria.

RESULTS

A meiotic census of protein expression and
phosphorylation

To generate a comprehensive proteomic census covering all
stages of meiosis, we synchronized diploid S. cerevisiae cultures
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at GO/G1 through the gradual starvation of vegetatively growing
cells. Meiotic induction was then triggered by transfer of GO/G1
cells into sporulation medium (SPM), as previously
described.”®?” Samples were collected prior to the induction
of meiosis and at 1 h intervals after transfer to SPM for 10 h (Fig-
ure 1A). To characterize meiotic progression, we followed the ki-
netics of several landmark events: DNA replication (Figure S1A),
assembly and disassembly of the synaptonemal complex (SC)
(Figure S1B), spindle morphology, and nuclear divisions in
meiosis | and meiosis Il (Figures S1B and S1C). Overall, in
each of the three biological replicates, more than 95% of cells
underwent meiotic nuclear divisions, and more than 80% of cells
completed spore formation within the 10 h time courses
(Figure S1C).

To characterize in greater depth prophase | and metaphase I,
we performed similar experiments in the widely used meiotic mu-
tants ndt804 and cdc20™ (Figures 1A, S1A, S1D, and S1E).?%%°
As expected, ndt804 cells arrested meiotic progression with
synapsed chromosomes in prophase |, and cdc20™” mutants
accumulated with a meiosis | spindle (Figures S1A, S1D, and
S1E). Finally, to help identify potential meiosis-specific proper-
ties of the proteome, we also analyzed cells undergoing vegeta-
tive growth. We collected cells undergoing “asynchronous”
exponential proliferation, in which a comparable proportion of
the cells is in G1, S-phase, and G2/M (Figure S1F, top). In addi-
tion, to enrich for “mitotic M phase” cells, particularly useful for
comparisons with meiotic cdc20™” mutants, we treated the cul-
tures with the microtubule depolymerizing drug nocodazole,
which led to the accumulation of cells with a G2/M DNA content
(Figure S1F, bottom).

Having obtained biological triplicates of the 14 samples (Fig-
ure 1A), we then prepared protein extracts that were processed
for SWATH-MS proteomics (Figure 1B).°"° To enable the
comprehensive detection of phosphorylated proteins, we also
performed SWATH-MS analyses after a phosphopeptide enrich-
ment step (Figure 1B). For simplicity, herein we refer to the two
datasets as the “unenriched proteome” and the “phosphopro-
teome” (Figures S1G-S1J). Overall, for the unenriched prote-
ome, we detected 25,122 unique peptides in the 42 samples
analyzed (Figure S1K). The peptides could be assigned to
3,033 proteins, accounting for ~52% of the predicted budding
yeast proteome®* (Figure S1K). After phospho-enrichment, we
detected 12,296 unique phosphopeptides, originating from
1,875 proteins and covering 32% of the proteome (Figure S1K).

progression in prophase | (pachytene) and metaphase | (meta l), respectively. Samples from ndt804 and cdc20™" strains were collected 8 and 10 h after induction

of meiosis, respectively. All samples were prepared in biological triplicates.

(B) Sample processing strategy and bioinformatics pipeline to characterize the proteome of cells prepared as described in (A) by SWATH-MS proteomics. See

STAR Methods for details.

(C) Venn diagram with overlapping and non-overlapping protein identifications in pre-meiotic, meiotic, or cells undergoing vegetative growth, as color-coded

in (A).

(D) Gene Ontology (GO) analysis of proteins identified specifically in meiotic samples from (C). The top 5 scoring GO terms are shown. p values are corrected for
multiple testing (Benjamini-Hochberg) and —log+o transformed. The full list of GO terms is available in Table S1.

(E) As in (C) for phosphopeptides.

(F) As in (D) for all proteins with phosphopeptides detected specifically in meiotic cells. The top 5 scoring GO terms are shown. p values are corrected for multiple
testing (Benjamini-Hochberg) and —log, transformed. The full list of GO terms is available in Table S1.

(G) Venn diagram depicting the number of proteins that are specifically detected in meiosis or that have phosphopeptides that are specifically detected in meiosis.
(H) Pie chart depicting the phosphosites identified in this study, the BioGrid phospho-repository or Lanz et al,”® respectively. Only S, T, and Y phosphorylations

were considered.
See also Figure S1 and Table S1.
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When combining the two datasets, we reached a total of 3,738
proteins, indicating that at least 64% of the predicted yeast pro-
teome is expressed in the cellular contexts analyzed.

Thousands of protein phosphorylation events during
meiosis

To identify context-specific proteins and phosphorylation
events, we cross-compared the identities of proteins/phospho-
peptides found in meiotic cells, pre-meiotic GO/G1, and vegeta-
tive growth. More than 85% (2,589) of the proteins in the unen-
riched proteome were common to all three cellular contexts,
with just 4.4% (134 proteins) being exclusively detected in cells
undergoing meiosis and 1.3% (38 proteins) in cells undergoing
vegetative growth (Figure 1C; Table S1). We note that the
inability to detect a protein/peptide in a given cellular context
does not necessarily imply its absence, since the expression
level of some proteins may fall below the detection limits of
SWATH-MS. Nonetheless, GO enrichment analyses of the pro-
teins that were specifically detected in meiotic cells showed a
marked enrichment for meiosis-specific processes, such as
“meiotic cell cycle,” “meiotic nuclear divisions,” and “sporula-
tion” (Figure 1D), providing confidence in the overall strategy
employed.

A much higher proportion (21.7%) of the identified phospho-
peptides was specific to the meiotic samples (Figure 1E). Since
proteins with meiosis-specific phosphopeptides were also
strongly associated with meiotic processes (Figure 1F), we
asked if their expression tended to be meiosis-specific. Interest-
ingly, just 62 of the 763 proteins with meiosis-specific phospho-
peptides were detected exclusively in meiotic cells (Figure 1G;
Table S1). This suggests that most meiosis-specific phosphory-
lation occurs in proteins that are also expressed in other cellular
contexts or ubiquitously (Figure 1G).

Since the entire meiotic program was not analyzed in previous
phosphoproteomic studies and given the large number of phos-

Developmental Cell

phopeptides detected exclusively in these two contexts (4,451
phosphopeptides) (Figure 1E), we anticipated the identification
of previously unknown phosphorylation sites. To test for this
possibility, we performed a phosphorylation site localization
analysis®*®® and obtained a total of 9,399 putatively modified
serine, threonine, or tyrosine (S/T/Y) residues. The proportion
of S/T/Y phosphorylation was similar to the one observed in pre-
vious reports (Figure S1L; Table S1). However, 42.4% of the sites
identified were not previously reported in the BioGrid reposi-
tory,36 and 28.1% were not annotated in a recent resource that
consolidated 75 previous independent proteomic studies?® (Fig-
ure 1H). These data suggest that meiosis-specific phosphoryla-
tion plays a broad role in shaping the proteome to support the
specialized requirements of gametogenesis.

Sequential waves of protein expression and

phosphorylation throughout gametogenesis

To gain more detailed insight into how cells rewire the proteome
during gametogenesis, we took advantage of the time series to
identify proteins that display dynamic changes in expression
and/or phosphorylation (Figure 1A). 55.3% of the proteins de-
tected in the unenriched proteome showed a >2-fold change in
abundance in at least one of the fourteen cellular contexts stud-
ied (Figure 2A). Within this subset, we identified ten expression
clusters (U1-U10),® which could be subdivided into four broad
groups: proteins with overall higher expression levels in cells un-
dergoing vegetative growth (gray); proteins with high expression
in pre-meiotic GO/G1 and throughout meiosis (olive green); pro-
teins with increased expression specifically during meiosis
(green); proteins with lower expression in very specific cellular
contexts (brown) (Figures 2B and 2C; Table S2). While exploring
the phosphoproteome dataset, we noticed that a significantly
higher fraction (87.17%) of the phosphopeptides showed a >2-
fold change in abundance (Figure 2D). Even though we did
observe similar expression pattern groups when comparing

Figure 2. Sequential waves of regulated protein phosphorylation during gametogenesis

(A) The relative abundance of 3,452 proteins detected in Figure 1A, at each time point, was determined and compared with the average expression level of that
same protein across all samples analyzed. The resulting log, fold changes (FC) were analyzed by ANOVA testing and volcano plotted. Significance cutoff is FC > 2
and p < 0.01 (after correction for multiple comparisons). Significant values are shown in green.

(B) Principal component (PC) analysis of fuzzy clustering of significant output from (A). Graph shows the relationship between individual clusters. Line thickness
between nodes corresponds to degree of overlap between two clusters. Colors highlight further similarities between clusters in the inferred overall temporal order
in protein expression shown in (C).

(C) Heatmap of significant values from (A) grouped in clusters according to (B). Red signifies upregulated, and blue downregulated protein abundance. Log,
FC > 4 or < —4 are capped. Cluster numbers are assigned randomly. Preceding “U” stands for unenriched proteome. The clusters have been arranged according
to the pseudo-temporal peak of expression. Colors on the left column and top scheme highlight further similarities: gray, predominant expression in mitotically
dividing cells; olive green, increased expression in pre-meiotic GO/G1 and throughout meiosis; green, meiosis-specific increase in expression; brown, depleted in
specific cellular contexts. Numbers in the right column indicate the fraction (%) of proteins associated with each cluster. Note: proteins that change in abundance
but do not cluster are not shown.

(D) Volcano plot as in (A) for the phosphoproteome data.

(E) Principal component analysis of fuzzy clustering, as in (B), for the significant output from (D).

(F) Heatmap of significant values from (D) grouped in clusters according to (E). Log, FC > 4 or < —4 are capped. Cluster numbers are assigned randomly.
Preceding “P” stands for phosphoproteome. The clusters have been arranged according to the pseudo-temporal peak of expression. Color-coded as in (C).
Numbers in the right column indicate the fraction (%) of phosphopeptides associated with each cluster. Note: phosphopeptides that change in abundance but do
not cluster are not shown.

(G) Pie chart depicting the fraction of detected proteins with >2 FC in abundance only (orange), phosphorylation only (light brown), abundance and phos-
phorylation (dark brown), or neither (gray).

(H) Inferred heatmap of kinase activities. Complex heatmap showing the kinase activity inferred from characterized kinase targets®’ in the phosphoproteome
dataset across all samples analyzed. Red signifies a relative increase in kinase activity, blue a decrease. Coordinated changes in kinase activity (abs(log10(p
value)) > 1) are observed from early to late time points of meiotic progression. A complete list of kinase targets including the scoring proteins can be found in
Table S3.

See also Figure S2 and Tables S2 and S3.
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phosphopeptides and proteins, the number of phosphopeptide
clusters in pre-meiotic (olive) and meiotic (green) cells was signif-
icantly higher (11 vs. 4) (Figures 2B, 2C, 2E, and 2F, note co-
lor code).

