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Abstract

Pch2 is an AAA+ protein that controls DNA break formation, recombination and checkpoint
signaling during meiotic G2/prophase. Chromosomal association of Pch2 is linked to these
processes, and several factors influence the association of Pch2 to euchromatin and the
specialized chromatin of the ribosomal (r)DNA array of budding yeast. Here, we describe a
comprehensive mapping of Pch2 localization across the budding yeast genome during mei-
otic G2/prophase. Within non-rDNA chromatin, Pch2 associates with a subset of actively
RNA Polymerase Il (RNAPII)-dependent transcribed genes. Chromatin immunoprecipitation
(ChIP)- and microscopy-based analysis reveals that active transcription is required for chro-
mosomal recruitment of Pch2. Similar to what was previously established for association of
Pch2 with rDNA chromatin, we find that Orc1, a component of the Origin Recognition Com-
plex (ORC), is required for the association of Pch2 to these euchromatic, transcribed
regions, revealing a broad connection between chromosomal association of Pch2 and Orc1/
ORC function. Ectopic mitotic expression is insufficient to drive recruitment of Pch2, despite
the presence of active transcription and Orc1/ORC in mitotic cells. This suggests meiosis-
specific ‘licensing’ of Pch2 recruitment to sites of transcription, and accordingly, we find that
the synaptonemal complex (SC) component Zip1 is required for the recruitment of Pch2 to
transcription-associated binding regions. Interestingly, Pch2 binding patterns are distinct
from meiotic axis enrichment sites (as defined by Red1, Hop1, and Rec8). Inactivating RNA-
PllI-dependent transcription/Orc1 does not lead to effects on the chromosomal abundance
of Hop1, a known chromosomal client of Pch2, suggesting a complex relationship between
SC formation, Pch2 recruitment and Hop1 chromosomal association. We thus report char-
acteristics and dependencies for Pch2 recruitment to meiotic chromosomes, and reveal an
unexpected link between Pch2, SC formation, chromatin and active transcription.
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Author summary

Meiosis is a specialized cellular division program that is required to produce haploid
reproductive cells, also known as gametes. To allow meiosis to occur faithfully, several
processes centred around DNA breakage and recombination are needed. Pch2, an AAA+
ATPase enzyme is important to coordinate several of these processes. Here, we analyze
the genome-wide association of Pch2 to budding yeast meiotic chromosomes. Our results
show that Pch2 is recruited to a subset of actively transcribed genes, and we find that
active RNAPII transcription contributes to Pch2 chromosomal association. In addition,
we reveal a general contribution of Orcl, a subunit of the ORC assembly, to Pch2 chromo-
somal recruitment. These findings thus reveal a connection between Pch2, Orcl and
RNAPII activity during meiosis.

Introduction

Meiosis is a specialized developmental program dedicated to the production of genetically
unique haploid gametes [1]. The production of haploid gametes is made possible by several
meiosis-specific events, chief among them the event of homologous chromosome segregation
during the first meiotic chromosome segregation event (i.e. meiosis I). Faithful segregation of
homologs requires that initially unconnected homologous chromosomes are physically linked
prior to segregation. Homolog linkage is achieved by interhomologue-directed crossover
repair of programmed DNA double-strand breaks (DSBs) prior to meiosis I (i.e. during mei-
otic G2/prophase). DSBs are introduced by Spol1, a topoisomerase-like protein, which acts in
conjunction with several accessory factors [2]. DSB formation happens in the context of a spe-
cialized, meiosis-specific chromosome architecture [3] [4]. Several protein factors, such as
Hop1 and Red1 in budding yeast, (whose functional and structural homologs are HORMAD1/
2 and SYCP2/3 in mammalians, respectively) [5] [6] [7] drive the assembly of chromosomes
into linear arrays of chromatin loops that emanate from a proteinaceous structure termed the
meiotic chromosome axis. Red1 and Hop1 co-localize with the meiotic cohesin complex (con-
taining the meiosis-specific Rec8 kleisin subunit instead of the canonical Sccl) to form the
molecular foundation of this typical meiotic ‘axis-loop’ chromosome structure [8, 9]. A zipper-
like assembly called the synaptonemal complex (SC) polymerizes between synapsing homolo-
gous chromosomes [10], concomitantly with, and dependent on ongoing crossover repair of
meiotic DSBs [11, 12]. In budding yeast, the Zip1 protein is an integral component of the SC,
which is assembled onto the axial components of the loop-axis architecture [13, 14]. The SC
likely acts as a signaling conduit that coordinates DSB activity and repair template preferences
with chromosome synapsis [15-17]. A major role for the SC lies in directing the chromosomal
recruitment of the hexameric AAA+ enzyme Pch2 [15, 18, 19], an important mediator of DSB
activity, repair, and checkpoint function (reviewed in [20]). The molecular mechanisms of
Pch2 recruitment to synapsed chromosomes remain poorly understood. In zip1A cells, Pch2
cannot be recruited to meiotic chromosomes (except to the nucleolus/rDNA; see below) [18].
However, this is unlikely via a direct molecular interaction. First, a specific Zipl-mutant (zipI-
4LA) uncouples SC formation from Pch2 recruitment [15, 21]. Second, in cells lacking the his-
tone H3 methyltransferase Dotl, Pch2 can be recruited to unsynapsed chromosomes in zip14
cells [22, 23]. Third, a recent report has linked topoisomerase II (Top2) function to Pch2 asso-
ciation with synapsed chromosomes [24], hinting at a connection between chromosome topol-
ogy and Pch2 recruitment.
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Functionally, the recruitment of Pch2 to synapsed chromosome is connected to the
abundance of Hopl on chromosomes [15, 18, 25]. The current model is that Pch2 recruit-
ment to SC-forming chromosomal regions allows it to use its ATPase activity to dislodge
Hopl from synapsed regions [26-28], causing a coupling of SC formation to a reduction in
DSB activity, interhomologue repair bias and checkpoint function [15, 20]. It is not clear
whether Pch2 recruitment alone is sufficient to drive altered Hop1 dynamics upon synapsis,
and additional aspects of chromosome metabolism, such as structural changes and post-
translational modifications of axis factors [24, 29], have been implicated in crosstalk
between Pch2 and Hopl.

In addition to its recruitment to euchromatic regions, Pch2 is recruited to the nucleolus,
where it is involved in protecting specific regions of the ribosomal (r)DNA array (and rDNA-
flanking euchromatic regions) against Spol1-directed DSB activity [18, 30]. The nucleolus is
devoid of SC polymerization (and thus of Zip1), and nucleolar recruitment of Pch2 is depen-
dent on Sir2 (a histone deacetylase) and Orc1 (a component of the Origin Recognition Com-
plex (ORC)) [18, 30]. Strikingly, with the exception of Zipl, all factors that direct Pch2
recruitment (whether within the rDNA, or within euchromatin) are involved in chromatin
function, be it modification (Dotl and Sir2), binding (Orcl, via its bromo-adjacent homology
(BAH) domain) or metabolism (Topoisomerase II). Together, these observations predict an
intimate interplay between chromatin and Pch2 binding.

Inspired by this, and with the aim of increasing our understanding of Pch2 function on
meiotic chromosomes, we generated a comprehensive map of Pch2 chromosomal association
during meiotic G2/prophase. This analysis revealed specific binding sites of Pch2 across the
genome. Within euchromatin, these sites map to regions of RNA Polymerase II (RNAPII)-
driven transcriptional activity (i.e. a subset of active genes), and recruitment of Pch2 depended
on active RNAPII-driven transcription. Interestingly, the Pch2 binding patterns identified
here are distinct from meiotic axis enrichment sites (as defined by Red1, Hop1 and Rec8).
Orcl (and also other ORC subunits) are enriched at Pch2 binding sites, whereas no Pch2 can
be found associated with origins of replication, which are the canonical binding sites of ORC
[31]. Intriguingly, Orc1 inactivation triggers loss of Pch2 binding at active, euchromatic genes,
demonstrating a connection between Pch2 and Orcl1 that extends beyond their previously
described shared rDNA-associated functions [30]. Although active transcription and Orcl are
equally present in meiotic and mitotic cells, we further show that ectopic expression of Pch2 in
vegetatively growing cells is not sufficient to allow recruitment of Pch2 to the identified bind-
ing sites within actively transcribed genes. This suggests meiosis-specific requirements that
license Pch2 recruitment. In agreement with this, we find that Zip1 is required for the recruit-
ment of Pch2 to the identified transcription-associated binding regions.

Surprisingly, we find that interfering with the pool of Pch2 that associates with active RNA-
PII transcription does not lead to effects on the chromosomal association of Hop1, despite
triggering a significant loss of Pch2 from meiotic chromosomes. This finding could indicate a
more complex interplay between chromosome synapsis and Pch2 chromosomal recruitment
and function than currently anticipated. We thus uncover characteristics and dependencies
for Pch2 recruitment to meiotic chromosomes, and reveal a link between Pch2, SC formation,
chromatin and active transcription.

Results

We aimed to generate a detailed genome-wide mapping of the chromosomal localization pat-
tern of Pch2, using chromatin immunoprecipitation followed by deep sequencing (ChIP-seq).
For this, we employed an NH2-terminal 3xFLAG-tagged wild type version of Pch2 (Fig 1A
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Fig 1. Genome-wide analysis of Pch2 chromosome association. A. Schematic of Pch2 domain organization. B. Western blot analysis of expression of
Zipl (upper panel) and 3XFLAG-Pch2 and 3XFLAG-Pch2-E399Q (lower panel) in ndt80A cells during meiotic G2/prophase at 4 hours after induction
into the meiotic program. Pgkl was used as a loading control. C. Genome browser view representative images (RPKM; see also Material and Methods) of
ChIP-seq binding patterns for 3XFLAG-Pch2 and 3XFLAG-Pch2-E399Q. Shown is a region of Chromosome XII (chromosomal coordinates (kb) are
indicated). D. High resolution Genome browser view representative images (RPKM; see also Material and Methods) of 3XFLAG-Pch2 binding patterns
across two selected chromosomal regions (chromosomes XI and IX). Chromosomal coordinates and gene organization are indicated. E. 3XFLAG-Pch2
and 3XFLAG-Pch2-E399Q ChIP-seq enrichment normalized to inputs (log,). Datasets were aligned relative to the indicated positions covering
Transcription Start Sites (TSS) and coding regions of 3XFLAG-Pch2 and 3XFLAG-Pch2-E399Q binding genes. F. ChIP-qPCR analysis tiling over the
GAP1/TDH3/PPRI locus and downstream and upstream of their coding regions in ndt80A cells during meiotic G2/prophase (4 hours). Positions of the
primers are indicated. Primer pairs for GAPI: 1) GV3197/G3198, 2) GV3195/GV3196, 3) GV2595/GV2596, 4) GV2599/GV2600; 5) GV3199/GV3200, 6:
GV3201/GV3202. Primer pairs for TDH3: 1) GV3209/G3210, 2) GV3207/GV3208, 3) GV2591/GV2592, 4) GV2593/GV2594; 5) GV3203/GV3204, 6:
GV3205/GV3206. Primer pairs for PPRI (negative control): 1) GV3214/G3215, 2) GV3211/GV3212, 3) GV2390/GV2391, 4) GV3216/GV3217; 5)
GV3218/GV3219. MCM2 (GV2392/GV2393) and GAPI (GV2595/GV2596) loci were used as a negative and positive control respectively. Error bars
represent standard error of the mean of three biologically independent experiments performed in triplicate.

https://doi.org/10.1371/journal.pgen.1008905.9001

and 1B). This allele creates a functional protein: 3xFLAG-Pch2 was able to interact with Orcl
[30], and suppresses the synthetic spore viability defects of rad17A pch2A cells [32, 33] (S1A
and S1B Fig). We also used a mutant allele harboring an E>Q substitution at position 399
within the AAA+ Walker-B motif (pch2-E399Q) (Fig 1A and 1B). This mutant is expected to
impair ATP hydrolysis, and equivalent mutations have been used to stabilize interactions
between AAA+ proteins and clients and/or adaptors [34]. We anticipated that Pch2-E399Q
would exhibit increased association to chromosomal regions as compared to its wild type
counterpart, which could aid in revealing details regarding Pch2 recruitment and/or function.

We investigated the progression of meiotic G2/prophase and chose to generate ChIP-seq
datasets at 4 hours post-induction since at this time point our cultures showed a mixed popula-
tion of cells in different phases of meiotic G2/prophase (as judged by SC polymerization status)
during which Pch2 is known to play important roles (S1C Fig). Note that the strains that were
used to generate ChIP-seq datasets (and the majority of subsequent experiments) were ndt80A
in order to prevent exit from meiotic G2/prophase. We compared ChIP-seq datasets for wild-
type and E399Q Pch2 (performed in triplicates in both cases) and found that these datasets
exhibited highly correlated distributions, both at a genome-wide level and at individual loci
S2A and S2B Fig and S3 Table (for number of peaks in different replicas). We plotted the pair-
wise correlation of normalized reads of shared Pch2 wild type and E399Q peaks (S2C Fig). The
analyses indicate that the increased signal observed in E399Q binding relative to wild type is
not originated from additional peaks exclusively detected in the Pch2-E399Q dataset (see also
below).

We used both alleles (i.e. wild type and E399Q) for several follow-up experiments (see
below). We called the peaks using MACS2 with a p-value of e10™"* [9]. We found that ~98% of
the peaks localized within the coding sequences (CDS) of a subset of RNAPII-transcribed
genes distributed on all 16 budding yeast chromosomes (see S1 Table for a list of Pch2 binding
CDS sites and Fig 1C and 1D for examples of typical binding patterns across selected chromo-
somal regions. See also S1D and S1E Fig for additional information and ChIP/input plots). Of
note, the described peaks do not comprise those identified within the rDNA array on chromo-
some XII (see below). We did not observe Pch2-association within promoters (i.e. directly
upstream of the transcriptional start sites (TSSs)) of these Pch2-bound genes (Fig 1D-1F).
Pch2 peaks were evenly distributed throughout CDSs and located downstream of TSSs (Fig
1E). Association of Pch2 E399Q is stronger relative to wild-type Pch2, as judged by the differ-
ences in normalized read counts (S2D Fig and S1 Table). Based on the biochemical character-
istics of AAA+ enzymes, the Pch2-E399Q is expected to exhibit stronger binding to clients
and/or adaptors [34], and these increased binding patterns suggest that the observed binding
sites represent biochemically meaningful interactions.
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In addition to the observed association of Pch2 with RNAPII-transcribed genes, we also
found Pch2-binding patterns within the rDNA array. Specifically, we found that Pch2 was
associated with the 255 RNAPI-transcribed locus, whereas we did not detect a significant asso-
ciation with 58 (RNAPIII-transcribed) locus nor with intergenic regions (NTSI or NTS2)
(data is available on http://www.ncbi.nlm.nih.gov/geo/), under accession no. GSE138429).
These binding patterns might relate to the observed enrichment and function of Pch2 within
the nucleolus [18, 30] and therefore warrant future investigation. In this manuscript, we how-
ever focus our attention on the Pch2 binding patterns across the non-rDNA, euchromatic part
of the genome.

We performed a search for enriched Gene Ontology (GO) terms showing a representation
for genes involved in various metabolic processes (S2 Table). In addition to these GO terms,
Pch2-association was also enriched within certain sporulation-induced (i.e. meiosis-specific)
genes (S1 Table). We next compared our Pch2 datasets to a genome-wide transcriptome (i.e.
mRNA-seq) dataset that we generated from cells synchronously progressing through meiosis
(this dataset was also generated in ndt80A cells 4 hours post induction of meiosis). We then
plotted the normalized RNA-seq counts (TPM, transcripts per million) and assessed the
expression levels of Pch2 binding genes following our criteria described in materials and meth-
ods. This showed that all genes occupied by Pch2 are transcribed during meiosis (S11C Fig),
suggesting that transcription is involved in the recruitment of Pch2 to these CDSs. Processed
RNA seq data can be found at http://www.ncbi.nlm.nih.gov/geo/), under accession no.
GSE144835.

To investigate if transcriptional strength of defined genes was predictive of Pch2 binding,
we stratified the transcribed genes from our RNA-seq dataset into high, medium and low
expression strength (following previously established procedures [35]), and compared expres-
sion strength of Pch2-associated genes with these bins (S2E Fig). This analysis showed that
Pch2-associated genes produce average mRNA levels, with a wide distribution. We detected
only a weak correlation between the normalized reads score of individual Pch2-binding sites
and the expression level of the corresponding CDS (Pearson’s correlation, R* = 0.3789, S2F
Fig). This indicates that, although Pch2 associates with actively transcribed genes, transcrip-
tional strength per se likely plays, if any, only a minor role in dictating Pch2 binding. Under-
scoring this interpretation is the fact that many highly expressed genes do not show significant
Pch2 enrichment peaks.

ChIP analysis can be plagued by artefactual ChIP-enrichments, which are mostly clustered
at RNAPIII-transcribed genes, but some of which have also been observed to lie within highly-
expressed RNAPII-transcribed genes [36]. We performed several analyses and experiments to
exclude artefactual binding effects in our ChIP datasets, which we describe in detail in the Sup-
plementary Data. Most importantly, we i) compared our datasets to reported artefactual bind-
ing sites [36] and found little overlap (S3A Fig); ii) did not detect binding of Pch2 to RNAPIII-
transcribed tRNA genes (S3B Fig), contrary to what has been reported for artefactual ChIP-
enrichments [36]; and iii) found that an inert nuclear protein (3xFLAG-dCas9) did not show
binding to a defined Pch2-associated site (as would be expected for artefactual ChIP signals),
as tested by ChIP-qPCR (S3C and S3D Fig). Based on these and additional experiments that
are described below and in the Supplementary Data, we are confident that our Pch2 datasets
inform on physiologically relevant biological behavior.

Based on our ChIP-seq results, we employed ChIP followed by real-time quantitative PCR
(ChIP-qPCR) to explore the connection between Pch2 and transcription. We designed oligos
that tile over the CDSs and upstream and downstream regions of two Pch2-bound genes:
GAPI and TDH3. PPR1, an RNAPII-transcribed gene to which Pch2 showed no association by
ChIP-seq was used as a negative control. We confirmed transcriptional activity at GAPI and
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PPR1 by ChIP analysis of active RNAPII (via ChIP of o.—PollI-phospho-Ser5, which is used as
aread-out of active engagement of RNAPII during transcription elongation (reviewed in [37]
(S2H Fig)). 3xFLAG-Pch2-E399Q associated with the CDSs of both GAPI and TDH3, whereas
no significant association was observed at the PPR1I locus (Fig 1F and S2G Fig, see also S3
Table for a spreadsheet containing, in separate sheets, the underlying numerical data for figure
panels containing ChIP-qPCR data). Binding patterns at GAPI and TDH3 closely mirrored
the narrow CDS-specific patterns that we found in our ChIP-seq analysis (for example, com-
pare signals for GAPI in Fig 1D and 1F). We validated the association of wild-type Pch2 and
Pch2-E399Q to two additional selected binding genes (HOPI and SSAI) by ChIP-qPCR, and
we confirmed increased binding of Pch2-E399Q as compared to wild-type Pch2 (S2I and S2]
Fig). In addition to its catalytic AAA+ domain, Pch2 also possess a non-catalytic NH2-term-
inal domain (NTD) (Fig 1A) [20]. The NTDs of AAA+ ATPases are required to allow AAA

+ proteins to interact with clients and adaptors [26] [38] [20, 34]. Removal of the NTD of Pch2
abrogated the association of Pch2 to individual selected genes, indicating that the NTD is
required for recruitment of Pch2 to gene bodies (S2I and S2]J Fig). In this regard, it is impor-
tant to note that the expression of Pch2 lacking its NTD (Pch2 243-564) was significantly
lower as compared to wild type Pch2 (see also S4 Table for a spreadsheet containing, in sepa-
rate sheets, selected western blot signals for representative western blot images presented in
the manuscript). In addition, it has been reported that the NTD of Pch2 harbors a nuclear
localization signal [39]. As such, Pch2 243-564 is likely inefficiently localized to the nucleus
[39]. In conclusion, we find that during meiotic G2/prophase, Pch2 associates within the body
of a selected group of RNAPII-associated genes, and that recruitment depends on characteris-
tics of AAA+ proteins.

Hopl, a HORMA-domain containing client of Pch2 is a central component of the meiotic
axis structure [8, 15, 18, 25-28, 40]. Zip1-dependent SC assembly (which drives Pch2 recruit-
ment [18]), is established on the axial element of the meiotic chromosome structure, and
Hop1 and Zip! are therefore expected to reside in molecular proximity of each other (at and
near chromosome axis sites, respectively). As such, one hypothesis is that Pch2 is also enriched
at meiotic axis-proximal sites, where it might be acting on its client, Hop1l. To investigate
whether our ChIP dataset could inform on this idea, we compared the binding patterns of
Pch2 to those of axial components (i.e. Red1, Hopl and Rec8) with available ChIP-seq datasets
[9] (Fig 2A). Hopl, Red1 and Rec8 showed highly similar binding patterns [8] [9], but the
binding patterns of both wild-type and ATP-hydrolysis deficient Pch2 qualitatively diverged
from the patterns of these axial elements: Pch2 patterns did not show the similar frequency
along chromosomal regions, and, on genome-wide level, showed little overlap with the binding
patterns of meiotic axis-factors (Fig 2A and 2B and S4A and S4B Fig). We propose that, within
the loop-axis organization of meiotic chromosomes, Pch2 associates with (a selected group of)
genes located within loops that are located away from the Hop1-Red1-Rec8-defined axis (Fig
2C).

We next investigated the effect of RNAPII transcriptional activity on Pch2 occupancy on
meiotic chromosomes. To inhibit RNAPII-dependent transcription, we initially used
1,10-Phenanthroline — a small molecule which has previously been described to inhibit RNA-
PII-dependent transcription [41]. Meiotic yeast cultures expressing 3XFLAG-Pch2 E399Q
were treated with 1,10-Phenanthroline for 1 hour (S5A Fig). Under these conditions, we
observed a substantial effect on GAPI1 mRNA levels, in cells treated with 1,10-Phenanthroline,
whereas Pch2 protein levels were unaffected (S5B and S5C Fig). Inhibition of global transcrip-
tion reduced Pch2 association to GAPI gene by ~50% compared to the mock-treated control
situation (S5D Fig), consistent with a role for transcription in promoting the recruitment/asso-
ciation of Pch2 to regions of active transcription.
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https://doi.org/10.1371/journal.pgen.1008905.9g002

To achieve a more complete and specific inhibition of RNAPII, we employed the anchor-
away technique [42], which has been used to successfully deplete chromosomal proteins dur-
ing meiosis [15, 24, 43, 44]. This technique is based on an inducible dimerization system that
rapidly depletes nuclear proteins based on ribosomal flux, with the aid of a tagged anchor pro-
tein, Rpl13A (Rpl13a-2XFKBP12). Rapamycin induces the formation of a ternary complex
with a protein of interest that is tagged with FRB (FKBP12-Rapamycin Binding-FRB domain
of human mTOR) (Fig 3A). Successful anchor-away-based inhibition of RNAPII has been
described in vegetative cells [45], and we similarly tagged the largest subunit of RNAPII
(Rpo21) with the FRB tag (Fig 3A and S5E Fig). As expected, rpo21-FRB cells exhibited severe
growth defects in the presence of rapamycin (Fig 3B). Immunofluorescence of meiotic chro-
mosome spreads after exposure with Rapamycin for 30 minutes demonstrated efficient nuclear
depletion of Rpo21-FRB during meiosis (Fig 3C and 3D). We note that Rpo21 was localized to
meiotic chromosomes, in a dotted pattern that did not show strong similarity with Zip1 or
Hop1 binding patterns (Fig 3D and S5F Fig). We performed ChIP-qPCR analysis, using
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Fig 3. Transcription is required for recruitment of Pch2. A. Schematic of the anchor away system and Rpo21 within RNAPIL. B. Dilution
series of wild type and rpo21-FRB anchor away strains, grown on YPD or YPD + rapamycin. C. Schematic of treatment regimens used for
anchor away experiments in D-I, and S5G Fig. D. Representative images of immunofluorescence of meiotic chromosome spreads in the
rpo21-FRB anchor away cells treated with DMSO or rapamycin. Chromosome synapsis was assessed by o-Zip1 staining. E. ChIP-qPCR analysis
of active transcription (a—Rpo21-phospho-Ser5) in rpo21-FRB anchor away cells treated with DMSO or rapamycin at PPR1 (primer pairs:
GV2390/GV2391) and GAPI (primer pairs: GV2597/GV2598). Error bars represent standard error of the mean of at least three biologically
independent experiments performed in triplicate. F. Western blot analysis of 3XHA-Pch2 in rpo2I1-FRB anchor away cells treated with DMSO
or rapamycin. G. ChIP-qPCR analysis of 3XHA-Pch2 in rpo21-FRB anchor away cells treated with DMSO or rapamycin at PPRI (negative
control) (primer pair: GV2390/GV2391), GAPI (primer pair: GV2597/GV2598), HOPI (primer pair: GV2607/GV2608), TDH3 (primer pair:
GV2591/GV2592), and SSAI (primer pair: GV2587/GV2588). Error bars represent standard error of the mean of at least three biologically
independent experiments performed in triplicate. H. Representative images of immunofluorescence of meiotic chromosome spreads in the
3XHA-Pch2 expressing rpo21-FRB anchor away cells, treated with DMSO or rapamycin. Chromosome synapsis was assessed by o-Gmc2
staining. White line and asterisk indicate the position of the nucleoli. I. Quantification of non-nucleolar Pch2 intensity per spread nucleus for
the immunofluorescences shown in H, treated with DMSO or rapamycin and from the immunofluorescence shown in S5H Fig (ndt804 and
ndt80Azip1A cells collected at 4 hours after induction into the meiotic program.) * indicates a significance of p = 0.01-0.05, Mann-Whitney U
test. See S3 Table for exact p-values.

https://doi.org/10.1371/journal.pgen.1008905.9003

antibodies against phosphorylated-Serine 5 of Rpo21 in meiotic cells following addition of
rapamycin. This approach showed that the relative occupancy of RNAPII within PPRI and
GAPI coding regions was substantially reduced after 30 minutes rapamycin treatment in cells
expressing Rpo21-FRB (Fig 3E). Taken as a whole, these data demonstrate that RNAPII is
depleted from the nucleus under this treatment regimen. Interestingly, ChIP analysis revealed
that, whereas the protein levels of Pch2 were unaffected (Fig 3F), Pch2 association with GAP1I,
TDH3 and SSA1 was substantially reduced in Rpo21-FRB-tagged strains treated with rapamy-
cin for 30 minutes (Fig 3G), confirming the fact that Pch2 association to defined chromosomal
regions depended on RNAPII transcriptional activity.