To estimate the contribution of changes in protein abundance
to the dynamics of protein phosphorylation, we focused on a
subset of 1,169 proteins that were reliably detected in both the
unenriched proteome and the phosphoproteome (Figure S2A).
After correcting the expression pattern of each phosphopeptide
based on the relative abundance of the respective protein, we
found that 86.5% of the phosphopeptides still showed a >2-
fold change in abundance, as well as clearly defined expression
patterns (Figures S2B-S2D).

Overall, it is remarkable that ~76% of all detected proteins
change at least 2-fold in relative abundance and/or phosphory-
lation state across the cellular contexts analyzed (Figure 2G).
Proteins and phosphopeptides can be divided into similar
expression pattern groups (color-coded in Figures 2B, 2C, 2E,
and 2F). However, phosphopeptide expression appears to be
much more tightly regulated and dynamic, as illustrated by the
more nuanced patterns detected. These observations suggest
that the sequential waves of protein phosphorylation rely on
stage-specific deployment of kinases and/or phosphatases.

Sequential waves of kinase activity during meiosis
To systematically estimate kinase activities throughout gameto-
genesis, we used a curated collection of kinase-substrate
pairs.®” This allowed us to infer the activity status of 20 kinases
for which multiple well-characterized substrates were detected
in our dataset. Interestingly, most of the kinases analyzed
showed a distinct and context-restricted pattern of activity,
and, viewed as a whole, kinase activities peaked sequentially
(Figure 2H; Table S8), resembling the consecutive waves of
phosphopeptide expression described above (Figure 2F). Even
though the deduced activity profile remains to be experimentally
validated for most kinases, the inferred activity profile for
Cdc28°PX!, Chk1/Rad53, Mec1/TellATVA™ = CdcsPHKT) and
Ime2, among others, is supported by previous studies
(Figure 2H).303%=41

Complementary sequence analyses revealed enrichment of
short-linear motifs in the vicinity of phosphorylation sites that
are compatible with specific kinases being responsible for a sig-
nificant proportion of the phosphorylation events in several of the
phosphopeptide clusters (Figure S2E). For example, the
preferred Ime2 motif (RPxS/T*)** was enriched in cluster P5,
which fits well with the activity profile of Ime2 (Figure 2H); the ac-
tivity profile of Mec1/Tel1AT¥A™ was consistent with the enrich-
ment of (S/T*Q) in clusters P3 and P14 (compare Figures 2F and
S2E); the activity profile of Cdc28°PK! matched the enrichment
of (S/T*PxK/R) in clusters P6 and P2; the activity profile of
Cdc5™" was consistent with the enrichment of (D/E/NxS/T*)
in clusters P12 and P16. We noted that cluster P12 contains an
additional enrichment for acidic and phospho-acceptor residues
at positions —7, —4, and —3. Taking this motif* and the timing of
phosphorylation into account (Figure 2F), we hypothesize that a
subset of these phosphopeptides may be targeted by Casein Ki-
nase Hrr25°%" which is phosphorylated at the onset of meiosis |
(Figure S3B; Table S2) and is required for several aspects of
chromosomes segregation and meiotic exit.”%**
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Overall, the analyses above suggest that dynamic regulation
of kinases and their likely interplay with phosphatases plays a
major role in the establishment of the meiotic waves of protein
phosphorylation. In combination with the patterns of phospho-
peptide expression (Figure 2F) and GO heatmaps in the sections
below (Figures 4A and 5A; Table S3), the kinase activity profiles
and phosphorylation motif analyses should provide valuable in-
sights as to which kinase(s) might be involved in the modification
of specific proteins, complexes, or pathways of interest.

Meiosis-specific phosphorylation of proteins of
unknown function

Next, we sought to estimate the robustness of the resource by
analyzing the expression and phosphorylation of proteins of un-
known function. We found that 91 proteins lacking annotated
functions are phosphorylated in the cellular contexts analyzed,
with the majority of phosphorylation events being upregulated
in meiotic cells: 86% of the phosphopeptides in 60/91 proteins
(Figures 3A-3C). To validate these data, we chose three candi-
dates to be analyzed further based on their distinct phosphopep-
tide expression profiles: (1) Yer079w, phosphorylated in GO/G1
and throughout meiosis; (2) YdI186w, phosphorylated at the
onset of meiosis I; (3) Ymr196w, phosphorylated at late stages
of meiosis (Figure 3D).

To monitor protein expression by western blotting, we tagged
the genes with myc9. We were able to detect shifts in electro-
phoretic mobility that closely matched the pattern of phosphor-
ylation determined by SWATH-MS (Figure 3E). Moreover, in all
cases, the electrophoretic mobility shifts were sensitive to phos-
phatase treatment (Figure 3F). These data further confirm that a
significant fraction of proteins of unknown function is phosphor-
ylated in meiosis, and some of these might have important func-
tions during gametogenesis. Given the defined set of candidate
proteins/genes (Figure 3C), it is straightforward to envision ge-
netic screens to explore both the function of each protein as
well as the putative roles of phosphorylation.

Coordinated phosphorylation of dozens of cellular
pathways

Having focused on proteins of unknown function, we next
wanted to gain a comprehensive understanding of how phos-
phorylation impacts known cellular pathways during gameto-
genesis. To this end, we performed GO enrichment analyses
across the time-resolved meiotic phosphoproteome. A wide
range of cellular processes showed a pattern of enrichment in
defined contexts (Figure 4A; see Figure S3A for the unenriched
proteome; Table S3). For example, phosphorylation of factors
associated with translation, cell polarity, and cytokinesis was
high in mitotically dividing cells while being comparatively low
in cells undergoing meiosis. Conversely, a vast range of biolog-
ical processes peaked sequentially throughout gametogenesis.
Among others, lipid transport, mRNA catabolic processes, and
target of rapamycin (TOR) signaling peaked during pre-meiotic
GO0/G1, or shortly after induction of meiosis. DNA recombination,
chromatin modification, and chromosome segregation peaked
between prophase | and the meiotic divisions. Finally, processes
such as lipid metabolism, mitophagy, and mitochondrial inheri-
tance peaked at late stages of gametogenesis (Figure 4A).
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Figure 3. Meiotic phosphorylation of uncharacterized proteins during gametogenesis

(A) Pie chart depicting the distribution of phosphorylated proteins per cluster originating from uncharacterized open reading frames (ORFs), separated according
to the clusters determined in Figure 2F. Note: phosphopeptides originating from the same protein can be part of different clusters, leading to multiple detections of
unique proteins.

(B) Average SWATH-MS expression profiles of phosphopeptides originating from uncharacterized ORFs per cluster. Color-coded as in (A).

(C) Fraction of phosphopeptides originating from clusters that show upregulation in meiosis (green) and clusters that show downregulation in meiosis (gray).
(D) SWATH-MS expression profile of phosphopeptides of the uncharacterized proteins Yer079w, YdI186w, and Ymr196w from Figure 2F (not corrected for
protein abundance). Note: phosphopeptides that do not significantly change in abundance or that change in abundance but do not cluster are not shown.

(E) Western blot analysis of myc9-tagged proteins corresponding to (D). Proteins were detected using an anti-myc antibody. Cdc5 antibody was used as a cell-
cycle stage marker. Crm1 serves as a loading control.

(F) Myc9-tagged proteins from (E) were immuno-affinity purified from prophase | cultures, in a ndt804 background (8 h in SPM). Proteins were treated with native
or inactivated A-phosphatase (A-PPase), as indicated, and analyzed by western blotting.

See also Table S3.
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Figure 4. Sequential phosphorylation of cellular components with related biological functions

(A) Significant enrichment scores (abs(log10(p value)) > 2) of Gene Ontology (GO) terms associated with biological processes in at least one condition from
Figure 1A. The heatmap shows GO biological processes with increased (red) and decreased (blue) protein phosphorylation levels relative to the mean levels
across all biological samples. For details, refer to STAR Methods. A complete list of GO terms including the scoring proteins can be found in Table S3.

(B) Dynamic changes in phosphopeptide expression of synaptonemal complex and chromosome axis-associated proteins. The plotted values represent the log,
fold change (FC) in each sample compared with the average phosphopeptide expression from all samples, as in Figure 2F (not corrected for protein abundance).
The protein scheme above each graph indicates the position of the detected phosphorylation site(s). Phosphopeptides with similar expression patterns are
plotted in the same color. See Tables S1 and S2 for the complete list of phosphopeptides. Note: phosphopeptides that do not significantly change in abundance

or that change in abundance but do not cluster are not shown.

(C) Left: expression profile of a Msh5 phosphopeptide. Right: western blot analysis of Msh5-FLAG expression during meiosis at 2 h intervals after transfer to SPM.
Pufé serves as protein normalization control. A Phos-tag gel (top blot) was used to visualize the phospho-modification of Msh5-FLAG, which is otherwise not

detectable in a 7% PA gel (bottom blots).
See also Figure S3 and Tables S1, S2, and S3.

These analyses suggest that various, possibly most, cellular
processes are targeted by phosphorylation throughout game-
togenesis. For many of these processes, there is a good cor-
relation between the peak of phosphorylation and the ex-
pected timing of functional relevance (compare to
Figures 1A and S1A-S1E). Therefore, it is likely that the regu-
lated waves of protein phosphorylation play a pervasive role in

orchestrating the unique order of cellular events that drive
gametogenesis.

Dynamic phosphorylation of proteins controlling meiotic
recombination and chromosome segregation

To further validate the phosphoproteomic census as a resource
for hypothesis generation, we centered our analyses on
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meiosis-specific pathways that are known to be regulated by
kinases/phosphorylation. First, we focused on the mono-orien-
tation of sister kinetochores, a process controlled by the cell-
cycle kinases DDK and Cdc57¢" and by five centromere-asso-
ciated proteins: Spo13Mekin and the four monopolin complex
subunits Mam1/Lrs4/Csm1/Hrr25°K".  Mam1, Lrs4, and
Spo13 were previously shown to be phosphorylated.?®*74®
However, the modifications were inferred from electrophoretic
mobility shifts or predicted based on consensus phosphoryla-
tion motifs, and it has remained unclear which residues become
modified in vivo. Within our dataset, we found that multiple res-
idues in Mam1, Lrs4, and Spo13 are modified during meiosis,
with most sites peaking in expression during prophase | or
metaphase | (Figure S3B, compare ndt804 vs. cdc20™). Inter-
estingly, we also found that Hrr25%K" is phosphorylated at the
onset of the first meiotic division.

Next, we focused on proteins involved in recombination,
particularly on components of the SC, which controls multiple
aspects of meiotic DNA repair.*>°° SC assembly, maturation,
and disassembly depend on several essential kinases,*'>'~5
but it remains poorly understood when the different SC compo-
nents are modified and whether temporal/functional relation-
ships exist in their modifications. We found numerous phosphor-
ylation sites in all meiosis-specific SC components, including
Hop1, Red1, Mek1, Zip1, Gmc2, and Ecm11. Interestingly, phos-
phorylation sites clustered in defined regions of each protein,
suggesting that such regions might be particularly important
for the regulation of protein function (Figure 4B). We also noticed
that all six proteins were phosphorylated with similar patterns
between pre-meiotic S-phase and metaphase | but with subsets
of residues having slightly different phosphorylation kinetics (Fig-
ure 4B, note the five clusters).