We next addressed whether a reduction of Pch2 binding to these regions upon transcrip-
tional inhibition could be corroborated through independent, cytological methods. For this,
we performed immunofluorescence on spread chromosomes to quantify the chromosomal
association of Pch2 during meiotic G2/prophase, and found that a brief inhibition (i.e. 30 min-
utes) of active transcription (via Rpo21-FRB nuclear depletion) triggered a significant reduc-
tion of Pch2 chromosome-associated foci within synapsed chromosome regions (as identified
by staining with the SC component Gme2 [46]) (Fig 3H and 3I). Treatment of cells with Rapa-
mycin for a longer period (i.e. 90 minutes, S5A Fig) led to similarly reduced chromosomal lev-
els of Pch2 (S5G Fig). The loss of Pch2 from synapsed chromosomes under both these
conditions is less penetrant as compared to the loss of Pch2 from chromosomes that is seen in
ziplA cells [18] (Fig 31 and S5H Fig). The nucleolar pool of Pch2 (identified by the typical
nucleolar morphology and lack of association with SC structures) was not significantly affected
by RNAPII inhibition (S5I Fig), suggesting that RNAPII-dependent transcription specifically
promotes non-nucleolar recruitment of Pch2. This observation is in agreement with the asso-
ciation of Pch2 with RNAPI-dependent transcriptional activity within the rDNA, as suggested
by our ChIP-seq analysis (see above). Together, these data identify active RNAPII-dependent
transcription as a factor that positively contributes to the recruitment of Pch2 to euchromatic
chromosome regions during meiotic G2/prophase.

We sought to better understand the recruitment of Pch2 to chromosomes, also in light of
the connection with transcription. For this, we focused our attention on Orcl, a factor
involved in Pch2 recruitment to the nucleolus [30, 39]. Orcl is a component of the Origin Rec-
ognition Complex (ORC), a six subunit (Orc1-6) hexameric AAA+ ATPase (Fig 4A), and we
recently showed, using in vitro biochemistry, that Pch2 directly interacts with ORC [47]. The
first step in DNA replication occurs when ORC recognizes and directly binds to hundreds of
origins of replication (also known as autonomously replicating sequences (ARSs)) across the
genome (reviewed in [31]). Given the connection between ORC and Pch2 and the well-
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Fig 4. Interplay between Pch2, Orcl and transcription. A. Schematic of Pch2 and ORC, including the domain organization of Orcl. B.
3XFLAG-Pch2 and 3XFLAG-Pch2-E399Q binding (ChIP-seq normalized against the input) plotted relative to the center of ARSs. C.
ChIP-qPCR analysis of 3XFLAG-Pch2-E399Q at PPRI (primer pair: GV2390/GV2391), GAPI (primer pair: GV2597/GV2598), ARS202
(primer pair: GV2583/GV2584) and ARS1116 (primer pair: GV2577/GV2578) during meiotic G2/prophase (t = 4 hours). Error bars
represent standard error of the mean of at least three biologically independent experiments performed in triplicate. D. ChIP-qPCR
analysis of Orc1-TAP and Orc2-TAP at PPRI (primer pair: GV2390/GV2391), GAPI (primer pair: GV2597/GV2598), HOPI (primer
pair: GV2605/GV2606), ARS1116 (primer pair: GV2577/GV2578) during meiotic G2/prophase (t = 4 hours). Error bars represent
standard error of the mean of at least three biologically independent experiments performed in triplicate. E. ChIP-qPCR analysis of
3XFLAG-Pch2-E399Q in ORCI or orc1-161 background at PPRI (primer pair: GV2390/GV2391) and GAPI (primer pair: GV2597/
GV2598) during meiotic G2/prophase (t = 4 hours). Experiments were performed at 30°C. Error bars represent standard error of the
mean of at least three biologically independent experiments performed in triplicate. F. Representative images of immunofluorescence of
meiotic chromosome spreads in 3XHA-Pch2 expressing ORCI or orcI-161 cells collected at 6 hours after induction into the meiotic
program. Experiments were performed at 30°C. Chromosome synapsis was assessed by o.-Gmc2 staining. Experiments were performed
at 30°C. G. Quantification of non-nucleolar Pch2 intensity per spread nucleus for the immunofluorescence analysis shown in F and for
immunofluorescence analysis of cells progressing synchronously through meiotic prophase at 4, 5 and hours (S6A and S6B Fig). ***
indicates a significance of p< 0.001, Mann-Whitney U test. H. ChIP-qPCR analysis of 3XHA-Pch2-E399Q in ORCI or orc1Abah
background at PPRI (primer pair: GV2390/GV2391), GAPI (primer pair: GV2597/GV2598) during meiotic G2/prophase (4 hours).
Error bars represent standard error of the mean of at least three biologically independent experiments performed in triplicate.

https://doi.org/10.1371/journal.pgen.1008905.9004

established association of ORC with origins, we first queried whether Pch2 was associated with
origins. We plotted Pch2 occupancy (log, genome-wide enrichment of Pch2 wild-type and
E399Q) around the center of 626 predicted ARSs (from OriDB (http://cerevisiae.oridb.org);
this list includes likely and confirmed ARSs). This analysis did not reveal significant enrich-
ment for Pch2 at or around ARSs, and these regions seemed to rather display a local depletion
of Pch2 binding (Fig 4B). The observation that Pch2 does not significantly associate with ori-
gins of replication was confirmed by ChIP-qPCR investigating individual origins (Fig 4C). We
conclude that Pch2 is not detectably associated with origins of replication during meiotic G2/
prophase, hinting that the interaction between Pch2 and Orcl is established away from origins
of replication [47].

Previous studies have described association of components of the replication machinery
(including ORC) to actively transcribed, protein coding genes [48-50], and we thus considered
the possibility that ORC exhibited a binding pattern similar to that of Pch2 during meiosis.
The binding patterns of Pch2 showed some overlap with the reported association profile of
ORC with coding genes in mitosis (i.e. 60 out of 436 peaks in Pch2 wild type and 4 out of 94
within the additional Pch2 E399Q binding sites) (S1 Table). We analyzed Orc1-TAP binding
by ChIP-qPCR: as a positive control, we measured its association to ARS1116, and found Orcl
to be highly enriched at this site (Fig 4D), indicative of association of Orc1 with chromosomes
during meiotic G2/prophase [39]. Strikingly, we also detected substantial binding of Orc1--
TAP with GAPI and HOPI, but not PPR1, mirroring Pch2 binding behavior (Fig 4D and S6A
Fig). Similar results were seen for Orc2-TAP (Fig 4D). To explore the possibility that Orcl
functions upstream of Pch2 with respect to its localization — as has been suggested within the
nucleolus/rDNA [30, 39] — we made use of a temperature-sensitive allele of ORC1, orc1-161.
Pre-meiotic DNA replication is delayed for ~1 hour in orcI-161 cells (S6B Fig), but meiotic
progression appears otherwise normal [30]. This mutation severely diminished ORC associa-
tion with origins of replication (as measured by ORC2-TAP ChIP; S6C Fig) (note that all
ORC1/0ORC2 inhibition experiments were performed at 30°C), likely due to a reduction in
Orecl protein levels (S6D Fig) [51]. The levels of Orc2-TAP at GAPI were reduced under these
conditions (S6C Fig). We next performed Pch2 ChIP-qPCR in yeast strains harboring temper-
ature-sensitive alleles of either ORCI (orc1-161) or ORC2 (orc2-1). As shown in Fig 4E, in orcl-
161 cells, Pch2 levels were strongly depleted at GAP1, suggesting that Orcl contributes to the
chromosomal association of Pch2, also outside the nucleolus. Pch2 protein levels appeared
unaffected under these conditions (S6E Fig), and mRNA levels of selected Pch2-enriched sites
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(i.e. GAP1 and HOP1) were not changed in orcI-161 cells (grown at 30°C) (S6F Fig), arguing
against indirect, transcriptional effects of Orcl on Pch2 recruitment.

We next asked whether other subunits of ORC exhibited a similar connection to Pch2
recruitment. Orc2 was readily detected in ORC2 cells but barely detected in orc2-1 cells (S6G
Fig). In contrast to the effects seen in orcI-161, ChIP-qPCR analysis of 3xHA-Pch2-E399Q
revealed no effect of orc2-1 on recruitment to GAPI (S6H and Sé6I Fig). Thus, although we can-
not rule out that incomplete inactivation of Orc2 in orc2-1 obscures effects on Pch2 recruit-
ment, these data collectively suggest that Orcl is involved in promoting the chromosomal
association of Pch2.

Cytological analysis showed that Pch2 localization to the nucleolus/rDNA is severely
impaired in orcI-161 cells [30]. Our ChIP analysis indicated that Orcl also contributes to
recruitment at non-rDNA loci, and accordingly, using immunofluorescence on spread chro-
mosomes we found that in orcI-161 cells Pch2 localization was diminished within non-rDNA
regions (Fig 4F and 4G). Due to the observed delay in premeiotic DNA replication of ~1 hour
in orcI-161 cells (see for example S6B and S7C Figs), a reduction in Pch2 association could be
the result of indirect effects of delayed DNA replication on meiotic chromosome metabolism.
We thus analyzed Pch2 chromosomal association at different times post induction of meiosis
(i.e. after 4, 5 and 6 hours) and consistently found a significant reduction of Pch2 association
with chromosomes in orc1-161 cells (Fig 4F and 4G, and S7A and S7B Fig). Importantly, the
significant reduction of Pch2 on meiotic chromosomes in orc1-161 cells persisted, even when
comparing orcl-161 cells at t = 6 hours with ORCI cells at t = 4 hours. For these analyses, we
focused on cells that appeared in the same G2/prophase stage, as judged by SC morphology
(via Gmc?2 staining), again hinting at a direct role for Orcl in influencing efficient Pch2 chro-
mosomal recruitment.

We cannot fully exclude that subtle defects in DNA replication upon ORCI inactivation,
indirectly contribute to the observed effects on Pch2. However, together with the observation
that Pch2 directly associates with ORC in vitro [47], these analyses indicate that ORC (and par-
ticularly Orcl) affects the localization of Pch2 at euchromatic chromosomal regions, likely in a
direct manner. In addition, we provide evidence below that the ORC/Orc1 effect on Pch2
chromosomal association is correlated with its co-localization within regions of RNAPII-
activity.

Orcl contains a Bromo Adjacent Homology (BAH) domain, a nucleosome-binding
domain [52] that contributes to ORC’s ability to bind origins of replication [53] (Fig 4A). We
and others have revealed a role for the BAH of Orcl in controlling rDNA-associated functions
[30, 54], and we interrogated whether occupancy of Pch2 to regions of transcriptional activity
was affected in orc1Abah cells. Indeed, deletion of the BAH domain of Orc1 reduced the asso-
ciation of Pch2 to sites of active transcription (Fig 4H and S7D and S7E Fig). Collectively,
these results suggest that ORC/Orc1 may use its nucleosome-binding capacity (endowed by
the BAH domain of Orcl) to bind to and recruit Pch2 to non-canonical (i.e. non-origin) geno-
mic loci that are defined by transcriptional activity. In light of this, it is interesting to note that
Orcl-BAH binding to nucleosomes — in contrast to a related BAH domain in Sir3 [55] — is
insensitive to the acetylation state of Histone H4, which could allow effective engagement with
(acetylated) nucleosomes within euchromatin [54].

Based on these observations, we explored a potential connection between Pch2 binding pat-
terns and histone modifications. We generated a correlation matrix between Pch2 and pub-
lished ChIP-seq datasets of a battery of chromatin marks [56](S8 Fig). Since comprehensive
meiosis-specific maps of these marks are not available, we performed this analysis with maps
generated from vegetatively growing cultures. This analysis revealed the strongest correlations
between Pch2 and several modifications that are associated with active transcription [57], such
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as Histone H3K4-dimethylation and Histone H3S10-phosphorylation. Interestingly, we also
detected a correlation with Histone H4K20-monomethylation. Dimethylation of Histone
H4K20 is a determining factor in driving ORC association with metazoan origins of replica-
tion through the direct recognition of this modification by the BAH domain of metazoan Orcl
[58]. Although budding yeast Orc1-BAH does not appear to recognize this modification [58],
and Histone H4K20-dimethylation has not been detected in budding yeast, this finding might
point to a possible connection between Pch2, Orcl, and Histone H4K20-monomethylation. In
addition, Pch2 weakly correlated with Histone H3K79-monomethylation (but to a much lower
extent with Histone H3K79-di, and tri-methylation). The Histone H3K79 methyltransferase
Dot1 influences Pch2 chromosomal recruitment [22, 23], and the affinity of the BAH domain
of Orcl with nucleosomes is likely sensitive to modification of Histone H3K79 [55] [54]. The
observed correlation between Pch2 binding and Histone H3K79-monomethylation thus
potentially suggests that Dot1 activity influences Pch2 association to sites of active
transcription.