In addition to monopolin and SC components, many other fac-
tors involved in chromosome segregation and meiotic DNA
repair were phosphorylated during meiosis (Table S2). For
example, we found that Msh5, a component of the MutSy com-
plex (Msh4-Mshb5) that is crucial for the process of crossing
over,” is modified at the prophase I-to-metaphase | transition
(Figure 4G, left). This finding was confirmed using Phos-tag
SDS-PAGE and western blotting (Figure 4C, right). Interestingly,
recent work has established that phosphorylation of Msh4
throughout prophase | is required for the stability of MutSy at
recombination sites on chromosomes.® Since phosphorylation
of Mshb occurs later, coincident with exit from pachytene and
loss of MutSy from chromosomes (Figure 4C, right, note correla-
tion with Cdc5 expression), it is possible that its modification
plays a different/opposing role in the control of MutSy function.
Overall, these data facilitate the selection of sites for targeted
mutagenesis to interrogate the mechanistic basis by which
phosphorylation controls recombination and kinetochore func-
tion during meiosis. Since multiple SC and kinetochore compo-
nents are modified with similar kinetics, future work should
consider cooperativity and/or redundancy between phosphory-
lation events.

Coordinated phosphorylation events within protein
complexes

The observation that multiple components of the monopolin and
SC are phosphorylated in a stage-specific manner (Figures 4B
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and S3B) prompted us to systematically query if other protein
complexes are modified in a concerted manner. To this end,
we used a curated catalog of protein complexes® for which at
least two subunits and six phosphopeptides were detected in
our dataset. We then generated a heatmap combining the rela-
tive phosphorylation of each complex across all samples
analyzed. We found that subunits of more than thirty protein
complexes are coordinately phosphorylated in preparation for
and throughout gametogenesis (Figure 5A; Table S3). Further-
more, akin to our previous observations in the GO enrichment
analyses, the phosphorylation of most complexes was
context-specific, and, in various instances, we noticed a correla-
tion between the peak of phosphorylation and the expected
timing of functional relevance (Figure 5A, e.g., SC, monopolin
complex, the chromosomal passenger complex [Sli15/Bir1 com-
plex]). These data raise the possibility that simultaneous phos-
phorylation of multiple subunits within a protein complex indicate
functional significance. We set out to test this hypothesis by
investigating the biological relevance of phosphorylation of the
Fo.F1-ATP synthase complex, which undergoes transient modifi-
cations during early stages of meiosis (Figures 5B, 5C, S4A
and S4B).

Phosphorylation of the mitochondrial F,F{-ATP

synthase complex is required for efficient sporulation
We chose to focus on the F,F4-ATP synthase complex for three
reasons: (1) despite its evolutionary conservation and extensive
research on its structure and function, little is known regarding
the regulation through phosphorylation.®’**® (2) The core sub-
units of this complex are crucial for meiosis and for mitotic pro-
liferation when a fermentable carbon source is absent, but they
are not required for vegetative growth in medium containing
glucose.'>*° Therefore, it should be straightforward to assess
the specificity of potential phenotypes in phosphorylation-resis-
tant mutants. (3) As further discussed below, we have observed
that numerous cellular processes related to mitochondrial func-
tion undergo dynamic modifications during meiosis. In this light,
we have prioritized the study of processes associated with
mitochondria.

We began by analyzing the sporulation efficiency of single
FoF1-ATP synthase mutants carrying alanine substitutions in
phosphorylated serines/threonines. Interestingly, all mutant
strains showed a small but comparable reduction in sporulation
efficiency (Figures 5E, 5G, and S4F-S4H). However, none of the
mutations altered protein expression (Figures 5D, 5F, and S4C-
S4E), nor did they affect vegetative growth in medium containing
glycerol or glucose (Figures S41-S4L). Moreover, we noticed that
atp252%4 atp7°7%94 double mutants showed no additive reduc-
tion in sporulation efficiency (Figure S4H), suggesting that the
loss of function is unlikely to be a consequence of structural
disruptions caused by the alanine substitutions. Overall, these
data indicate that F F;-ATP synthase phosphorylation plays a
role during meiosis. Given the similar kinetics of phosphorylation
and the comparable reduction in sporulation efficiency in all
phosphorylation-resistant mutants tested (single and double
mutants), we envision that phosphorylation of different subunits
may be part of the same mechanism that modulates FF{-ATP
synthase function to match the specialized needs of
gametogenesis.
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Figure 5. Coordinated phosphorylation of multiple protein complex subunits: F,F{-ATP synthase phosphorylation is required for efficient
gametogenesis.

(A) Heatmap with known protein complexes“® in which multiple subunits are coordinately phosphorylated. Cutoff applied was (abs(log1o(p value)) > 1) compared
with the mean phosphorylation in at least three samples. Protein complexes were included if at least two of its subunits were phosphorylated and at least six
individual phospho-sites in a complex were reported. Red indicates concertedly upregulated phosphorylation when compared with the average phosphorylation
levels across all samples analyzed; blue indicates downregulation. FC > 5 or < —5 are capped. See Table S3 for the complete list of proteins.

(B) Schematic model of a monomer of the mitochondrial FF;-ATP synthase complex, adapted from Song et al.*® Proteins found to be phosphorylated are
indicated.

(C) Dynamic changes in phosphopeptide expression of F,F;-ATP synthase subunits, extracted from Figure 2F. The legend on the right contains the systematic
name of each subunit and phosphorylated residue in each of the phosphopeptides plotted. See Table S2 for the detailed list of phosphopeptides.

(D) Asynchronous mitotic cultures of cells expressing ATP2-FLAG or atp25%*-FLAG from the endogenous locus were analyzed by western blotting for the
indicated proteins. Crm1 serves as loading control.

(E) Cells with the indicated genotypes were sporulated for 24 h. Sporulation efficiency was assessed by monitoring the morphology of 200 cells per condition.

Plotted values indicate mean + SD from three replicates (two-tailed, unpaired t test, ***p < 0.001, ****p < 0.0001).

(F) As in (D) for cells expressing ATP7-myc9 or ato7°%%-myc9, as indicated.
(G) As in (E) for cells expressing ATP7-myc9 or atp7°%**-myc9, as indicated.
See also Figure S4 and Tables S2 and S3.

Ultrastructural changes in mitochondrial organization
visualized by cryoET

In addition to F,F{-ATP synthase phosphorylation, we noticed
that various biological processes associated with mitochondria
were upregulated during gametogenesis (Figure 6A). For
example, proteins involved in mitochondrial genome mainte-
nance, ATP synthesis, and mitochondrial protein translation
peaked at the onset of meiosis. Aerobic respiration, oxidative
phosphorylation, and the tricarboxylic acid (TCA) cycle were
more pronounced later on, while the phosphorylation of proteins
linked to mitochondrial dynamics and mitochondrial inheritance
was upregulated toward the end of meiosis. These broad and dy-
namic alterations led us to postulate that mitochondria have
specialized features during meiosis, which might be captured

using orthogonal approaches. Therefore, prompted by the pro-
teomics data, we set out to study the ultrastructure of meiotic
mitochondria using cryoET, an imaging approach that enables
the visualization of mesoscale assembilies in a near-native state,
in situ.® To do so, we plunge-froze yeast cells during vegetative
growth, pre-meiotic G0/G1, meiotic prophase |, as well as
spores. We then thinned frozen-hydrated cells using cryofo-
cused ion beam (FIB) milling and visualized the prepared
lamellae by cryoET.®?

We observed two notable changes in the mitochondrial ultra-
structure across the cellular contexts analyzed. First, as cells pro-
gressed through gametogenesis, we measured a decrease in
mitochondrial area in cross-sections of tomograms, reaching
the lowest value in spores (Figures 6B, 6C, and S5A). The
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decreased area could indicate that the mitochondria become
smaller and/or more tubular, as proposed previously®® (Fig-
ure S5A). Second, we noted an increase in the ratio of the inter-
membrane space to mitochondrial area, which reached the high-
est value in spores (Figures 6D and 6E). This relative increase in
inter-membrane space is consistent with the high metabolic re-
quirements and with the essential function of mitochondria in
meiotic cells. The changes in overall morphology might be func-
tionally linked to the many changes in the expression and/or phos-
phorylation of mitochondrial-associated proteins detected by
mass spectrometry (Figures 6A, S5B, and S5C).

Transient formation of mitochondrial Ald4”-PH2
filaments during gametogenesis

While closely inspecting the ultrastructure of mitochondria
throughout meiosis, we observed a significant fraction of tomo-
grams containing ordered arrays of densities (Figures 6B and 6F,
orange arrowheads). Side views of the cryo-tomograms re-
vealed that these arrays consist of straight filamentous assem-
blies that associate laterally into bundles (Figure 6F; see seg-
mentation model). These filamentous assemblies were
sporadically present in mitochondria from pre-meiotic GO/G1
cells but were absent during vegetative growth and could not
be detected in the mitochondria inherited by mature spores (Fig-
ure 6G). This intriguing observation motivated us to develop
methodology to characterize filament composition. In an accom-
panying study,®® we have established a cryoEM/ET workflow,
termed FilamentID, that allowed us to obtain a structure of the fil-
aments at sub-4 A resolution. Using the proteomics data in Fig-
ure 2, we then generated a short list of mitochondrial proteins64
whose abundance increases during meiosis. By docking
AlphaFold®®®° structural predictions of the mitochondrial candi-
dates into the filament structure, we found the mitochondrial fil-
aments to be composed of the conserved aldehyde dehydroge-
nase Ald4”-P"2 (see accompanying study by Hugener et al.?®)
(Figures 7A and 7B). Based on previous work showing that alde-
hyde dehydrogenases form tetramers,®’ it is likely that Ald4”-PH2
filaments assemble from the stacking of tetramers, which act as
the building blocks for polymerization (Figure 7A).
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Phosphorylation-resistant Ald4 mutants are defective in
filament formation