In pch2A cells, abundance of Hopl on synapsed chromosomes is increased [15, 18, 59]
(S9A Fig). In addition, phosphorylation of Hop1 [60] persists in pch2A cells [15](S9B Fig).
Likewise, conditions that impair Pch2 localization on chromosomes lead to increases in Hop1
chromosomal abundance and phosphorylation status [15, 18, 24]. We used cytological and
ChIP-based approaches to test effects of acute removal of Pch2 from regions of transcriptional
activity (via our Rpo21-FRB-based system) on Hopl chromosomal abundance and function.
First, we quantified Hopl chromosomal association with synapsed chromosomes under con-
ditions where RNAPII-inhibition caused diminished localization of Pch2 (i.e. 30 minutes long
exposures to rapamycin) (Fig 5A and 5B, see also Fig 3H and 3I). Under these conditions, we
did not observe significant changes in Hopl chromosomal association. We exposed cells to
rapamycin for longer periods (i.e. 90 instead of 30 minutes, see also S5G Fig), and also under
these conditions, we did not observe alterations in the abundance of Hop1 on synapsed chro-
mosomes (S9C Fig). These experiments were all performed in early meiotic G2/prophase (i.e.
from 3:30 to 4 or 5 hours into the meiotic program). We also investigated effects later in mei-
otic G2/prophase (i.e. after 8 hours in ndt80A cells, to prevent exit from G2/prophase), when
most cells contain fully synapsed SCs, and thus contain significant amounts of Pch2 on chro-
mosomes. Under these conditions, inhibition of RNAPII equally did not lead to significant
effects on Hopl chromosomal recruitment (Fig 5B and S9D Fig). We next investigated Hop1
chromosomal levels by ChIP-qPCR, around a known Hop1 binding site in wild type and
pch2A cells [44], but again did not find effects of acute inhibition of RNAPII on Hop1 chromo-
somal abundance at a selected locus (S9E and S9F Fig). We also probed the accumulation of
the phosphorylated version of Hop1 (identified by a slower migrating band on SDS-PAGE
gels), which reports on Hopl ‘activation’ on chromosomes [44]. In accordance with earlier
observations, we did not observe differences in the amount of phosphorylated Hopl under
conditions of RNAPII depletion (Fig 5C and 5D and S9B Fig). Based on all cumulative experi-
ments, we conclude that impairing the chromosomal association of Pch2 by inhibiting its
recruitment to sites of active RNAPII-transcription does not lead to the detectable effects on
the chromosomal association and function of Hopl. We also queried whether ORCI inactiva-
tion (which triggers reduction of Pch2 from chromosomes to a similar level as RNAPII nuclear
depletion (Figs 3H, 31, 4F and 4G)), was associated with effects on Hopl chromosomal accu-
mulation. Similar to what we observed after inhibition of RNAPII, we found that in orcI-161
cells (queried at t = 4 hours post induction), Hopl chromosomal levels were not different to
those seen in ORCI cells (S9G and S9H Fig). Importantly, under these conditions we did detect
an increased localization of Hop1 within nucleolar DNA, as expected from the confirmed role
of Orcl in driving Pch2 localization to the nucleolus [30] [39].
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Fig 5. Functional analysis of the transcriptional-associated Pch2 chromosomal population. A. Representative images of immunofluorescence of Hopl on
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phosphorylated Hopl. See quantification of three independent western blot experiments on S4 Table.

https://doi.org/10.1371/journal.pgen.1008905.9005

Finally, we aimed to address further requirements for Pch2 association with selected
regions of active RNAPII-dependent transcription. Most of the identified binding regions fall
within genes that are also transcriptionally active in vegetatively growing cells (with the excep-
tion of a subset of meiosis-specific genes). In addition, Orc1/ORC is equally present in vegeta-
tively growing cells. Therefore, we investigated whether ectopic expression of Pch2 — normally
only expressed in meiosis — was sufficient to promote association with selected regions of
binding, as identified in our ChIP analysis. We generated a galactose-inducible allele of Pch2
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(pGAL10-3HA-pch2-E399Q) to induce Pch2-E399Q to protein levels comparable to those
observed in meiotic G2/prophase (Fig 6A and 6B). Of note, in this allele, we removed the
intron that is present in the PCH2 to ensure proper mitotic expression and translation. ChIP-
qPCR analysis revealed that, in contrast to the situation in meiotic cells, Pch2-E399Q was
unable to associate with GAP1, TDH3 or DAL4 in mitosis (Fig 6C and S10A Fig). We con-
firmed that GAPI was actively transcribed during vegetative growth (Fig 6D). These results
show that active transcription and presence of Orc1/ORC are not sufficient for the association
of Pch2 with selected regions of active transcription, and instead suggest the presence of meio-
sis-specific factors that ‘license’ Pch2 binding. In agreement with such a model, we found that
during meiosis, Zip1l was required for the recruitment of Pch2 to GAPI (Fig 6E and S10C and
S10D Fig) mirroring the effect seen using cytological approaches [18] (Fig 3I and S5H Fig). As
such, our results reveal a connection between transcription, ORC/Orcl function and meiosis-
specific chromosome organization that allows the recruitment of a specific chromosomal pool
of Pch2 (Fig 6F).

Discussion

The AAA+ protein Pch2 controls meiotic DSB formation, influences crossover recombination,
mediates a meiotic G2/prophase checkpoint and is involved in chromosome reorganization
upon chromosome synapsis (reviewed in [20]). For many functions, the chromosomal associa-
tion of Pch2 has been postulated to be crucial. During meiotic G2/prophase Pch2 is enriched
within the nucleolus/rDNA, and is also detected on synapsed chromosomes [18]. Chromo-
some synapsis is mediated by the dynamic polymerization of the synaptonemal complex (SC),
whose formation is mostly nucleated at sites of crossover recombination [10-12]. Synapsis-
dependent recruitment of Pch2 is abolished in cells that lack Zip1, the central element of the
SC [13, 14, 18]. In addition to Zip1, other factors influence the chromosomal distribution of
Pch2: Sir2 and Orcl promote the nucleolar localization of Pch2 [22, 30], whereas Dot1 influ-
ences global chromosomal abundance of Pch2 [22, 23].

Here, we present a comprehensive analysis of the chromosomal association of Pch2 via
genome-wide ChIP-seq. We reveal that Pch2 is associated with a subset of actively transcribed
RNAPII-dependent genes. We perform several experiments and analyses to ascertain that
these binding patterns are biologically meaningful and not caused by ChIP-associated artefacts
[36] (see also Supplementary Data). Recruitment of Pch2 is dependent on active RNAPII-
dependent transcription, but transcriptional strength per se is likely not the sole determining
factor. For example, many actively transcribed genes do not recruit significant amounts of
Pch2. If not solely determined by transcriptional strength and specific DNA content, what are
additional factors that influence Pch2 association? We found that Orcl, a component of ORC,
is required for Pch2 association with actively transcribed genes. Our data further indicate that
the requirement of Orcl to recruit Pch2 to sites of active transcription is likely independent of
an effect of Orcl on the transcriptional activity of these specific genes. In the future, it will be
interesting to gain more insight into the interplay and function dependencies between active
RNAPII-transcription, Orcl recruitment, and Pch2 association.

The connection between Pch2 and Orcl at genomic regions that are distinct from origins
of replication further underscores the non-canonical role played by Orcl during meiotic G2/
prophase [47]. In addition, since Orcl is also involved in nucleolar recruitment of Pch2 [30,
39], these findings hint at a common biochemical foundation that underlies recruitment of
Pch2 to diverse chromatin environments. A recent study did not detect a role for Orcl on the
chromosomal (non-nucleolar) recruitment of Pch2 [39], and differences in the experimental
approaches that were used to interfere with Orcl function might underlie this discrepancy.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008905 June 22, 2020 16/33


https://doi.org/10.1371/journal.pgen.1008905

PLOS GENETICS

Active transcription and Orc1 drive Pch2 chromatin association

Il wild type (no tag)

A E B 3XFLAG-Pch2-E399Q
[ 3XFLAG-Pch2-E399Qzip 1A
|—) inducible, mitotic growth E39_9Q . 7]
1 i 564 5 0.16.
pGAL10 pch2-E399Q £ g
O S~
g o ]
_C 1
2 20.08 -
B & o
6‘\ Galactose 3 ’
4 0 2 3 4 time 0
(hours) PPR1 GAP1
- e o-HA
= —
a-Pgk1 Pch2
PGAL10-3XHA f—ArfTT/\V/QI ORC
-pch2-E399Q - dependent
transcription / Recruitment via
C BAH domain?
2020, P 4
=
T
<
I80.10- SC Zip1)
E polymerization
I
€
5 ol NN NN NN NN N
= N N N
& S R &R T & R &K R R
ndt80A 3XHA-Pch2  wild type 3XHA-Pch2
-E399Q (no tag) _E3990
ndt80A
meiosis (4 hrs) vegetative (galactose 3 hours)
D
=0.12 -
=
a
2 i
a 0.08
% i
£ 0.04
<
= J
Llc_l 0 A= ==
N\ N\ N\ N N\ N N N\
R R R N4 4 N4 R R
meiosis vegetative meiosis vegetative
(4 hours) (galactose (4 hours) (galactose
3 hours) 3 hours)
ChlP: IgG a~-Polll Ser5-P

ndt80A

Fig 6. Requirements of Pch2 binding in mitosis and meiosis. A. Schematic of allele used for galactose-inducible mitotic expression of 3XHA-Pch2-E399Q. B. Western
blot analysis of meiotic (i.e. endogenous) expression during meiotic G2/prophase at 4 hours after induction into the meiotic program and ectopic expression of pGAL10-
3XHA-pch2-E399Q. Hours of treatment with galactose are indicated. C. ChIP-qPCR analysis of 3XHA-Pch2-E399Q at PPRI (primer pair: GV2390/GV2391), GAPI
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(primer pair: GV2597/GV2598) and HOPI (primer pair: GV2605/GV2606) during in meiosis and mitosis. Time (hours) is indicated. Error bars represent standard
error of the mean of at least three biologically independent experiments performed in triplicate. D. ChIP-qPCR analysis of active transcription (0¢.—Rpo21-phospho-Ser5)
GAPI (primer pair: GV2597/GV2598), HOPI (primer pair: GV2605/GV2606) in meiosis and mitosis. Hours are indicated. Error bars represent standard error of the
mean of at least three biologically independent experiments performed in triplicate. E. ChIP-qPCR analysis of 3XFLAG-Pch2-E399Q at PPRI (primer pair: GV2390/
GV2391) and GAPI (primer pair: GV2597/GV2598) in wild type or zip1A cells during meiotic G2/prophase (t = 4 hours). Error bars represent standard error of the
mean of at least three biologically independent experiments performed in triplicate. F. Model depicting the interplay between Pch2 binding, active transcription, Orcl

and chromosome organization.

https://doi.org/10.1371/journal.pgen.1008905.9006

Specifically, we used a temperature-sensitive allele of ORCI (orcI-161) to deplete Orcl,
whereas Herruzo et al. [39] employed an auxin degron-based method, and conceivably, deple-
tion timing and efficiencies of Orcl could differ under these conditions. Alternatively, this dif-
ference could be explained by the use of distinct strain backgrounds (SK1 versus BR): the
chromosomal (i.e. non-nucleolar) localization of Pch2 in BR strains has been noted to be less
pronounced as compared to Pch2 chromosomal localization observed in SK1 strains, used
here (for example [61] [39]). In addition, BR and SK1 strains show quantitative differences in
Pch2-dependent phenotypes (such as the ability to arrest in response to chromosome synapsis
defects observed in zipIA cells, e.g. see [18] [32]). We speculate that these observations could
reflect strain-specific differential reliance on chromatin recruitment and functionality of Pch2
on certain chromosomal recruitment pathways.

We show here that the Bromo-Adjacent Homology BAH-domain of Orcl, a nucleosome-
binding module contributes to targeting of Pch2. BAH domains are readers of chromatin state
[52]. A structural characteristic of a related BAH domain (i.e. that of budding yeast Sir3) is
that nucleosome association is sensitive to Dot1-mediated Histone H3 K79 methylation
(H3K79me) [55]. Interestingly, Dotl activity (and H3K79 methylation state) is important for
Pch2 localization along chromosomes [22, 23]. Dot activity is associated with active RNAPII
transcriptional activity (reviewed in [62]), and RNAPII transcription-associated Dot1 activity
may thus affect binding patterns of Pch2, potentially through Orc1 BAH domain-mediated
nucleosome interactions. Of note, by analyzing correlations between our Pch2 data sets with
genome-wide maps of several histone modifications [56], we found a relatively higher correla-
tion between genome-wide Pch2 binding and H3K79-monomethylation patterns. We thus
speculate that epigenetic status (i.e. specific chromatin modifications, such as Dot1-dependent
H3K79-monomethylation) could contribute to Pch2 recruitment within euchromatin. How-
ever, we note that the correlation between Pch2 binding and Dot1-dependent modifications
was relatively weak. Dotl activity limits the general association of Pch2 with chromatin (as
judged by cytological assays) [22, 23] and it thus remains unclear whether a contribution of
Dotl to transcription-associated Pch2 is a consequence of direct biochemical dependencies.
Future biochemical and genome-wide association analysis should be able to provide more
insight into the connection between nucleosomes, H3K79-methylation, and Pch2-ORC/Orcl.

Previous work has established that Pch2 localizes to the nucleolus [22], the site of RNAPI-
driven rDNA transcription. We note that the nucleolus is a membrane-less, self-organized
nuclear compartment that exhibits properties of a liquid-liquid phase separated nuclear con-
densate (reviewed in [63]). Interestingly, recent work revealed the existence of RNAPII-spe-
cific nuclear condensates that influence transcriptional regulation (reviewed in [37]). In the
future, it will be interesting to investigate whether the biochemical properties of transcriptional
condensates relate to (shared) characteristics for the recruitment and function of Pch2 at
RNAPI- and RNAPII-transcriptional hubs.

Meiotic chromosomes are organized into a typical loop-axis structure shaped by active
transcription [3, 4, 9, 64-69]. Our genome-wide mapping revealed that the Pch2 binding pat-
terns are strikingly distinct from the stereotypical binding patterns of meiotic axis factors (i.e.
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Hop1, Red1 and Rec8) [8, 9]. We suggest that the transcription-associated pool of Pch2 is not
directly associated with chromosome axis sites and is instead associated with genes in loop
regions. This is somewhat surprising since i) the only identified client of Pch2, Hopl is a com-
ponent of the axis, and ii) assembly of the SC, a structure that is assembled directly on the axis
factors, is important to allow Pch2 recruitment to chromosomes. It is conceivable that the
interaction between Pch2-associated sites and the chromosome axis is highly dynamic and
flexible, and revealing the chromosomal behavior of Pch2 in living cells will be important to
understand the organizational principles of Pch2 recruitment onto meiotic chromosomes.

We found clear evidence that both active transcription and Orcl function promote the
recruitment of Pch2 to meiotic chromosomes. Surprisingly, we found that impairing this
recruitment pathway was not associated with detectable effects on Hopl chromosomal associa-
tion and function. We cannot currently rule out that incomplete inhibition of Pch2 association
under the used conditions precludes us from exposing an effect on Hop1 function. Indeed, the
effect of RNAPII/Orcl inactivation on Pch2 recruitment was partial when compared to the
(apparently complete) effect seen in zipIA [18] (see Figs 31 and 4G). Nonetheless, our results
could indicate that merely disrupting recruitment of Pch2 to meiotic chromosomes is not suf-
ficient to trigger defects in the dynamic association of Hopl with chromosomes. Recent work,
using an Orcl-degradable allele [39], also did not detect an effect of Orc1 inactivation on
Hop1 levels and function.

Additional processes, such as chromosome restructuring and/or post-translational modifi-
cations of axis factors (i.e. phosphorylation of ASY1, the Arabidopsis thaliana homolog of
Hopl) [24, 29] influence the functional interplay between Pch2 and Hop1l on chromosomes.
Under conditions where effects are seen on Hop1 chromosomal association (and Pch2 recruit-
ment) (i.e. ziplA, zipl-4LA, and top2-1 [15, 18, 21, 24]) such additional requirements would be
fulfilled, potentially in contrast to the conditions we describe here.

Alternatively, the pool of Pch2 identified here could play a role that is distinct from the
canonical role of Pch2 in the removal of the bulk of Hop1 from meiotic axis sites. Accordingly,
interference with recruitment of this Pch2 population (via transcriptional inhibition or Orcl
inactivation) would not be expected to affect the chromosomal association of Hopl. When
considering the localization patterns of Pch2 described here, it is thus possible to speculate that
more than one chromosomal population of Pch2 exists, of which one is recruited to transcrip-
tionally active regions. In that scenario, a population of Pch2 that is directed to chromosome
axis sites (that can possibly not be detected using ChIP-based approaches) might be responsi-
ble for the majority of Hopl removal upon chromosome synapsis. However, under such a sce-
nario, one would expect to be able to detect quantitative effects on Pch2 chromosome foci (as
judged by immunofluorescence), where individual foci would be differentially affected by
Rpo21/Orcl inactivation. We, however, did not observe such differential behavior, and instead
observed a general decrease in intensities of chromosomal Pch2 foci upon inactivation of
Rpo21/Orcl (for example, see Figs 3H and 4F).

We considered a role for Pch2 in transcriptional regulation, and tested this by comparing
RNA-seq datasets from pch2A ndt80A and ndt80A cells. However, we found that these datasets
were highly similar, especially when focusing on Pch2-associated genes or meiosis-specific
genes (S11A and S11B Fig and S5 Table), suggesting that Pch2 does not affect transcription of
genes that are directly associated with. For example, although Pch2 is associated with the
HOPI gene, we found no significant difference between HOP1 mRNA levels in ndt80Apch2A
relative to ndt80A cells by differential expression analysis (log, fold: 0,190, p-value = 0.46, see
S5 Table).

What is the role of the transcription-associated pool of Pch2? The connection between
Pch2 and synaptonemal complex formation and the contribution of Zip1 to the recruitment of
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the transcription-associated Pch2 population (Fig 6) might provide a clue. SC polymerization
along synapsing chromosomes has been proposed to trigger mechanical reorganization [70]
[24], which might influence large-scale topological organization of loop-axis structures, and
Pch2 localization. Pch2 also influences chromosome organization upon synapsis [15]. Under-
standing how Pch2 is recruited to transcriptionally active regions, and how this is mechanisti-
cally linked to SC function and Orcl should provide clues to the roles of the chromatin-
associated pool of Pch2 we describe here. It will be interesting to understand the link between
transcription, chromosome topology, organization and Pch2 recruitment. In addition, Pch2
impacts global DSB activity [44], and the specific recruitment of Pch2 to defined chromosomal
regions might conceivably impact local DSB patterning and potentially, genome stability
(within actively transcribed regions). Finally, the meiotic functions of Pch2 have been attrib-
uted to its biochemical effects on Hop1 (reviewed in [20]), but it is conceivable that the AAA
+ ATPase activity of Pch2 acts on additional (potentially HORMA domain-containing) clients
whose roles might be related to transcription-associated processes. Clearly, biochemical and
genome-wide analysis, coupled to functional investigation will be needed to reveal Pch2 func-
tion and regulation during meiotic G2/prophase.

In conclusion, we have used genome-wide methodology to reveal a hitherto unknown rela-
tionship between Pch2, active transcription and Orcl, which influences the chromosome syn-
apsis-driven recruitment of Pch2 to euchromatin during meiotic G2/prophase. Future work is
needed to understand how the dynamic chromosome recruitment of this important AAA
+ ATPase contributes to meiotic DSB formation, recombination and checkpoint signaling.

Materials and methods
Yeast strains and growth conditions

All yeast strains used in this study were of the SK1 strain background, except for the strains
harboring the galactose-inducible promoter (pGAL10) system, which are of the W303 back-
ground. The genotypes of these strains are listed in Supplementary Data. For experiments
using mitotically cycling cells (as shown in Fig 5A-5D), cells were grown to saturation in
YP-D/R medium ((1% (w/v) yeast extract, 2%(w/v) peptone, 0,1%(w/v) dextrose and 2%(w/v)
raffinose)) at 30°C. Induction of synchronous meiosis was performed as described in [30].
Cultures were diluted to an optical density at 600nm (OD600) of 0.4, grown for an additional 4
hours after which 2% galactose was added. Unless stated otherwise, samples of cells undergo-
ing synchronous meiosis were collected 4 hours after incubation in sporulation (SPO)
medium. Synchronous entry of cultures into the meiotic program was confirmed by flow
cytometry-based DNA content analysis (see below). For experiments using temperature-sensi-
tive strains, meiotic induction was performed as described in [30], except that cells were
grown for up to 24 hours in pre-sporulation medium (BYTA) at the permissive temperature
(23°C). Meiotic cultures were then shifted to 30°C. For the inhibition of global transcription
(S5 Fig) 1,10- Phenanthroline (100 pg/mL in 20% ethanol, Sigma-Aldrich) [41] was added to
cultures 3 hours after induction into the meiotic program. Cells were subsequently grown for
one hour and harvested. For mitotic expression of Pch2-E399Q, the coding sequence of pch2-
E399Q (lacking its intron) was cloned in a URA3 integrative plasmid containing pGAL10-
3XHA. The plasmid was integrated at the URA3 locus. For expression of 3XFLAG-dCas9 in
meiosis, 3XFLAG-dCas9-tCYCI was cloned in a TRP1 integrative plasmid containing pHOPI
to create pHOPI-3XFLAG-dCas9-tCYCI. The plasmid containing 3XFLAG-dCas9/pTEF1p-
tCYCI was a gift from Hodaka Fujii and obtained via Addgene.org (Addgene plasmid #62190)
[71].
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Nuclear depletion via the anchor-away method

Rpo21 was functionally depleted from the nucleus using the anchor away technique [42, 45].
Briefly, Rpo21 was tagged with FKBP12-rapamycin-binding (FRB), and this allele was intro-
duced in strains harboring the anchor away background (RPL13A-2xFKBPI12 fprlA torl-1)
[42]. Nuclear depletion of Rpo21-FRB was achieved by addition of rapamycin at a concentra-
tion of 1 uM. Exact treatment regimens are indicated per experiment (see figure legends). For
viability assays, serial dilutions of mitotically growing yeast cells were spotted on solid YPD
containing 1 M rapamycin for 2 days.

Co-immunoprecipitation and western blots

100mL of SPO cultures (OD600 1.9), were harvested at 3000 rpm for 3 min at 4°C and washed
once with ice-cold Tris-buffered saline (TBS) buffer (25 mM Tris-HCI, pH 7.4, 137 mM NaCl,
2.7 mM KCI). Cells were snap-frozen in liquid nitrogen and stored at -80°C until further use.
Cells were resuspended in lysis buffer (50mM Tris-HCI pH 7.4, 150mM NaCl, 1% Triton X-
100, and 1mM EDTA) containing protease inhibitors and broken with glass beads using bead
beater (FastPrep-24, MP Biomedicals; 2 X 60 seconds at speed 6.0, incubated on ice in between
for 5 min). Chromatin was sheared by sonication using a Bioruptor (Diagenode), 25 cycles of
30 seconds on/off, high power at 4°C. Lysates were clarified by centrifugation for 15 min at
16,000 x g at 4°C. Lysates were then immunoprecipitated with o-TAP antibodies using mag-
netic beads (Invitrogen), washed 4 times with buffer containing detergent and another time
with the same buffer without detergent. Beads were eluted in 1X loading buffer (50 mM Tris-
HCI pH 6.8, 2% SDS, 10% glycerol, 1% B-mercaptoethanol, 12.5 mM EDTA, 0.02% bromophe-
nol blue) and the supernatant resolved by SDS-PAGE followed by Western blotting. Protein
extracts were prepared by using trichloroacetic acid (TCA) extraction protocol as previously
described [30]. Samples were resolved by SDS-PAGE, transferred to nitrocellulose membranes
and probed with the following primary antibodies diluted in 5% (w/v) nonfat-milk in TBS
buffer + 0.1% Tween 20: o-Flag (Sigma-Aldrich, F3165, 1:1000), o-ORC2 (Abcam, 31930,
1:500), o-HA (BioLegend, 901502, 1:1000), o-TAP (Thermo Scientific, CAB1001, 1:2000), o
Pgk1 (Invitrogen, 459250, 1:5000), o.-Rpo21 (BioLegend, 664906, 1:500), c-phosphoserine 5
Rpo21 (Thermo Scientific, MA518089, 1:1000), c.-Histone-H3 (Abcam, AB1791, 1:1000), a-
FRB (Enzo, ALX215-065-1, 1:500), o-Zip1 (Santa Cruz Biotechnology, YC-19, 1:1000), o-
Hop1 (kind gift of Nancy Hollingsworth, Stony Brook University, Stony Brook, USA, 1:5000),
o-B-Actin (Abcam, AB170325, 1:5000), o-Histone H2A (Active Motif, AB2687477, 1:1000) or
0-ORC (kind gift of Stephen Bell, MIT, Cambridge, USA, 1:2000). Membranes were incubated
with horseradish peroxidase-conjugated goat anti-rabbit IgG, anti-mouse IgG and donkey
anti-goat IgG (Santa Cruz Biotechnology). Proteins were detected with ECL (GE Healthcare)
using a digital imaging system Image-Lab (Bio-Rad).

Chromatin Immunoprecipitation (ChIP)

For ChIP experiments, 100 mL SPO-cultures (OD600 1.9) were harvested 4 hours after enter-
ing meiosis, unless stated otherwise. Meiotic cultures or exponentially growing mitotic cul-
tures were crosslinked with 1% methanol-free formaldehyde for 15 minutes at room
temperature and the reaction quenched with 125 mM Glycine. Cells were washed with ice-
cold TBS, snap-frozen and stored at -80°C. Cells were resuspended and broken with glass
beads using a bead beater, as described above. Chromatin was sheared using either a Branson
Sonifier 450 (microtip, power setting 2, 100% duty cycle, 3X for 15sec, 2 min on ice in
between) or using a Diagenode Bioruptor UCD 200 (25 cycles of 30 seconds on/off, high
power at 4°C). Cells were centrifuged at 13000 rpm for 10 min at 4°C. 10% of sample was
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removed for input. 550 pl of cell lysates were pre-incubated with the following antibodies
for 3 hours at 4°C prior to overnight incubation under rotation with magnetic Dynabeads-
protein-G (Invitrogen): for ORC ChIP, 1 ul of a-ORC and 1 yl of isotype control antibody
(o-rabbit IgG (Bethyl, P120-101)). For TAP ChIP, 1 ul of a-TAP, and for HA ChIP, 1 ul of
anti-HA. For RNA Pol-II ChIP, 1 ul of o-Rp021 or a--phosphoserine 5 Rpo21. Immunopre-
cipitates were incubated and washed as described above. For FLAG ChIP cells lysates were
incubated with 30ul of 50% o-Flag-M2 affinity gel (Sigma-Aldrich, A2220) for 3 hours.
Bound proteins were eluted using a 3XFLAG peptide (Sigma-Aldrich, F4799) as described
in [72]. For Hop1 ChIP, 50mL SPO-cultures (OD600 1.9) were processed as above and cells
were resuspended in 400pl FA-lysis buffer (50 mM HEPES-KOH, pH 7.5; 140 mM NaCl,
ImM EDTA, 10% Glycerol, 1% Triton X-100, 0.1% sodium deoxycholate, + protease and
phosphatase inhibitors). Cell breakage and chromatin shearing were performed as above.
Dynabeads-Protein-G (Invitrogen) were previously blocked overnight with a solution con-
taining 1pg/uL BSA (Sigma) and 1ug/uL Yeast tRNA (Invitrogen) in TBS. Chromatin was
incubated with 1 pl of a-Hop1 or 1 pl of the isotype control (rabbit IgG) for 3 h at 4°C prior
to overnight incubation under rotation with blocked magnetic beads. Beads were washed as
above with ice-col FA-lysis buffer. Subsequent steps (i.e. reversal of crosslinking, Protein-
ase-K and RNase-A treatments and final purifications and elutions) were performed as pre-
viously described in [73].