Having the phosphoproteomics dataset at hand prompted us to
query whether Ald4 was phosphorylated, representing a
possible mechanism to enable regulated polymerization. We
found that at least three serines are modified throughout meiosis:
S96, S269, and S500 (Figures 7C and 7D). To test if phosphory-
lation influences Ald4 filament assembly, we generated a mutant
strain encoding alanine substitutions replacing the phosphory-
lated serines (ald4®?), and to monitor the presence of mitochon-
drial filaments in purified mitochondria by cryoET. Whereas
~25% of meiotic mitochondria from ALD4""control cells con-
tained Ald4 filaments, we were unable to observe these filaments
in mitochondria from ald4** mutants (Figures 7E and 7F). To
determine if the alanine substitutions impacted protein levels
or the subcellular localization of Ald4*, we raised an antibody
against Ald4. This was necessary because the presence of a
tag interfered with the ability of Ald4 to polymerize (Figures 7A
and S6A). Western blot and in situ immunofluorescence analyses
showed that the Ald4®* mutant protein accumulated and local-
ized to mitochondria efficiently (Figures S6B and S6C), indicating
that the mutations neither impair protein stability nor mitochon-
drial localization. By analyzing the electrophoretic mobility in
native PAGE conditions, we also observed that the majority of
Ald4"T and Ald4A—that entered the gel—migrated between
protein markers with 242 and 480 kDa (Figure S6D). This would
be consistent with Ald4®* being able to self-associate and form
tetramers (predicted 226.7 kDa) or dimers of tetramers (pre-
dicted 453.4 kDa). Interestingly, we did notice that a fraction of
Ald4®* displayed a lower electrophoretic mobility (Figure S6D,
smear above the main bands). These species could represent
polymerization intermediates that fail to assemble into long poly-
mers, with long polymers possibly failing to enter the gel due to
the very large size of 200-500 nm and a molecular weight of
several thousand kilodalton (Figure 6F). In agreement with this
notion, we also found that Ald4-GFP fusions, which would be ex-
pected to be defective in polymerization due to the presence of
the bulky tag on the C-terminus (Figure S6A), accumulated in a
broad range of high molecular weight complexes with reduced

Figure 6. Mitochondrial ultrastructure during meiosis

(A) Extracts from GO analyses in Figures 4A and S3A showing mitochondria-associated processes.

(B) Visualization of mitochondria using cryo-electron tomography (cryoET). Top: slices through cryo-tomograms of FIB-milled budding yeast cells with examples
of mitochondria from the stages indicated; prophase | (8 h in SPM, ndt804); and spores (24 h in SPM). Shown are projections of 9.14 nm (cycling and spores) and
8.68 nm (pre-meiotic GO/G1 and meiotic prophase ) thick slices. Bottom: corresponding segmentation models of cryo-tomograms. M, mitochondrion; C,
cytoplasm; V, vacuole; PM, plasma membrane; N, nucleus. Scale bars, 100 nm. Rows of F,F;-ATP synthase (black arrowheads) and filament arrays (orange
arrowhead) are highlighted.

(C) Area of mitochondrial sections from cryo-tomograms in (B). The number of mitochondria imaged per condition is indicated (n) and represents cumulated
results from one to seven independent cell cultures per condition. Mean value + SD is displayed.

(D) Schematic of mitochondrial membrane architecture. Shown are cristae, the matrix, the inner membrane (IM), the outer membrane (OM), and the inter-
membrane space (IMS).

(E) The IMS/mitochondrial area ratio was determined from the mitochondria analyzed in (C). Mean value + SD is displayed.

(F) Filament arrays within meiotic prophase | mitochondria (ndt804, 8 h in SPM). Left: example cryo-tomogram of a FIB-milled cell with filament arrays (orange
arrows) inside mitochondria. Middle: enlarged views (different y-axis rotation compared with the overview) of one filamentous array together with the corre-
sponding side view. Shown are projections of 9.14 nm and 18.28 nm (enlarged views) thick slices. Right: segmentation model highlighting mitochondrial
membranes (blue) and filaments in (orange and yellow). Note the regular arrangement of single filaments within the assembly. M, mitochondrion; C, cytoplasm;
PM, plasma membrane. Scale bars, 100 nm.

(G) Proportion (%) of mitochondria containing filament assemblies as described in (F). The number of mitochondria inspected for flamentous assemblies is
indicated (n) and represents cumulated results from one to seven independent cell cultures per condition. Note: a subset of the data is also shown in Hugener
etal.?’

See also Figure S5 and Table S3.
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Figure 7. Phosphorylation might regulate the accumulation of Ald4 filaments
(A) Schematic representation of Ald4 monomers forming a tetramer. Individual Ald4 tetramers can further assemble into filaments.

(B) Dynamic changes in protein expression for Ald2, Ald3, Ald4, Ald5, and Ald6, extracted from Figure 2C. The plotted values represent the log, fold change (FC) in
each sample compared with the average protein expression from all samples.

(C) Ald4 phosphopeptide expression. The plotted values represent the log, FC in each sample compared with the average phosphopeptide expression from all
samples, as in Figure 2F. The protein scheme above the graph indicates the position of the detected phosphorylation sites.

(D) Ribbon and stick diagram showing the meiotic phosphorylation sites on the Ald4 tetramer (PDB: 8RWK).®° One Ald4 monomer is colored orange, while the
other subunits are colored white. The ellipses indicate the positions of the 2-fold symmetry axes. The phosphorylation sites (S96, S269, and S500) are colored
green and are highlighted with enlarged views at the bottom, where side chains and the co-factor NADP are labeled and are shown in stick style.

(E) Slice through a cryo-tomogram of a purified mitochondrion containing Ald4 filament arrays (orange arrowheads) and rows of F,F;-ATP synthases (black
arrowhead). Cells were collected 6 h after induction of meiosis in SPM medium. Shown are projections of 5.35 nm thick slices. Scale bars, 100 nm.

(F) Purified mitochondria from phosphorylation-resistant Ald4 mutants undergoing meiosis (6 h in SPM) were imaged by cryoET as in (E). The mean percentage of
mitochondria containing filaments for each genotype is shown for two independent experiments. >33 mitochondria were analyzed per genotype in each of the

two experiments. Mean + SD is displayed.
See also Figure S6.

electrophoretic mobility (Figures S6E and S6F). These species
are likely to reflect polymerization intermediates or aberrant ag-
gregates (Figure S6A).

Finally, we attempted to investigate the cellular function of
Ald4 polymers. In mouse models, the mitochondrial homolog
of Ald4, ALDH2, was shown to mediate aldehyde detoxification
to maintain genome stability in the germline.®® Since Ald4 was
strongly expressed (Figure 7B, orange line) and formed ordered
filament arrays during meiosis, we hypothesized that it may play
an important role during yeast gametogenesis. However, we
found that ald44 mutants sporulated efficiently, and ald44
spores retained the full ability to germinate (Figures S6G and
S6H). In addition to Ald4, yeast cells contain four additional alde-
hyde dehydrogenases (Ald2, Ald3, Ald5, and Ald6), all of which
were robustly detected in our proteomics dataset, with Ald2
and Ald3 being strongly induced during meiosis (Figure 7B,
gray lines). Therefore, we considered that functional redundancy
might explain the lack of an obvious phenotype in ald44 mu-
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tants. However, ald2-64 quintuple mutants showed normal
levels of spore viability and only a mild reduction in sporulation
efficiency (Figures S6G and S6H). Hence, we conclude that
Ald4, and more broadly the combined function of Ald enzymes,
is largely dispensable for sporulation and spore viability in the
laboratory conditions tested.

Overall, the data above show that Ald4 is phosphorylated dur-
ing meiosis and that phosphorylation-resistant mutants are un-
able to accumulate large filaments that can be visualized by cry-
OET. Since Ald4®” remains capable of localizing to mitochondria
and to form high molecular weight species that are compatible
with the assembly of tetramers, we propose that phosphoryla-
tion may be involved in the regulation of tetramer stacking to
generate long Ald4 filaments. Future work will be required to
dissect further the mechanistic basis by which phosphorylation
regulates polymer formation as well as to systematically probe
for Ald4 function in conditions that mimic the environmental chal-
lenges that meiotic cells experience in the wild. The identification
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of such conditions will then enable the study of the biological
relevance of Ald4 filament formation using the ald4° allele.

DISCUSSION

Gametes are specialized cells that carry a unique assortment of
an organism’s genetic information from one generation to the
next." To understand how gametes form, we employed a
comprehensive systems-level approach to monitor the prote-
ome throughout the entire differentiation program, from pre-
meiotic GO/G1 to spore formation. We found that protein phos-
phorylation targets components of virtually all cellular pathways.
Interestingly, most phosphorylation events occurred in a regu-
lated and stage-specific manner (86% of phosphopeptides).
Moreover, multiple components of the same cellular pathway,
or even different subunits of the same protein complex, were
frequently found to be coordinately modified. Considering that
PTMs are commonly employed to diversify and control protein
function,®®"° it is likely that the waves of phosphorylation
observed during meiosis play a substantial role in rewiring the
proteome to meet the specialized cellular requirements of
gamete formation. Importantly, more than 1,700 of the approxi-
mately 9,400 dynamically tracked phosphorylation sites were
not reported in Lanz et al.”® or the BioGRID repository,*® and
only a small portion of them are found on meiosis-specific pro-
teins. This suggests that beyond occurring in global, sequential
waves, phosphorylation fine-tunes the proteome to enable effi-
cient gametogenesis. In this context, our finding that phosphor-
ylation of the mitochondrial F,F{-ATP synthase is required for
efficient sporulation already provides a striking example of how
context-specific modification of a ubiquitous enzyme plays un-
expected roles in regulating gametogenesis.

In the following sections, we share our perspective on how the
meiotic census can serve as a resource for hypothesis genera-
tion. Additionally, we discuss how we have already leveraged
this resource in combination with in situ cryoET imaging to gain
further insights into the dynamic behavior of meiotic
mitochondria.

The meiotic protein expression and phosphorylation
census as a resource for hypothesis generation

Protein kinases and phosphatases are known to exert control
over multiple biological processes, including meiosis.”%*>"" |t
remains a significant challenge, however, to identify the direct
target(s) of each kinase, which is a critical step for gaining a
deeper understanding of both kinase and substrate function.
Conversely, individual components of many cellular pathways
have been inferred to undergo regulated phosphorylation during
meiosis. Nevertheless, we often lack the precise location of the
modified residue(s) and the responsible kinase. Our dataset
does not establish direct kinase-substrate relationships, but it
holds significant value for generating testable hypotheses. On
one hand, it presents robust evidence for phosphorylation
occurring in a diverse set of proteins with essential meiotic func-
tions, as well as in proteins without any annotated functions. On
the other hand, the heatmaps of kinase activity (Figure 2H) sup-
ported by phosphorylation motif analysis (Figure S2E) can be
readily correlated with the patterns of phosphorylation of individ-
ual proteins (Figure 2F), protein complexes (Figure 5A), and bio-
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logical processes (Figure 4A). Using this approach, we have
recently harnessed this resource to identify the direct targets
of Polo-like kinase Cdc5™" in the regulation of nuclear pore
complex disassembly during meiosis 1.%

The observation that multiple components within protein com-
plexes/biological pathways are frequently phosphorylated in a
concerted manner can also be indicative of functional relevance
and, as such, helpful for hypothesis generation. Based on our
findings with the F,F{-ATP synthase, we envision that this
resource will serve as the starting point for the systematic study
of the roles of phosphorylation in a variety of biological pro-
cesses that are of relevance for gametogenesis. We also expect
that the careful analysis of this dataset will uncover intriguing and
unforeseen connections among processes and events that
initially appear unrelated.