ChIP-Seq library preparation

Preparation of paired-end sequencing libraries was performed using the Illumina TruSeq
ChIP library preparation kit-Set-A (15034288), according to the manufacturer’s guidelines.
Ligation products were size-selected (250-300 bp) and purified from a 2% low-melting aga-
rose gel using the MinElute Gel Extraction Kit (Qiagen). Ampure XP beads (Agilent) were
used for cleanup steps and size selection. The final purified product was quantitated using
Picogreen in a QuantiFluor dsDNA System (Promega). Paired-end sequencing (2 X 150bp)
was performed on the Illumina HiSeq 3000 platform at the Max Planck Genome Centre
(Cologne, Germany). The ChIP-seq raw data employed in this study are deposited at the
NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), under accession no.
GSE138429.

Processing of ChIP seq data

Preliminary quality control of raw reads was performed with FastQC (http://www.bioinformatics.
babraham.ac.uk/projects/fastqc/). llumina raw reads were filtered for removal of low quality and
duplicated reads, adapters and low-quality bases using the SAM tools (version 1.2). Paired-
sequencing reads from three biological independent replicas (ChIPed DNA and their respective
inputs from 3XFLAG-Pch2 and 3XFLAG-tagged-Pch2-E399Q expressing cells) were mapped to
the yeast genome S288C (SacCer3) using Bowtie2 (version 2.3.4.3) with default parameters. Non-
unique reads were removed using SAMtools (Version 1.2). The dataset was pooled and the
Model-based Alignment of ChIP-Seq (MACS2) program was used to call peaks of Pch2 occu-
pancy using the input as a control (P-value = e10*). The data visualized on IGV [74] were nor-
malized to the number of Reads per Kilobase per Million (RPKM) of total mapped reads. Bin size
was set to 25. For analysis shown in S3A Fig, peak calling was performed as above for NLS-GFP
ChIP-seq data (SRR2029413) [36]. For ChIP-seq analyses shown in Fig 2A and 2B, and S4A and
S4B Fig, processed ChIP-seq data were retrieved from the Gene Expression Omnibus (GEO),
access number: GSE69232 (Hopl: GSM1695721; Red1: GSM1695718; and Rec8: GSM1695724)
[9]. For S8E Fig, processed ChIP-seq data were obtained from [44], GEO, access number: 105111,
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(wild type; GSM2818425 and, pch24; GSM2818432). Peaks were visualized on IGV [74]. For anal-
ysis shown in S2A Fig, datasets were from [36], retrieved from the National Center for Biotech-
nology Information (NCBI) Short Read Archive under accession number SRP030670. GFP_NLS
ChIP-seq and inputs [36].

RNA-Seq

10 mL of yeast undergoing meiosis at 4h (OD600 1.9) was harvested at 1000g for 5 min at 4°C.
Cells were washed with ice-cold TE buffer and mechanically lysed with glass beads. Samples
were centrifuged for 2 min at full speed and transferred to a new microcentrifuge tube. 1 mL
of 70% ethanol was added to the homogenized lysate. Total RNA was then extracted and puri-
fied using the RNeasy RNA isolation kit (Qiagen), including treatment with DNase. RNA
integrity was assessed by urea RNA-PAGE and quantitated with Quantifluor (Promega).
Enrichment of mRNA, library preparation and sequencing was performed by the Max Planck-
Genome Centre (Cologne, Germany). Briefly, rRNA was depleted using the Ribo-zero rRNA
removal kit (Epicentre). mRNA was enriched using oligo-dT beads (New England Biolabs)
and the cDNA library was prepared using the TrueSeq RNA sample preparation kit (Illumina)
according to the manufacturer’s instructions. Samples were then sequenced on an Illumina
HiSeq-3000 instrument. The RNA-seq raw data employed in this study are deposited at the
NCBI Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/), under accession no.
under accession no. GSE144835.

RNA-Seq data analysis

Raw reads were firstly examined and quality trimmed using the FastQC package (http://www.
bioinformatics.babraham.ac.uk/projects/fastqc/). Reads were filtered and mapped to the S288¢
genome assembly R64 (sacCer3) using Hisat2 (Version 2.1.0), with default parameter settings.
Analyses and quantification of transcripts were performed using the HTSeq (Version 0.9.1)
and DESeq2 (2.11.40.6), respectively. The number of mapped reads and comparison of tran-
scripts expression level were estimated using TPM (Transcripts Per Million fragments) values.
The log, fold changes of transcripts (TPM) was used to estimate differential expression levels.
Transcripts with-log;, of P-value > 2 and log, fold changes > or < 2.0 were considered as sig-
nificantly differentially expressed. In S1E Fig, expression levels of ndt80A strains (normalized
RNA-seq count data expressed as Transcription per Million—TPM) were stratified as low
(0.5-10), medium (>10-1000) and high (>1000). For S11 Fig, transcripts presenting baseline
expression below 5 (log2 = 2,32) were considered as non-expressed as defined by analyses of
basal transcription levels of RNA-seq experiments performed in cells undergoing meiosis. For
S2F Fig, the Pearson correlation was calculated with normalized read counts scores (Log;) for
each Pch2-wild-type binding gene. Expression values for each gene (TPM, Log; o) were
obtained from the RNA-seq data (ndt80A), processed data available at GEO: GSE144835. For
S11B Fig, the list of genes known to be involved in the budding yeast meiosis was retrieved
from the KEGG pathway https://www.genome.jp/kegg/pathway.html [75].

Computational analyses

To plot the enrichment within specific regions, annotation tracks, including the tracks from
ChIP-seq data were converted into BED files using The UCSC Genome Table Browser
(https://genome.ucsc.edu/cgi-bin/hgTables). Yeast tRNAs coordinates were obtained from
SGD (http://www.yeastgenome.org). Autonomously Replicating Sequences (ARSs) (coordi-
nates and sequences for the 626 (dubious ARSs were excluded from the analysis) origins were
downloaded from the OriDB (version 2012 (http://www.oridb.org)). Distance map plots

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008905 June 22, 2020 23/33


http://www.ncbi.nlm.nih.gov/geo/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
http://www.bioinformatics.babraham.ac.uk/projects/fastqc/
https://www.genome.jp/kegg/pathway.html
https://genome.ucsc.edu/cgi-bin/hgTables
http://www.yeastgenome.org/
http://www.oridb.org/
https://doi.org/10.1371/journal.pgen.1008905

PLOS GENETICS

Active transcription and Orc1 drive Pch2 chromatin association

analyses were performed with the bamCompare tool (Version 2.5.0) [76] with the following
parameters: bin size 50, pseudo count 1.0, limiting the operation to specific regions (Pch2
binding sites, ARSs, tRNAs). The Pch2-ChIP-seq data and the inputs were normalized and
compared to compute the log, ratio of the normalized number of reads. The enrichment was
calculated as log, ratio of the normalized number of reads: All analyses were carried within the
Galaxy platform [76]. Pairwise correlation (Spearman) among Pch2-ChIP seq and Input repli-
cas was estimated using multiBamsummary tool (version 2.5.0). The bin size was set to 200bp
and regions with very large counts (which artificially increases correlation) were removed. To
compute the correlation between different ChIP-seq datasets, mapped and filtered reads
(ChIP-seq data mapped reads normalized against their respective inputs), were computed
using the parameters described above. Correlation matrices were created for Pch2-ChIP-seq
and Hop1, Red1, Rec8 (GSE69232) [9], and for a different set of histone modifications
obtained from [56] (from vegetatively growing yeast strains; GEO61888 and SRA accession
numbers within for both ChIP and input data): H4K20me, H3K4me, H3S10phospho, H4K16,
H36Kme2, H3K26me2, H2ak5ac, H4k5ac, H4K8ac, Htz1l, H3K79me, H3K18ac, H3K4me3,
H3K4me3, H3K27ac, H3K4me2, H3K56ac, H3K23ac, H3K14ac, H3K4ac, H2As129phospho,
H4R3me2 H3K79me3, H3K79me2. The Spearman correlation matrix was generated with the
plot correlation tool (version 3.3.0) [76]. Venn diagrams were generated using the web-based
Venn diagram generator from http://jura.wi.mit.edu/bioc/tools/venn.php. To determine
whether the Pch2 binding genes were enriched in certain functional categories, gene ontology
analysis was conducted using the SGD GO term finder (molecular function) (https://www.
yeastgenome.org/goTermFinder) at a p-value cut-off of 0.01.

ChIP-qPCR

ChIP and Input samples were quantified by qPCR on a 7500 FAST Real-Time PCR machine
(Applied Biosystems). The percentage of ChIP relative to input was calculated for the target
loci as well as for the negative controls. Enrichment [relative to time untagged control or IgG
(control)] was calculated using the ACt method as follows: 1/(2A[Ct—Ctcontrol]). Primer
sequences (including primer efficiency) covering the various loci are listed in the Supplemen-
tary Data.

RNA extraction and RT-qPCR

For RNA extraction, 15 mL meiotic cultures were harvested and total RNA was extracted
using the hot-acidic phenol method [77], with some minor modifications. Cells were resus-
pended in 600 pl of freshly prepared TES buffer (10 mM Tris-CL, pH 7.5 10 mM EDTA 0.5%
SDS). 600 ul of acidic-phenol (Ambion) was added and the solution was immediately vortexed
vigorously for 30 seconds. Samples were incubated at 65°C for 90 min under rotation at 300
rpm. The solution was kept on ice for 10 minutes and spun down at 14000 rpm for 10 minutes
at 4°C. The aqueous top layer was transferred to a new tube and 600 ul of chloroform was
added and immediately vortexed. Cells were centrifuged as above after which the aqueous
layer was transferred to a new pre-chilled eppendorf tube. RNA was precipitated overnight at
-20°C with 2.5 volumes of 100% ethanol and 10% (v/v) sodium acetate, pH 5.4 and washed
with 75% ethanol. After drying on ice, RNA was eluted with RNase free water and stored at
-80°C. cDNA was generated using the superscript-III reverse transcriptase (Invitrogen)
according to the manufacturer’s protocol. Briefly, 1-2 pg of total RNA was used in a 20 pl reac-
tion mixture using random primer mix or oligodT-20 (Invitrogen). Relative amounts of
cDNAs of various genes were measured by real-time quantitative PCR (RT-qPCR) on a 7500
FAST Real Time PCR machine (Applied Biosystems). The experiment depicted on S6F Fig
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was performed using the CEX-Connect Real Time PCR detection system (Bio-Rad). Expres-
sion of every gene was normalized to the expression of 18S (RNA Pol I transcript) or B-Actin
(ACT1) using the 2A-AACt method. Oligo sequences and their respective amplification effi-
ciencies are available in Supplementary Data.

Chromosome spreads and immunofluorescence

Chromosome spreading was performed as described in [15]. For immune staining, the follow-
ing antibodies were used: o-HA (Roche, 11867423001, 1:200), a-Zip1 (Santa Cruz Biotechnol-
ogy, YN-16, 1:500), a-Gmc2 (a kind gift of Amy MacQueen, Wesleyan University,
Middletown, CT, USA, 1:200), o-Rp021 (BioLegend, 664906, 1:200) and a-Hopl (homemade,
1:2000). a-Hop1 was raised against full-length 6-His-tagged Hop1 expressed in bacteria. Hopl
was purified via affinity purification followed by ion-exchange chromatography, and used for
immunization. Antibody production was performed at the antibody facility of the Max Planck
Institute of Molecular Cell Biology and Genetics (Dresden, Germany). DNA was stained with
4’,6-Diamidine-2’-phenylindole dihydrochloride (DAPI). Images were obtained using a Delta-
Vision imaging system (GE Healthcare) using a SCMOS camera (PCO Edge 5.5) and 100x
1.42NA Plan Apo N UIS2 objective (Olympus). Deconvolved images (SoftWoRx software 6.1.1
and/or z-projected) using the SoftWoRx software 6.1.1). were quantitated using Imaris Soft-
ware (version 9.3.0) (Oxford Instruments). To estimate the intensity of Pch2 signal, we first
created a surface by selecting the green channel (Gmc2) and excluded the foci (red channel-
3XHA-Pch2) located outside of the selected surface. We then estimated the intensity solely
covering the green surface. Estimation of intensity of the nucleolar Pch2 pool was performed
by creating a region of interest surrounding the nucleolus and measuring the Pch2 signal not
covering the Gmc2 surface. Hopl intensity was carried out in a similar fashion with the quan-
tification of Hopl signal within the Gmc2 surface. All values were normalized against the
background. Scatterplots were created using the Graphpad program (Prism) and statistical sig-
nificance was assessed using a Mann-Whitney test.