A final strength of this resource is that the data recording and
analysis in SWATH-MS is not restricted to pre-selected acquisi-
tion windows or peptide precursors.** Therefore, we obtained a
near-complete picture of proteins and phosphoproteins that can
be repeatedly queried to answer diverse biological questions
when new information becomes available.

Combined proteomics and cryoET reveal specialized
features of meiotic mitochondria
Encouraged by the prominent enrichment of mitochondria-asso-
ciated processes that were captured by GO analyses (Figure 6A),
we posited that in situ cryoET imaging may unveil structural
changes in mitochondria that are linked to the proteomic
changes. Consistent with this hypothesis and with the work of
others,>5%727% e have observed striking alterations in mito-
chondrial morphology. Unexpectedly, we also observed that
mitochondria from cells in prophase | contained arrays of fila-
mentous assemblies (Figures 6F and 6G). Motivated by this
observation, we have developed a multimodal imaging method
in an accompanying study®® to help identify the filament building
block as the conserved aldehyde dehydrogenase Ald4”-PH2,
The identification of cellular phenotypes associated with the
loss of Ald4 will be of major relevance for studying the biological
role(s) of Ald4 phosphorylation and filament formation. In addi-
tion to regulatory roles (e.g., enzymatic activation, inhibition,
enzyme storage, etc.), we can envision scenarios in which Ald4
polymerization has functions that go beyond the canonical roles
of aldehyde dehydrogenases. For example, filament formation
could be used to sense and signal the metabolic state of individ-
ual mitochondria. We find that filamentous Ald4 is bound to its
co-factor NADP(H) (Figure 7D).°° Moreover, serine 269 contacts
NADP(H) (Figure 7D, inset 2), and its phosphorylation could sta-
bilize the binding of the co-factor. In turn, the NADP(H) binding
pocket is located close to the surface that potentially mediate
polymer formation (Figure 7D). Hence, there might be functional
links between phosphorylation, NADP(H) binding, and polymer
formation. In support of this notion, previous work using ALD4
mutants that fail to be imported into mitochondria has suggested
that both nucleotide binding and the enzyme active site are
required for the accumulation of cytoplasmic rod-like Ald4 struc-
tures upon prolonged starvation.”* This observation, however,
has to be interpreted with caution since it is unclear whether
such cytoplasmic assemblies represent the Ald4 filaments that
we report here to form in meiotic mitochondria. Moreover, Ald4
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was visualized using a GFP tag on the C-terminus, which our
work (Figures S6A, S6E, and S6F), as well as previous work,"”
suggest to already interfere with the ability of Ald4 to form
higher-order structures.

Our findings with Ald4 raise thought-provoking questions that
would be interesting to follow up in other cellular contexts and
biological systems. For example, the human mitochondrial ho-
molog of Ald4, ALDH2,”® plays a fundamental role in alcohol
metabolism. The E487K polymorphism, residing in the oligomer-
ization domain, results in the ALDH2*2 variant, which is present
in approximately 8% of the world population and is responsible
for the acute Asian flush syndrome.””""® This raises the question
of whether ALDH2 can also form polymers and whether the
inability to polymerize is linked to mitochondrial dysfunction
and disease.

Limitations of the study

A limitation to consider is that SWATH-MS has inherent detec-
tion limits. Therefore, targeted analyses may be required to un-
cover the detailed expression pattern and/or the full extent of
phosphorylation of some proteins. Because protein function is
frequently regulated by PTMs, due to the scale, it will be chal-
lenging to ascertain the biological significance of all the
numerous phosphorylation events documented here. Therefore,
we anticipate that previously described prioritization strategies
based on the integration of evolutionary conservation and struc-
tural information will be valuable in refining hypothesis
building.?®79%2
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Mouse anti-GFP IgG Roche Cat#11814460001; RRID: AB_390913
Rabbit anti-Ald4 This study N/A

Mouse anti-Cdc5 Médimabs Cat#MM-0192-1-100

Rabbit anti-Myc HRP Abcam Cat#ab1326; RRID: AB_299800
Mouse anti-Flag HRP Sigma Aldrich Cat#A8592-1MG; RRID: AB_439702

Rabbit anti-Crm1
Rabbit anti-Puf6
Rat anti-a-tubulin
Rabbit anti-Zip1

Mouse anti-mCherry

Goat anti-Mouse IgG (HRP)

Swine anti-Rabbit IgG (HRP)
Donkey anti-rabbit Alexa fluor 488
Donkey anti-mouse Alexa fluor 555
Chicken anti-rat Alexa fluor 647

K. Weis (ETH Zurich)

V. Panse (University of Zurich)

Biorad

J. Matos (University of Vienna)

Clontech Takara

Agilent

Agilent

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific

not commercial, no RRID. Onischenko et al.®*
Not commercial, no RRID. Gerhardy et al.®*
Cat# MCA78G; RRID: AB_325005

Not commercial, no RRID
Grigaitis et al.®®

Cat#632543; RRID: AB_2307319
Cat#P0447; RRID: AB_2617137
Cat#P0399; RRID: AB_2617141
Cat#A-21206; RRID: AB_2535792
Cat#A-31570; RRID: AB_2536180
Cat#A-21472; RRID: AB_1500700

Chemicals, peptides, and recombinant proteins

Trypsin, sequencing grade

Sep-Pak C18 3cc Vac RC cartridge

TiOs5 resin

C18 Micro Spin Columns

iRT reference peptides

Magic C18 AQ 3 um resin

Bio-Rad Protein Assay

NuPAGE™ sample buffer

NativePAGE sample buffer (4X)

Tris Acetate running buffer (20X)

MES running buffer (20X)

NativePAGE Running buffer (20X)

BioRad Precision Plus Protein Dual Color Standard
NativeMark Unstained Protein Standard

RNase A

Propidium lodide

ProLong™ Diamond Antifade Mountant with DAPI
Zymolyase 20T

Zymolyase 100T

A-phosphatase

cOmplete™, EDTA-free Protease Inhibitor Cocktail
Anti-Myc agarose beads (9E10)

Phos-Tag Acrylamide

Di(N-succinimidyl) glutarate

Protein A - 10nm Gold Conjugate

Promega

Waters

GL Science

The Nest group
Biognosys

Michrom BioResources
Bio-Rad

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
BioRad

Thermo Fisher Scientific
Roche

Sigma Aldrich

Thermo Fisher Scientific
Seikagaku Biobusiness
Seikagaku Biobusiness
NEB

Roche

Cancer Research UK
Wako chemicals
Sigma-Aldrich
Cryodiagnostics

Cat#V5111
Cat#WAT036945
Cat#5020-75000
Cat#74-4601
Cat#Ki-3002-1
N/A

Cat#5000006
Cat#NP0008
Cat#BN2003
Cat#LA0041
Cat#NP0002
Cat#BN2001
Cat#1610374
Cat#LC0725
Cat#10109169001
Cat#81845
Cat#P36962
Cat#120491
Cat#120493-1
Cat#P0753S
Cat#05056489001
N/A

Cat#AAL-107
Cat#80424
Cat#AC-10-05-05
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REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

Yeast reference genome SGD DB release 13.1.2015 SGD database http://sgd-archive.yeastgenome.org/

BioGRID_post translational modifications
GO-term entries Ensemble DB V86
BioGRID_substrate-kinase predictions
Protein Complex list

Mass Spectrometry datasets

Cryo-tomogram of FIB-milled vegetatively
growing yeast cell with mitochondria

BioGRID repository>°
Ensemble database®®
BioGRID repository®’
Wodak lab*®

This study
ProteomeXchange/PRIDE

This study

sequence/S288C_reference/genome_releases/
https://wiki.thebiogrid.org/doku.php/tools
http://www.ensembl.org/Help/View?id=285
https://wiki.thebiogrid.org/doku.php/tools
http://wodaklab.org/cyc2008/
ProteomeXchange/PRIDE PXD033675

EMDB: EMD-50229

Cryo-tomogram of FIB-milled pre-meiotic This study EMDB: EMD-50230
yeast cell with mitochondria

Cryo-tomogram of FIB-milled meiotic This study EMDB: EMD-50231
yeast cell containing mitochondria

with filaments

Cryo-tomogram of FIB-milled yeast This study EMDB: EMD-50232
spore with mitochondria

Cryo-tomogram of FIB-milled meiotic This study EMDB: EMD-50233
yeast cell containing mitochondria

with filament arrays

Cryo-tomogram of purified meiotic This study EMDB: EMD-50234
yeast mitochondria with Ald4 filaments

Raw data for all Western Blots, Spot This study Mendeley Data:
assays and Immunofluorescence https://doi.org/10.17632/d4kcp9zvkj.1
images displayed in the study

Experimental models: Organisms/strains

All strains used in this study are listed in Table S4 This study N/A

Recombinant DNA

YlpLac128-ALD4NT This study pML767
YlpLac128-ald4%* This study pML818

Software and algorithms

Fiji (Fiji Is Just ImageJ)
Prism 9
FlowdJo v10

Msconvert Proteowizzard v3.0.9987

TPP v4.7 re0 COMET 2014.02 rev.0

TPP v4.7 re0 Mascot v2.5.1

TPP v4.7 re0 PeptideProphet

TPP v4.7 re0 iProphet

TPP v4.7 re0 Spectrast2tsv.py

Schindelin et al.®®

GraphPad
Becton Dickinson

Proteowizzard

Sourceforge

Sourceforge

Sourceforge

Sourceforge

Sourceforge
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https://fiji.sc/

https://www.graphpad.com/
https://www.bdbiosciences.com/en-
ch/products/software/flowjo-v10-software
https://proteowizard.sourceforge.io/
projects.html
https://sourceforge.net/projects/
sashimi/files/Trans-Proteomic %
20Pipeline%20%28TPP %29/
https://sourceforge.net/projects/

sashimi/files/Trans-Proteomic %
20Pipeline%20%28TPP %29/

https://sourceforge.net/projects/
sashimi/files/Trans-Proteomic %
20Pipeline%20%28TPP %29/
https://sourceforge.net/projects/
sashimi/files/Trans-Proteomic %
20Pipeline%20%28TPP %29/
https://sourceforge.net/projects/
sashimi/files/Trans-Proteomic%
20Pipeline%20%28TPP %29/
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https://www.graphpad.com/
https://www.bdbiosciences.com/en-ch/products/software/flowjo-v10-software
https://www.bdbiosciences.com/en-ch/products/software/flowjo-v10-software
https://proteowizard.sourceforge.io/projects.html
https://proteowizard.sourceforge.io/projects.html
https://sourceforge.net/projects/sashimi/files/Trans-Proteomic%20Pipeline%20%28TPP%29/
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REAGENT or RESOURCE SOURCE IDENTIFIER

openSWATH (openMS 2.1.0) Rost et al.®® http://openswath.org/en/latest/

pyProphet Teleman et al.”® https://pypi.python.org/pypi/pyprophet

TRIC alignment Rost et al.®® https://pypi.org/project/msproteomicstools/

ComplexHeatmap R package version 2.0.0 Gu et al.” https://bioconductor.org/packages/
release/bioc/html/ComplexHeatmap.html

biomaRT R package version 2.38.0 Durinck et al.”? https://bioconductor.org/packages/
release/bioc/html/biomaRt.html

Daglogo R package Ou et al.” https://www.bioconductor.org/
packages/release/bioc/html/
daglLogo.html

Ggseglogo R package Wagih® https://omarwagih.github.io/ggseqlogo/

SerialEM Mastronarde® https://bio3d.colorado.edu/SerialEM/

IMOD Kremer et al.”® https://bio3d.colorado.edu/imod/

UCSF ChimeraX Pettersen et al.®” https://www.rbvi.ucsf.edu/chimerax//

Other

Nunc™ Lab-Tek™ || Chambered Coverglass
NuPAGE™ Novex™ 3-8%, Tris-Acetate Midi gels
NuPAGE™ Novex™ 4-12% Bis-Tris Midi gels
NativePAGE™ Novex™ 4-16% Bis-Tris Gels

Amersham™ Hybond™ P 0.45
PVDF blotting membrane

DeltaVision Ultra Epifluorescence Microscope
ChemiDoc MP

FastPrep-24

FACSCalibur or FACSCanto

5600 Sciex Triple TOF mass spectrometer
(Eksigent NanoLC Ultra 1D Plus system interface)

6600 Sciex Triple TOF mass spectrometer
(Eksigent NanoLC Ultra 1D Plus system interface)

Copper EM grids (R2/2 200 mesh, R2/1 200 mesh)
Vitrobot Mark IV
Crossbeam 550 FIB-SEM

Cryo-transmission electron
microscope Titan Krios (300kV)

Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Thermo Fisher Scientific
Cytiva

Image Solutions
Bio-Rad

MP Biomedicals
Becton Dickinson
Sciex

Sciex

Quantifoil

Thermo Fisher Scientific
Zeiss

Thermo Fisher Scientific

Cat#155409
Cat#WG1602BOX
Cat#WG1402BOX
Cat#BN1002BOX
Cat#GE10600023

N/A
N/A
N/A
N/A
N/A

N/A

https://www.quantifoil.com
N/A
N/A
N/A

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Joao Ma-

tos (joao.matos@maxperutzlabs.ac.at).

Materials availability

Plasmids and yeast strains generated in this study are available upon request from the lead contact.

Data and code availability
The mass spectrometry proteomics data have been deposited to the ProteomeXchange consortium via the PRIDE partner repository
with the dataset identifier PXD033675 and are publicly available as of the date of publication.

Example cryo-tomograms shown in the main figures have been deposited to the Electron Microscopy Data Bank (EMDB). The
EMDB entries for the cryo-tomograms are: EMD-50229 (FIB-milled vegetatively growing yeast cell with mitochondria), EMD-
50230 (FIB-milled pre-meiotic yeast cell with mitochondria), EMD-50231 (FIB-milled meiotic yeast cell containing mitochondria
with filaments), EMD-50232 (FIB-milled yeast spore with mitochondria), EMD-50233 (FIB-milled meiotic yeast cell containing mito-
chondria with filament arrays) and EMD-50234 (purified meiotic yeast mitochondria with Ald4 filaments). All tomograms are publicly
available as of the date of publication.
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Raw data from Figures 3, 4, 5, S4, and S6 has been deposited on Mendeley, https://doi.org/10.17632/d4kcp9zvkj.1 and will be
publicly available as of the date of publication. DOIs are listed in the key resources table

The paper does not report original code. Any additional information required to reanalyze the data reported in this paper is available
from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Saccharomyces cerevisiae

All budding yeast strains used in this study are SK1 derivates. They were cultured under standard conditions at 30 °C in YPD (yeast
extract 1%, peptone 2%, dextrose 2%) either as liquid culture or on agar plates unless otherwise indicated. Details are specified in
Table S4. All experiments were carried out in diploid strain backgrounds.

METHOD DETAILS

Strain generation

All yeast strains used are SK1 derivatives. Details are specified in Table S4. The following alleles have been describe previously:
ndt804,°® cdc20™.°° For C-terminal epitope tagging of chromosomal genes, Myc9, 6xHis6Flag and 3xmCherry cassettes were
amplified from plasmids by PCR as described.'°° Gene deletions were introduced directly in SK1 background by PCR-based ampli-
fication of deletion cassettes from a yeast knock-out collection.'®! Point mutations were introduced by mutagenic PCR: atp 157784,
atp1778%4 atp2S3°A  atp757199A  atp 155344 alg43AS96A, S2694, S5004) Tq obtain the triple phosphomutant of ALD4 — ald4% - plasmid
pML767 which contains the ALD4 gene was subjected to site directed mutagenesis. Three primers coding for S96A, S269A and
S500A were used simultaneously, resulting in plasmid pML818. Plasmids pML767 and pML818 were used to reconstitute an
ald4 4 strain by the integration of the respective linearized vector variant into the promotor region of ALD4 using Smal.

Meiotic time courses and cycling cultures

Meiotic time courses were performed with diploid SK1 strains produced by mating the MATa and MATa haploids, as previously
described.”®?” In brief, cells were grown for 2 days at 30 °C on YPayaiycerol Plates and then amplified as a thin lawn on YPD plates.
Cells were used to inoculate pre-sporulation medium YP5¢,xac @t ODggg = 0.3 and cultured for 11 h (30 °C). Meiotic induction was
initiated by switching cells to sporulation medium (SPM, 2% KAc) at ODggp = 3.5 — 4. The time of inoculation in SPM was defined
ast = 0 h. For MS-sample collection, cultures were upscaled to a 10 L fermenter system as previously described.®>'9%9% Samples
were collected at 0 h and from 2-10 h in a 1-hour interval. Cells from mutant backgrounds ndt804 and cdc20™" were collected 8 h or
10 h after transfer to SPM, respectively. Asynchronously cycling cultures were generated by inoculating YPD from an exponentially
growing culture to ODggg ~ 0.2. Cells were grown for 2.5 generations and harvested at ODggg ~1.2. Mitotic arrests were achieved by
addition of 15 ug/ml nocodazole to cycling cultures and subsequent culturing for 3 h at 30 °C. Cell cycle stage distribution and release
from G1 arrest and entry into pre-meiotic S-phase were tracked by analyzing the cellular DNA content on a FACS Canto cell sorter
using propidium iodide (55 pg/ml) staining. Meiotic progression was observed by analyzing the kinetics of nuclear division, spindle
formation, SC dynamics and spore formation.

FACS analysis of DNA content

Cellular DNA content was determined using a FACS Calibur or FACS Canto cytometer (Becton, Dickinson) running FACSDiva soft-
ware. Briefly, 1 ml of meiotic culture was collected and fixed in 70% cold ethanol. Cells were washed once and then resuspended in
50 mM Tris-HCI pH 7.5. RNA was digested for min. 4 h at 37 °C (2 ul RNaseA, 100 mg/ml). Cells were washed once in FACS buffer
(200 mM Tris-HCI pH 7.5, 211 mM NaCl, 78 mM MgCl,) and sonicated in FACS buffer containing 55 pg/ml propidium iodide. 60 pl of
sample in 1 ml 50 mM Tris-HCI pH 7.5 was used to measure DNA content. For each sample > 25’000 cells were analzysed.

Sporulation efficiency assay

A meiotic time course was setup as described above. After switching from YPyq,kac 10 2% KAc cells were left to sporulate for 24 or 48
hours. Samples were collected and analyzed after 24 h or 12 h, 24 h and 48 h (see indications in figure legends). Samples were imaged
using a DeltaVision Ultra Epifluorescence Microscope equipped with a 60x 1.4 NA DIC Oil UplanXApo objective, a sCMOS camera
under control of Acquire Ultra user interface (version 1.2.3). Ascospores and cells were manually inspected using Fiji®® imaging soft-
ware. 200 ascospores or cells were counted in three independent experiments. Ascospore formation was considered successful if
they contained at least two spores enclosed by separate spore wall. Statistical analyses were performed using Microsoft Excel and
Prism. The results were depicted in Prism.

Spore viability assay

Yeast cells were thawed freshly onto YPD plates and grown for 24 h at 30 °C. Cells were then transferred to SPM-plates and left to
sporulate for 24 h. Small amounts of cells were resuspended in Zymolyase 20T in water (1:10 dilution of 1 mg/ml stock) and incubated
for 10 min at RT. 20 ul of the cell suspension were transferred onto a YPD plate and individual spores of a tetrad were separately
relocated on the YPD plate using a Singer MSM400 Microdissector. Cells were left to grow for 48 h at 30 °C before number of grown
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spores was determined. A total of 288 spores were dissected per genotype in four replicates of 72 spores. Statistical analyses were
performed using Microsoft Excel and Prism. The results were depicted in Prism.

Yeast spot assay
Cells were grown in YPD O/N at 30 °C to saturation. Cultures were then diluted to ODggg = 0,3 and spotted in 4 serial dilutions on YPD
or YP2yciycerol Plates and incubated at 30 °C. Dilution rate: 1:10. Colony growth was assessed 1 or 2 days post spotting.

Immunofluorescence imaging

For yeast whole cell immunofluorescence staining and yeast meiotic chromosome spread staining, published procedures were
applied.?®°*1% Primary antibodies used were rat anti-a-tubulin (1:300, Biorad MCA78G), rabbit anti-Zip1 (1:500, SantaCruz
and®®), mouse anti-mCherry (1:500, Clontech Takara 632543), rabbit anti-Ald4 (1: 1000, this study). Secondary antibodies coupled
to Alexa 555, Alexa 488 and Alexa 647 were used for detection (1:300, Invitrogen). DNA was stained with 4’,6-diamidino-2-phenyl-
indole (DAPI). Images were acquired on a DeltaVision multiplex (GE healthcare) with a 60x 1.4NA DIC Oil PlanApoN objective or a
DeltaVision Ultra epifluorescence microscope (GE Healthcare) with a 100x 1.4NA Oil UPlanSApo objective, using an sCMOS camera
controlled by Softworx (version 4.1.0; Applied Precision) or AcquireUltra software (version 1.2.3), respectively. In general, images
were modified in Fiji for presentation using linear brightness and contrast adjustments.®® For Figure S6B, images were deconvolved
using Huygens Professional (SVI) and the maximum intensity was z-projected over the area of acquisition in Fiji. For spindle quan-
tification and synaptonemal complex formation >100 cells each were analyzed. Statistical analyses were performed using Microsoft
Excel and Prism.