Supporting information

S$1 Text. Supplementary Data.
(DOCX)

S1 Fig. A. Co-immunoprecipation experiment showing an interaction between
3XFLAG-Pch2 and Orcl-TAP. Pgkl was used as a control. B. Spore viability analysis of the
indicated strains. Cells were sporulated for 24 hours in liquid media. The total analyzed tet-
rads/strain are indicated. C. Representation of meiotic G2/prophase progression in used strain.
SC appearance was detected using Gem?2. For each time point 125 cells were counted. D.
Genome browser view representative images (RPKM; see also Material and Methods) of ChIP
and input signals for 3XFLAG-Pch2 and 3XFLAG-Pch2-E399Q. Shown is a region of Chro-
mosome XII (chromosomal coordinates (kb) are indicated) identical to ChIP-seq binding pat-
terns as shown in Fig 1C. E. High resolution Genome browser view representative images
(RPKM; see also Material and Methods) of 3XFLAG-Pch2 and Hop1 binding patterns (from
[44]) across two selected chromosomal regions (chromosomes XI and IX), identical to ChIP-
seq binding patterns as shown in Fig 1D. Chromosomal coordinates and gene organization are
indicated.

(TIFF)

S2 Fig. A and B. Heatmap matrices depicting correlation analysis for Pch2 ChIP-seq and
Input replicates as measured by the Spearman correlation coefficient (R-values within the
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squares). C. Scatter plot correlation analysis of Pch2-ChIP-seq (Wild-type versus E399Q) nor-
malized read counts (Logl0—RPKM) measured by the Pearson correlation coefficient R-val-
ues (upper right corner). D. Normalized read counts (ChIP/input) for 3XFLAG-Pch2 and
3XFLAG-Pch2-E399Q during meiotic G2/prophase, as determined by ChIP-seq. E. Compari-
son between expression strength of Pch2-associated genes and the transcribed genes from our
mRNA dataset (ndt80A cells) binned into high, medium and low expression strength (follow-
ing previously established procedures [35]). F. Correlation between normalized reads (log;,)
of 3XFLAG-Pch2 individual binding sites and mRNA expression values (Transcription Per
Million). G. ChIP-qPCR analysis of 3XFLAG-Pch2-E399Q at PPRI (primer pair: GV2390/
GV2391) and GAPI (primer pair: GV2597/GV2598) during meiotic G2/prophase (4 hours).
H. ChIP-qPCR analysis of active transcription (o-phosphoserine 5 Rpo21) at PPRI (primer
pair: GV2390/GV2391) and GAPI (primer pair: GV2597/GV2598) during meiotic G2/pro-
phase (t = 4 hours). I. Western blot analysis of expression of 3XFLAG-Pch2, 3XFLAG-P-
ch2-E399Q and 3XFLAG-ANTD-Pch2 during meiotic G2/prophase (t = 4 hours). J. ChIP-
qPCR analysis of 3XFLAG-Pch2, 3XFLAG-Pch2-E399Q and 3XFLAG-ANTD-Pch2 at PPRI
(primer pair: GV2390/GV2391), GAPI (primer pair: GV2597/GV2598), HOPI (primer pair:
GV2607/GV2608), TDH3 (primer pair: GV2591/GV2592), and SSA1 (primer pair: GV2587/
GV2588) during meiotic G2/prophase (t = 4 hours). Error bars represent standard error of the
mean of at least three biologically independent experiments performed in triplicate.

(TIFF)

S3 Fig. A. Venn diagram comparing 3XFLAG-Pch2 binding peaks and HyperChIPpable
regions as described by [1]. B. 3XFLAG-Pch2 and 3XFLAG-Pch2-E399Q ChIP-seq normalized
read counts enrichment normalized to inputs (log,). Datasets were aligned relative to centre of
tRNAs. C. ChIP-qPCR analysis of 3XFLAG-Pch2 and 3XFLAG-dCas9 at PPRI (primer pair:
GV2390/GV2391) and GAPI (primer pair: GV2597/GV2598) during meiotic G2/prophase (4
hours). Error bars represent standard error of the mean of at least three biologically indepen-
dent experiments performed in triplicate. D. Western blot analysis of 3XFLAG-Pch2 and
3XFLAG-dCas9 as used in C.

(TIFF)

S4 Fig. A and B. Representative images of ChIP-seq binding patterns for 3XFLAG-Pch2,
Hopl, Red1 and Rec8. Data for Hop1, Red1 and Rec8 are from [9]. Shown is the entire chro-
mosome I (A) and a region of chromosome III (B) (chromosomal coordinates (kb) are indi-
cated).

(TIFF)

S5 Fig. A. Schematic of 1,10- Phenanthroline treatment regimen as used for C-D B. nRNA
quantification of GAPI (primer pair: GV2597/GV2598)/18S (primer pair: GV2717/ GV2718)
in cells (wild type or 3XFLAG-Pch2-E399Q) treated with mock (20% EtOH) or 1,10- Phenan-
throline (final concentration is 2% EtOH and 100 pg/ml 1,10- Phenanthroline). C. Western
blot analysis of 3XFLAG-Pch2 in cells (wild type or 3XFLAG-Pch2-E399Q) treated with mock
or 1,10- Phenanthroline. D. ChIP-qPCR analysis of 3XFLAG-Pch2-E399Q at PPRI (primer
pair: GV2390/yGV2391), GAPI (primer pair: GV2597/GV2598) in cells (wild type or
3XFLAG-Pch2-E399Q) treated with mock or 1,10- Phenanthroline. Error bars represent stan-
dard error of the mean of at least three biologically independent experiments performed in
triplicate. E. Western blot analysis of Rpo21 (a-FRB or o-Rpo21) in wild type and rpo21-FRB
anchor away strains, upon treatment with DMSO or rapamycin, treated as described in Fig
3C. F. Representative image of immunofluorescence of Hopl and Rpo21 on meiotic chromo-
some spreads. G. Quantification of non-nucleolar Pch2 intensity per spread nucleus in cells
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treated with DMSO or rapamycin for 90 minutes, according to the scheme indicated in Fig
3C. H. Representative image of immunofluorescence of Pch2 on meiotic chromosome spreads
in ndt80A and ndt80Azip1A cells, as quantified in 3H. I. Quantification of nucleolar Pch2
intensity per spread nucleus in cells treated with DMSO or rapamycin. n.s. (non-significant)
indicates p>0.05, Mann-Whitney U test.

(TIFF)

S6 Fig. A. ChIP-qPCR analysis of ORC (0-ORC) along the GAPI locus during meiotic G2/
prophase (4 hours). Primers pair 1: GV2595/GV2596, 2: GV2597/GV2598, 3: GV2599/
GV2600. Error bars represent standard error of the mean of at least three biologically indepen-
dent experiments performed in triplicate. B. Flow cytometric analysis of ORCI and orcI-161
cells (wild type, or expressing or 3XHA-Pch2-E399Q). Time (hours) after induction into the
meiotic program is indicated. Experiment was performed at 30°C. C. ChIP-qPCR analysis of
Orc2-TAP at PPRI (primer pair: GV2390/GV2391), GAPI (primer pair: GV2597/GV2598)
and ARS1116 (primer pair: GV2577/GV2578) in ORCI and orc1-161 cells. Experiment was
performed at 30°C. Error bars represent standard error of the mean of at least three biologi-
cally independent experiments performed in triplicate. D. Western blot analysis of Orcl and
Orc2 (a-ORC) in ORCI and orc1-161 cells. Experiment was performed at 30°C. E. Western
blot analysis of 3XHA-Pch2 (a-HA) in ORCI and orcI-161 cells. Hours after induction into
the meiotic program indicated. Experiment was performed at 30°C. F. Gene expression of
ORFs PPRI (primer pair GV2390/GV2391), GAPI (GV2597/GV2598), and HOPI (primer
pair GV2605/GV2606) relative to B-Actin (ACT1; primer pair GV2717/GV2718) in orcl-161
and ORCI cells grown at 30°C. Relative gene expression of the reference strain (ORCI) was set
to 1. G. Western blot analysis of Orcl and Orc2 (o-ORC) in ORC2 and orc2-1 cells. Experi-
ment was performed at 30°C. H. Flow cytometric analysis of ORC2 and orc2-1 cells (wild type,
or expressing or 3XHA-Pch2-E399Q). Hours after induction into the meiotic program indi-
cated. Experiment is performed at 30°C. I. ChIP-qPCR analysis of 3XHA-Pch2-E399Q at
PPRI (primer pair: GV2390/GV2391) and GAPI (primer pair: GV2597/GV2598) in ORC2
and orc2-1 cells. Experiment was performed at 30°C. Error bars represent standard error of the
mean of at least three biologically independent experiments performed in triplicate.

(TIFF)

S7 Fig. A and B. Representative images of immunofluorescence of meiotic chromosome
spreads in 3XHA-Pch2 expressing ORCI or orc1-161 cells collect at 4 hours (A) or 5 hours (B)
after induction into the meiotic program. Experiments were performed at 30°C. For quantifi-
cation see Fig 4G. C. Flow cytometric analysis of ORCI and orc1-161 cells of cells that were
analyzed in Fig 3F and 3G, and S7A and S7B Fig. Time (hours) after induction into the meiotic
program is indicated. Experiment was performed at 30°C. D. Western blot analysis of
3XHA-Pch2 and Orcl (a-HA and o-ORC) in ORCI and orclAbah cells. Hours after induction
into the meiotic program indicated. E. Flow cytometric analysis of ORCI and orc1Abah cells
(wild type, or expressing 3XHA-Pch2-E399Q). Hours after induction into the meiotic program
indicated.

(TIFF)

S8 Fig. Hierarchically clustered heatmap based on correlation coefficients using from
3XFLAG-Pch2-wild type ChIP-seq datasets as inputs. Data for histone modifications are from
[56]. Spearman correlation values are indicated.

(TIFF)

S9 Fig. A. Representative image of immunofluorescence of Hopl and Gmc2 on meiotic chro-
mosome spreads in pch2Andt80A and ndt80A cells. B. Western blot analysis of Hop1 and Pch2
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(a-HA) in rpo21-FRB anchor away ndt80A and pch2Andt80A cells progressing synchronously
through meiotic prophase, treated with DMSO or rapamycin, as indicated above the western
blot image. Arrow indicates phosphorylated Hopl, * indicates non-phosphorylated Hopl. C.
Quantification of total Hopl intensity per spread nucleus after treatment as indicated. n.s.
(non-significant) indicates p>0.05, Mann-Whitney U test. D. Schematic of treatment regimen
used for anchor away experiment for which quantification is shown in Fig 5B. Representative
immunofluorescence of meiotic chromosome spreads in the 3XHA-Pch2 expressing
rpo21-FRB anchor away cells, treated with DMSO or rapamycin as indicated. Chromosome
synapsis was assessed by a-Gmc2 staining. E. Representative images of Hop1l ChIP-seq bind-
ing patterns in wild type and pch24 from [44]. Chromosome coordinates and primer pairs are
indicated. F. ChIP-qPCR analysis of Hopl in rpo21-FRB anchor away strains, upon treatment
with DMSO or rapamycin, treated as described in Fig 2C. Primers are described in [44]. Error
bars represent standard error of the mean of at least three biologically independent experi-
ments performed in triplicate. G. Representative images of immunofluorescence of Hop1l on
meiotic chromosome spreads in ORCI or orcI-161 cells collect at 4 hours after induction into
the meiotic program. Experiments were performed at 30°C. Chromosome synapsis was
assessed by o-Gme?2 staining. *Indicates nucleolar region. H. Quantification of total Hopl
intensity per spread nucleus (as shown in S4G Fig) after treatment as indicated. n.s. (non-sig-
nificant) indicates p>0.05, Mann-Whitney U test.

(TIFF)

$10 Fig. A. ChIP-qPCR analysis of 3XHA-Pch2-E399Q at PPRI (primer pair: GV2390/
GV2391), GAPI (primer pair: GV2597/GV2598) during meiosis, and of PPRI (primer pair:
GV2390/GV2391), GAPI (primer pair: GV2597/GV2598) and TDH3 (primer pair: GV2591/
GV2592) and DAL4 primer pair: GV2601/GV2602) during mitosis. Time (hours) is indicated.
Error bars represent standard error of the mean of at least three biologically independent
experiments performed in triplicate. B. Western blot analysis of 3XFLAG-Pch2 and Zip1 (o
FLAG and o-Zip1) in wild type and zipIA cells. Time (hours) after induction into the meiotic
program is indicated. C. Flow cytometric analysis of wild type and zip1A cells (wild type, or
expressing 3XFLAG-Pch2-E399Q). Time (hours) after induction into the meiotic program is
indicated. D. mRNA quantification of GAPI(primer pair: GV2597/GV2598) (primer pair:
GV2717/GV2718) or PPRI (primer pair: GV2390/GV2391)/B-Actin (ACT1; primer pair:
GV2747/GV2748) in wild type or zipIA cells during meiotic G2/prophase (4 hours).