Protein analyses

Samples were processed as described.*’ In short, cell pellets were supplemented with glass beads and disrupted in 10% TCA using
a FastPrep-24 (MP Biomedicals) running two cycles of 40 s (6.5 m/s). The protein precipitates were resuspended in 2X NUPAGE sam-
ple buffer and neutralized with 1 M TrisBase at a 2:1 ratio, boiled at 95 °C for 10 min and cleared by centrifugation for another 10 min,
full speed. Preceding sample loading, concentration was assessed. For nativePAGE, 4 ml of meiotic cultures (ODggp=3.5) were sup-
plemented with freshly prepared 2 mM PMSF/DMSO. Cells were harvested and lysed in mild lysis buffer (50 mM Tris-HCI pH=7.5,
25 mM NaCl, 1 mM EDTA pH=8, 0.1% Triton X-100, 100 mM B-glycerophosphate, 20 mM NaF), 1 mM PMSF and protease inhibitor
tablets (Roche, 1/50 ml) were freshly added. Cell walls were disrupted using a FastPrep-24 (MP Biomedicals) running two cycles of
40 s (6.5 m/s) with a 5 min break between cycles. Lysates were cleared and adjusted to equal protein concentrations. Samples were
then split and either mixed with nativePAGE sample buffer or NUPAGE (denaturing) sample buffer. Denatured samples were boiled at
95 °C for 10 min prior to loading. Native samples were loaded directly.

For immunoprecipitation, 50 ml sample of meiotic cultures (ODggo=3.5) were supplemented with PMSF/DMSO 2 mM final upon
collection. Cells were lysed in buffer B (50 mM Hepes/KOH pH7.4, 100 mM B-glycerophosphate, 5 mM MgOAc, 0.1% Triton
X-100, 10% Glycerol, 20 mM NaF). 1 mM DTT, 1 mM PMSF and protease inhibitor tablets (Roche, 1/50 ml) were freshly added. Ly-
sates were cleared and adjusted to equal protein concentrations. Myc-tagged proteins were captured using anti-Myc agarose beads
(9E10, Cancer Research UK) while rotating for 1 h at 4 °C. Agarose beads were split in 4 equal parts for phosphatase treatment after
several rounds of washes with increasing salt (2x 70 mM, 1x 150 mM, 1x 200 mM, 2x 70 mM KAc). Phosphatase treatment was car-
ried out using 4 conditions: 1) PMP buffer and MnCly; 2) PMP buffer and MnCl,; 3) PMP buffer, MnCl, and A-phosphatase; 4) PMP
buffer, MnCl, and heat-inactivated A-phosphatase. Conditions 2-4 were incubated 15 min, 30 °C. Samples were washed twice prior
to analysis by western blotting.

Denatured protein samples were separated on NUPAGE 3-8% Tris-Acetate (Invitrogen) or NUPAGE 4-12% Bis-Tris gels using
matching running buffers. For Phostag gels 7% acrylamide gels were supplemented with 20 ptM PhosTag™ and 10 mmol/L
MnCl,. NativePAGE was carried out using NativePAGE 4-16% Bis-Tris gels and nativePAGE running buffer (Invitrogen). Proteins
were transferred onto Amersham Hybond 0.45 pm PVDF membranes. Phostag gels were washed 3x 5 min in transfer buffer contain-
ing 10 mM EDTA prior to transfer. For nativePAGE, marker lanes were cut prior to antibody incubation for staining with Coomassie.
For immunoblotting the following antibodies were used: mouse anti-Myc HRP conjugated (1:15000, ab1326 Abcam), mouse anti-
FLAG HRP conjugated (1:10000, A8592-1MG Sigma Aldrich), mouse anti-GFP (1:2000, 11814460001 Roche), mouse anti-Cdc5
(1:2500, MM-0192-1-100 MédiMabs), rabbit anti-Crm1 (1:5000, %), rabbit anti-Puf6 (1:5000, ®*), rabbit anti-Ald4 (1:2000, this study).
The following secondary antibodies were used: 1:5000 goat anti-mouse immunoglobulin conjugated to HRP (P0447 Agilent) and
1:5000 swine anti rabbit immunoglobulin HRP conjugated (P0339 Agilent).

MS data acquisition and analysis

Sample preparation, as described in King et al.>" In short, 100 ml samples from a meiotic time course were collected per time point
and supplemented with 100% Trichloroacetic acid (TCA) to a final concentration of 6.25% on ice. Samples were washed twice with
cold acetone and pellets were snap frozen in liquid nitrogen. Proteins were extracted in 400 pl lysis buffer (8 M urea, 100 mM ammo-
nium bicarbonate, 5 mM EDTA, pH = 8) in combination with glass beads and in batches of 12. Extraction step was repeated 5 times
with fresh lysis buffer. Protein concentration was assessed with BCA (Pierce) and 3 mg of total protein was used for downstream
processing. Samples were sequentially incubated with 5 mM TCEP (1 h, 25 °C), 12 mM lodoacetamide (1 h, 25 °C, dark), then diluted
8 times with 100 MM ammonium bicarbonate (reducing urea to 1 M) and finally trypsin digested ON, 37 °C (trypsin:protein ratio 1:100).

Developmental Cell 59, 1764-1782.e1-€8, July 8, 2024 eb5




¢ CellP’ress Developmental Cell

OPEN ACCESS

Prior to peptide enrichment on C18 silica reversed-phase chromatography column (Sep-Pak C18 3cc, Waters) samples were acid-
ified to pH ~2.5 with formic acid (FA). Peptides were eluted in 50% acetonitrile (ACN), 0.1% FA, speedvac-dried and reconstituted in
50 ul 0.1% FA. For the total proteome assessment (“unenriched”), 1 ul was diluted to 1 ug/ul. The remaining sample was diluted with a
1.14x lactic acid solution (5 ml ACN, 2.92 ml lactic acid, 20 ul 50% TFA, filled with H,O to 8.7 ml) and used for phosphopeptide enrich-
ment by TiO, affinity purification.

Samples were incubated 1 h RT on a rotator with TiO, resin (GL Science) pre-equilibrated with 1X lactic acid solution. Beads were
washed sequentially with lactic acid, 80% ACN 0.1% TFA and 0.1% TFA. Phosphopeptides were eluted in 50 mM ammonium phos-
phate pH = 10.8 and acidified to pH = 2 by adding 50% FA. Samples were concentrated on C18 Micro Spin Columns (The Nest
group), eluted in 50% ACN, 0.1% FA, speedvac-dried and resuspended in 0.1% FA. All samples were spiked with iRT reference pep-
tides (Biognosys) for reference.

Mass spectrometry data acquisition

1 ng of peptides were injected either on a 5600 (unenriched datasets) or 6600 (phospho-enriched datasets) Sciex TripleTOF mass
spectrometer with an Eksigent NanoLC Ultra 1D Plus system interface. The peptides were separated on a 75-um-diameter,
20 cm-long new Objective emitter packed with Magic C18 AQ 3 um resin (Michrom BioResources) and eluted at 300 nl/min with
alinear gradient of 5-t0-35% Buffer A for 120 min (Buffer A: 2% acetonitrile, 0.1% formic acid; Buffer B: 98% acetonitrile, 0.1% formic
acid). MS data acquisition for the individual samples was performed in data-independent acquisition (DIA) SWATH MS mode using 32
fixed precursor isolation windows of 25 Da width (+1 Da overlap) acquired each for 100 ms plus one MS1 scan acquired for 250 ms as
described in Gillet et al.®> MS data acquisition of the pooled samples for library generation was performed in data-dependent acqui-
sition mode (DDA, top20, with 20 s dynamic exclusion after 1 MS/MS). For either mode, the mass ranges recorded were 360-1460
m/z for MS1 and 50-2000 m/z for MS2 and the collision energy was set to 0.0625 x m/z - 6.5 with a 15-eV collision energy spread
regardless of the precursor charge state. Library samples consist of the following triplicate pools of individual timepoints: t=0h and 2
h;t=3h,4h,5h;t=6hand 7 h;t=8h, 9h, 10 h; ndt804 arrest; cdc20™" arrest and mitotic and cycling samples.

DDA data analysis

The DDA search and spectral library generation were done as described in Schubert et al.>* In short, the raw DDA files were converted
to mzXML using msconvert (Proteowizzard v 3.0.9987). The converted files were searched with Comet (2014.02 rev. 0) and Mascot
(version 2.5.1) using the yeast SGD database (release 13.01.2015) appended with the SK1 and W3083 entries (for a total of containing
12’036 proteins plus one protein entry for the concatenated sequence of the iRT peptides and as many decoy protein entries gener-
ated by pseudo-reversing the tryptic peptide sequences). The following parameters were selected for the search: +/- 25 ppm toler-
ance for MS1 and MS2, fixed cysteine carbamidomethylation, either variable methionine oxidation (for the unenriched datasets) or
variable methionine oxidation and variable serine/threonine/tyrosine phosphorylation (for the phospho-enriched datasets), semi-
tryptic and 2 missed cleavages allowed. The output from comet and mascot search was further processed using peptideProphet'*®
and aggregated using iProphe’(107 (TPP v4.7 rev 0). The cutoff in iProphet was set at 1% false discovery rate. For the phospho-en-
riched datasets, the confidence of phosphorylation site localization was assessed using LuciPhor. Two consensus spectral libraries
were generated using'%® depending on the confidence in phosphorylation-site localization and the two assay libraries thereof were
exported using the spectrast2tsv.py script®® with the following parameters: 5 highest intensity fragments (of charge 1+ or 2+) per
peptide, within the mass range 350-2000 m/z, allowing fragments with -79.97 or -97.98 neutral losses, and excluding the fragments
within the precursor isolation window of the corresponding swath. The final library retained in priority assays from the high confidence
localization and then the assays from the low confidence localization. The assay library was finally exported to TraML with shuffled
decoys appended as described in Schubert et al.**

SWATH MS targeted data extraction and data filtering

The SWATH MS data was extracted based on the above generated assay library through the iPortal interface with openSWATH®®
(openMS 2.1.0), pyProphet® and TRIC alignment®® using the same parameters as described in Navarro et al.'®° Further processing
was done in R - for the initial steps similar as described in King et al.>' The precursor intensities were first log,-transformed and
normalized (mean-centering). Assays identifications were filtered for detection in two out of three triplicates for at least one condition.
The missing values were imputed at the precursor level using either a random value amongst a distribution centered at the mean of
the other replicate values of that triplicate series (when at least 1 value was found for that triplicate) or centered on a value 3-fold lower
than the lowest value of that precursor, and with a standard deviation equal to the mean standard deviation of all the replicate pre-
cursor values. For the unenriched dataset all the precursor intensities summed to a protein intensity value for the unenriched data-
sets. The consequent analysis was done either on the protein level (unenriched dataset), or on the precursor level (phospho-enriched
dataset), or on the “corrected phospho-stoichiometry” level. For that last level, the overall fold-change in phosphorylation for each
precursor compared to time point 0, was divided by the corresponding fold-change in the protein abundance compared to time point
0. Statistical significance was assessed by ANOVA across the all dataset, for either of the three levels mentioned above and species
with a corrected p value of 0.01 and a fold change above 2 compared to the mean value across the dataset were used for further fuzzy
clustering analysis and heatmap plotting.*®

Venn-Diagrams and GO-analyses in Figures 1, S2, and S6: For the generation of Venn diagrams the Venny 2.1 online tool was used
(https://bicinfogp.cnb.csic.es/tools/venny/). The BioGRID repository BIOGRID_PTMS-3.5.180ptm?%% were used for global dataset
comparisons. Phosphorylation reported on histidine were omitted. For GO-term analysis, the DAVID online tool was used.''® The
total proteome recorded or the phosphoproteome were used as background respectively. Results were corrected for multiple com-
parisons. Top 5 hits were chosen.
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For data analysis in Figures 2H, 4A, 5A, and S3A the phosphopeptides reported in this study were annotated using the yeast
genome release S288C_reference_genome_R64-2-1_20150113.""" The raw intensities of the phosphorylated peptides were normal-
ized to obtain distributions with the same median across samples. For the analysis of changing phosphorylation levels of protein pep-
tides during the vegetative growing cells and the meiosis time course, the normalized intensities of the three replicates per condition
were averaged and compared to the mean of each phosphopeptide expression level divided by their standard deviation across all the
cellular contexts, thus transforming the phosphorylation intensities into Z-scores. Additionally, individual phosphosites present in
multi-phosphorylated peptides were split into single phosphosites and their quantifications were retained for further analysis if
they were not part of the set of mono-phosphorylated peptides.

Statistical analysis and data visualization

The data processing performed and all statistical methods were implemented using R 3.5.1 (“The R Project for Statistical
Computing” n.d.). The visualization of heatmaps was done with the ComplexHeatmap R package version 2.0.0.°"

Gene Ontology Enrichment Analysis

Gene Ontology enrichments of biological processes were estimated with a Z-test method that compares the mean Z-scores of all
phosphorylated proteins belonging to a given GO term against the mean and variance of all Z-scores quantified in a given condition.
Only GO terms with a minimum of 12 phosphosites from at least 4 different proteins (mean value of proteins annotated to yeast GO
terms) were considered. Unique phosphopeptide isoforms were used as input. The GO enrichment scores (ES) were estimated using
the -log1o(p value) of the Z-test and they were signed based on the mean Z-score of all phosphorylated proteins from a GO term. GO
terms having an enrichment score (abs(log10(p value) >=2 in at least one condition were determined to undergo significant phosphor-
egulation. The same methodology was applied to the unenriched dataset. The list of GO terms was obtained from the Ensembl data-
base (version 86),°° using the biomaRt R package version 2.38.0.%

Phosphoregulation of the yeast kinome and protein complexes

Known kinase-substrate interactions from yeast were obtained from BioGRID®’ excluding studies with indirect evidence for kinase-
substrate interactions.''? The yeast protein complexes were downloaded from the oak lab website (http://wodaklab.org/cyc2008/).
This collection includes 408 heteromeric protein complexes supported by small-scale experiments curated from the literature.*® The
phosphoproteome mapped to the known kinase-substrate interactions and the protein complexes was used to estimate kinase ac-
tivities (with at least 3 quantified substrates) and the phosphoregulation of the protein complexes using the Z-test method bench-
marked in Hernandez-Armenta et al.,®” respectively.

Phosphosite motif enrichment was performed by comparing unique phosphosite sequences within each cluster to the entire quan-
tified phosphoproteome using the R package Daglogo.® Significantly enriched amino acids (Fisher’s exact test p < 0.05) were visu-
alized with the R package ggseqglogo.®
Removing redundancy in functional analyses
To prevent redundant GO terms, kinases and protein complexes, we calculated the pairwise distance between each of these func-
tional groups using the metric: 1-Jaccard Similarity Coefficients of shared genes present in the phosphoproteome, with this distance
we constructed three different hierarchical clusterings. Each tree was cut at a height of 0.99, and we selected the GO terms/Kinases/
Protein Complexes with the highest number of unique proteins per cluster.

Mitochondria isolation

A small-scale mitochondria isolation protocol was used as described previously.®* Briefly, ~350 ODgqq units of meiotic yeast cell cul-
ture were harvested, washed in water, and incubated in 100 mM Tris-SO4 pH 9.4 containing 10 mM DTT for 20 min at 30 °C. Cells
were washed in zymolyase buffer (1.2 M sorbitol, 20 mM KP; pH 7.4) and incubated in 1.5 ml zymolyase buffer containing 10 mg 20T
zymolyase (Seikagaku Biobusiness) for 30 min at 30 °C. After cell wall digestion, spheroplasts were washed in zymolyase buffer and
resuspended in homogenization buffer [0.6 M sorbitol, 10 mM Tris/HCI pH 7.4, 1 mM ethylenediaminetetraacetic acid (EDTA), 2 mM
phenylmethylsulfonyl fluoride (PMSF), 0.2% (w/v) bovine serum albumin]. Spheroplasts were homogenized by passing the cell sus-
pension 20 times through a 0.8 x 22 mm cannula. The suspension was centrifuged at 1,000 x g to remove nuclei and cell debris and
the crude mitochondrial fraction was isolated by centrifuging the supernatant at 12,000 x g for 15 min. Mitochondria were resus-
pended in SEM buffer (250 mM sucrose, 1 mM EDTA, 10 mM MOPS/KOH pH 7.2) and the protein concentration was estimated
against an Albumin standard by the Bradford method. Aliquots were directly used for plunge-freezing.

Plunge-freezing

Yeast cells were cultured as described above and plunge-frozen as described before®® with minor modifications. Meiotic yeast cells
or spores were harvested and diluted to an ODggg of 1-3 in SPM. Vegetatively growing cells (asynchronously proliferating cultures in
YPD) were harvested at an ODggg of ~0.8, spinned for 2 min at 650 x g and resuspended in SPM to ODggg 0f 1-3. Yeast cells or spores
were kept on ice until they were plunge-frozen with a Vitrobot Mark IV (Thermo Fisher Scientific)."'® 4 pl of cell suspension was pi-
petted onto negatively glow-discharged EM grids (R2/2 Cu200 mesh, specially treated, Quantifoil). Grids were back-blotted using a
Teflon sheet on one side either once for 5 - 6 s or twice for 3 - 5 s at 4 °C, 95% humidity, before plunging them into liquid ethane/
propane mixture [37% (v/v) ethane].'* Isolated mitochondria were mixed with 10 nm BSA-coated colloidal gold particles (Cytodiag-
nostics) in a ratio of 5:1 before 3 ul of sample was applied onto negatively glow-discharged EM grids (R2/2 Cu 200 mesh, specially
treated, Quantifoil). Grids were back-blotted for 5 s at 4 °C, 95% humidity and were plunge-frozen.
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CryoFIB milling

Prior to cryoET, plunge frozen cells or spores were cryoFIB-milled with a Crossbeam 550 FIB-SEM instrument (Zeiss) as described
before.®” The FIB-SEM instrument was equipped with a copper band-cooled mechanical cryo-stage (Zeiss), an SE2 detector (Zeiss),
an in-lens secondary electron detector (Zeiss), and an integrated VCT500 vacuum transfer system (Leica Microsystems). Briefly, after
plunge-freezing, EM grids were clipped into FIB milling Autogrids (Thermo Fisher Scientific) and loaded onto a cryoFIB Autogrid hold-
er''® (Leica Microsystems) using a VCM loading station (Leica Microsystems). The Autogrid holder was transferred to an ACE600
(Leica Microsystems) with a VCT500 shuttle and the sample was cryo-sputter coated with a 4 nm thick layer of tungsten. After loading
the sample into the Crossbeam 550, grids were additionally coated with organoplatinum and automated sequential FIB milling was
set up. A pattern with four currents was used (rough milling: 700 pA, 300 pA and 100 pA; polishing: 50 pA) to mill ~300 nm thick
lamellae. After milling, samples were transferred back to the VCM loading station with the VCT500 shuttle for unloading and grids
were stored in liquid nitrogen until cryoET imaging.

CryoET data collection and processing
CryoET data were collected on Titan Krios transmission electron microscopes (TEM) (Thermo Fisher Scientific) operating at 300 kV
and equipped with Quantum LS imaging filters (slit width 20 eV) (Gatan) and either K2 (Krios1) or K3 (Krios2) direct electron detectors
(Gatan) or equipped with BioContinuum imaging filter and K3 direct electron detectors (Gatan) (Krios3). Low magnification overviews
were collected in SerialEM®* for navigation and targets were selected for the following tilt series collection. For lamella, a bidirectional
tilt series collection scheme was used with an angular range between +70° to +50°, depending on the lamella pre-tilt, with 2° incre-
ments and a defocus of -8 um. The total dose per tilt series accumulated ~120 e /A% and the pixel sizes were 4.34 A/pixel (Krios 1) or
4.57 A/pixel (Krios 2) at specimen levels. For purified mitochondria, tilt series were collected using a bidirectional scheme with an
angular range between +60° to -60°, with 3° increments and a defocus of -8 um. The pixel size was 2.68 A/pixel (Krios3) at the spec-
imen level and the total dose per tilt series accumulated ~160 e /A2,

Frames were aligned using ‘alignframes’ and tomograms were reconstructed subsequently in IMOD.®® Cryo-tomograms shown in
the figures were binned at the level of 4 and filtered using ‘tom_deconv’."'® Cryo-tomogram segmentations were manually performed
in IMOD.

Mitochondrial ultrastructure analysis

Cryo-tomograms of FIB-milled yeast cells or spores containing mitochondria were manually inspected in IMOD. Overall mitochon-
drial area and mitochondrial inter-membrane space (IMS) were measured manually using the “Sculpt” drawing tool in IMOD. Only
mitochondria with a continuous double-membrane visible in one tomogram slice were counted for the measurements. The presence
of filamentous assemblies was checked for individual mitochondrial cross-sections within cryo-tomograms. Filament assemblies
were counted if they looked like “spherical particle clusters” or parallel filaments based on their orientation within the cryo-tomogram.
Data analysis was performed in Excel and Prism software.

The figures containing the structure of Ald4 were visualized using UCSF ChimeraX.®?”

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analyses were performed using Microsoft Excel, Prism or RStudio. For multiple comparisons, analysis of variance (one-
way ANOVA) was performed with Prism, followed by a correction for multiple comparisons using statistical hypothesis testing (Dun-
nett test). For pairwise comparisons two-tailed unpaired t-tests were used. The p value for the difference between the logarithmized
wild type counts and the logarithmized counts for a given mutant serves as an indication for a significant difference in counts. Detailed
descriptions can be found in each section of the respective experimental method.
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