(TIFF)

S11 Fig. A. Pearson’s correlation analysis between expression levels (log, TPM) of ndt80A and
pch2Andt80A. B. RNA seq-differential expression values from pch2Andt80A relative to ndt80A,
for all genes, wild type Pch2-binding and KEGG pathway (meiosis) genes. C. Histogram
depicting the Log, normal distribution of averaged TPM values from ndt80 strains RNA-seq.
The defined expression cut-off (red line, see methods) and the range of TPM of
3X-FLAG-Pch2-wild type binding genes (green line) are indicated.

(TIFF)

S1 Table. List of Pch2 binding CDS sites.
(XLSX)

$2 Table. Gene Ontology (GO) terms of Pch2 binding ORFs.
(XLSX)

$3 Table. Underlying numerical data of main results.
(XLSX)
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S$4 Table. Western blot quantification of selected blots presented in the manuscript.
(XLSX)

S5 Table. Differential expression analysis (log2 fold) of ndt80Apch2A relative to ndt80A
cells.
(XLSX)

Acknowledgments

We thank Arnaud Rondelet, Vivek B. Raina (both from Max Planck Institute of Molecular
Physiology, Dortmund, Germany) and John Weir (Friedrich Miescher Laboratory, Tiibingen,
Germany) for comments on the manuscript and members of the Vader and Bird laboratories
for ideas and helpful discussions. We thank Andrea Musacchio (Max Planck Institute of
Molecular Physiology, Dortmund, Germany) for ongoing support. We acknowledge Stephen
Bell (MIT, Cambridge, USA), Amy MacQueen (Wesleyan University, Middletown, USA) and
Nancy Hollingsworth (Stony Brook University, Stony Brook, USA) for sharing reagents.

Author Contributions

Conceptualization: Richard Cardoso da Silva, Gerben Vader.

Data curation: Richard Cardoso da Silva.

Formal analysis: Richard Cardoso da Silva.

Funding acquisition: Richard Cardoso da Silva, Gerben Vader.
Investigation: Richard Cardoso da Silva, Maria Ascension Villar-Fernandez.
Methodology: Richard Cardoso da Silva.

Supervision: Gerben Vader.

Visualization: Richard Cardoso da Silva, Gerben Vader.

Writing - original draft: Richard Cardoso da Silva, Gerben Vader.

Writing - review & editing: Richard Cardoso da Silva, Maria Ascension Villar-Fernandez,
Gerben Vader.

References

1. Petronczki M, Siomos MF, Nasmyth K. Un menage a quatre: the molecular biology of chromosome seg-
regation in meiosis. Cell. 2003; 112(4):423—40. https://doi.org/10.1016/s0092-8674(03)00083-7 PMID:
12600308

2. Laml, Keeney S. Mechanism and regulation of meiotic recombination initiation. Cold Spring Harb Per-
spect Biol. 2015; 7(1):a016634.

3. Moens PB, Pearlman RE. Chromatin organization at meiosis. BioEssays. 1988; 9(5):151-3. https://doi.
org/10.1002/bies.950090503 PMID: 3071365

4. Zickler D, Kleckner N. Meiotic chromosomes: integrating structure and function. Annu Rev Genet.
1999; 33:603-754. https://doi.org/10.1146/annurev.genet.33.1.603 PMID: 10690419

5. Hollingsworth NM, Goetsch L, Byers B. The HOP1 gene encodes a meiosis-specific component of
yeast chromosomes. Cell. 1990; 61(1):73-84. https://doi.org/10.1016/0092-8674(90)90216-2 PMID:
2107981

6. Smith AV, Roeder GS. The yeast Red1 protein localizes to the cores of meiotic chromosomes. J Cell
Biol. 1997; 136(5):957-67. https://doi.org/10.1083/jcb.136.5.957 PMID: 9060462

7. West AM, Rosenberg SC, Ur SN, Lehmer MK, Ye Q, Hagemann G, et al. A conserved filamentous
assembly underlies the structure of the meiotic chromosome axis. eLife. 2019; 8.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008905 June 22, 2020 29/33


http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008905.s016
http://journals.plos.org/plosgenetics/article/asset?unique&id=info:doi/10.1371/journal.pgen.1008905.s017
https://doi.org/10.1016/s0092-8674(03)00083-7
http://www.ncbi.nlm.nih.gov/pubmed/12600308
https://doi.org/10.1002/bies.950090503
https://doi.org/10.1002/bies.950090503
http://www.ncbi.nlm.nih.gov/pubmed/3071365
https://doi.org/10.1146/annurev.genet.33.1.603
http://www.ncbi.nlm.nih.gov/pubmed/10690419
https://doi.org/10.1016/0092-8674(90)90216-2
http://www.ncbi.nlm.nih.gov/pubmed/2107981
https://doi.org/10.1083/jcb.136.5.957
http://www.ncbi.nlm.nih.gov/pubmed/9060462
https://doi.org/10.1371/journal.pgen.1008905

PLOS GENETICS

Active transcription and Orc1 drive Pch2 chromatin association

8.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Panizza S, Mendoza MA, Berlinger M, Huang L, Nicolas A, Shirahige K, et al. Spo11-accessory proteins
link double-strand break sites to the chromosome axis in early meiotic recombination. Cell. 2011; 146
(3):372-83. https://doi.org/10.1016/j.cell.2011.07.003 PMID: 21816273

Sun X, Huang L, Markowitz TE, Blitzblau HG, Chen D, Klein F, et al. Transcription dynamically patterns
the meiotic chromosome-axis interface. eLife. 2015; 4.

Page SL, Hawley RS. The genetics and molecular biology of the synaptonemal complex. Annu Rev Cell
Dev Biol. 2004; 20:525-58. https://doi.org/10.1146/annurev.cellbio.19.111301.155141 PMID:
15473851

Agarwal S, Roeder GS. Zip3 provides a link between recombination enzymes and synaptonemal com-
plex proteins. Cell. 2000; 102(2):245-55. https://doi.org/10.1016/s0092-8674(00)00029-5 PMID:
10943844

Henderson KA, Keeney S. Tying synaptonemal complex initiation to the formation and programmed
repair of DNA double-strand breaks. Proc Natl Acad Sci U S A. 2004; 101(13):4519-24. https://doi.org/
10.1073/pnas.0400843101 PMID: 15070750

Sym M, Engebrecht JA, Roeder GS. ZIP1 is a synaptonemal complex protein required for meiotic chro-
mosome synapsis. Cell. 1993; 72(3):365—-78. https://doi.org/10.1016/0092-8674(93)90114-6 PMID:
7916652

Tung KS, Roeder GS. Meiotic chromosome morphology and behavior in zip1 mutants of Saccharomy-
ces cerevisiae. Genetics. 1998; 149(2):817-32. PMID: 9611194

Subramanian VV, MacQueen AJ, Vader G, Shinohara M, Sanchez A, Borde V, et al. Chromosome Syn-
apsis Alleviates Mek1-Dependent Suppression of Meiotic DNA Repair. PLoS Biol. 2016; 14(2):
€1002369. https://doi.org/10.1371/journal.pbio. 1002369 PMID: 26870961

Lao JP, Cloud V, Huang CC, Grubb J, Thacker D, Lee CY, et al. Meiotic crossover control by concerted
action of Rad51-Dmc1 in homolog template bias and robust homeostatic regulation. PLoS Genet. 2013;
9(12):e1003978. https://doi.org/10.1371/journal.pgen.1003978 PMID: 24367271

Thacker D, Mohibullah N, Zhu X, Keeney S. Homologue engagement controls meiotic DNA break num-
ber and distribution. Nature. 2014; 510(7504):241-6. https://doi.org/10.1038/nature13120 PMID:
24717437

San-Segundo PA, Roeder GS. Pch2 links chromatin silencing to meiotic checkpoint control. Cell. 1999;
97(3):313—24. https://doi.org/10.1016/s0092-8674(00)80741-2 PMID: 10319812

Roig I, Dowdle JA, Toth A, de Rooij DG, Jasin M, Keeney S. Mouse TRIP13/PCH2is required for
recombination and normal higher-order chromosome structure during meiosis. PLoS Genet. 2010; 6(8):
€1001062. https://doi.org/10.1371/journal.pgen.1001062 PMID: 20711356

Vader G. Pch2(TRIP13): controlling cell division through regulation of HORMA domains. Chromosoma.
2015; 124(3):333-9. https://doi.org/10.1007/s00412-015-0516-y PMID: 25895724

Mitra N, Roeder GS. A novel nonnull ZIP1 allele triggers meiotic arrest with synapsed chromosomes in
Saccharomyces cerevisiae. Genetics. 2007; 176(2):773-87. https://doi.org/10.1534/genetics.107.
071100 PMID: 17435220

San-Segundo PA, Roeder GS. Role for the silencing protein Dot1 in meiotic checkpoint control. Mol Biol
Cell. 2000; 11(10):3601—15. https://doi.org/10.1091/mbc.11.10.3601 PMID: 11029058

Ontoso D, Acosta |, van Leeuwen F, Freire R, San-Segundo PA. Dot1-dependent histone H3K79 meth-
ylation promotes activation of the Mek1 meiotic checkpoint effector kinase by regulating the Hop1 adap-
tor. PLoS Genet. 2013; 9(1):e1003262. https://doi.org/10.1371/journal.pgen.1003262 PMID: 23382701

Heldrich J, Sun X, Vale-Silva LA, Markowitz TE, Hochwagen A. Topoisomerases modulate the timing of
meiotic DNA breakage and chromosome morphogenesis in Saccharomyces cerevisiae. Genetics.
2020; 215 (1):59-73 hitps://doi.org/10.1534/genetics.120.303060 PMID: 32152049

Woijtasz L, Daniel K, Roig I, Bolcun-Filas E, Xu H, Boonsanay V, et al. Mouse HORMAD1 and HOR-
MAD?2, two conserved meiotic chromosomal proteins, are depleted from synapsed chromosome axes
with the help of TRIP13 AAA-ATPase. PLoS Genet. 2009; 5(10):e1000702. https://doi.org/10.1371/
journal.pgen.1000702 PMID: 19851446

Ye Q, Kim DH, Dereli |, Rosenberg SC, Hagemann G, Herzog F, et al. The AAA+ ATPase TRIP13
remodels HORMA domains through N-terminal engagement and unfolding. EMBO J. 2017; 36
(16):2419-34. https://doi.org/10.15252/embj.201797291 PMID: 28659378

Chen C, Jomaa A, Ortega J, Alani EE. Pch2 is a hexameric ring ATPase that remodels the chromosome
axis protein Hop1. Proc Natl Acad Sci U S A. 2014; 111(1):E44-53. https://doi.org/10.1073/pnas.
1310755111 PMID: 24367111

Ye Q, Rosenberg SC, Moeller A, Speir JA, SuTY, Corbett KD. TRIP13 is a protein-remodeling AAA+
ATPase that catalyzes MAD2 conformation switching. eLife. 2015; 4.

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008905 June 22, 2020 30/33


https://doi.org/10.1016/j.cell.2011.07.003
http://www.ncbi.nlm.nih.gov/pubmed/21816273
https://doi.org/10.1146/annurev.cellbio.19.111301.155141
http://www.ncbi.nlm.nih.gov/pubmed/15473851
https://doi.org/10.1016/s0092-8674(00)00029-5
http://www.ncbi.nlm.nih.gov/pubmed/10943844
https://doi.org/10.1073/pnas.0400843101
https://doi.org/10.1073/pnas.0400843101
http://www.ncbi.nlm.nih.gov/pubmed/15070750
https://doi.org/10.1016/0092-8674(93)90114-6
http://www.ncbi.nlm.nih.gov/pubmed/7916652
http://www.ncbi.nlm.nih.gov/pubmed/9611194
https://doi.org/10.1371/journal.pbio.1002369
http://www.ncbi.nlm.nih.gov/pubmed/26870961
https://doi.org/10.1371/journal.pgen.1003978
http://www.ncbi.nlm.nih.gov/pubmed/24367271
https://doi.org/10.1038/nature13120
http://www.ncbi.nlm.nih.gov/pubmed/24717437
https://doi.org/10.1016/s0092-8674(00)80741-2
http://www.ncbi.nlm.nih.gov/pubmed/10319812
https://doi.org/10.1371/journal.pgen.1001062
http://www.ncbi.nlm.nih.gov/pubmed/20711356
https://doi.org/10.1007/s00412-015-0516-y
http://www.ncbi.nlm.nih.gov/pubmed/25895724
https://doi.org/10.1534/genetics.107.071100
https://doi.org/10.1534/genetics.107.071100
http://www.ncbi.nlm.nih.gov/pubmed/17435220
https://doi.org/10.1091/mbc.11.10.3601
http://www.ncbi.nlm.nih.gov/pubmed/11029058
https://doi.org/10.1371/journal.pgen.1003262
http://www.ncbi.nlm.nih.gov/pubmed/23382701
https://doi.org/10.1534/genetics.120.303060
http://www.ncbi.nlm.nih.gov/pubmed/32152049
https://doi.org/10.1371/journal.pgen.1000702
https://doi.org/10.1371/journal.pgen.1000702
http://www.ncbi.nlm.nih.gov/pubmed/19851446
https://doi.org/10.15252/embj.201797291
http://www.ncbi.nlm.nih.gov/pubmed/28659378
https://doi.org/10.1073/pnas.1310755111
https://doi.org/10.1073/pnas.1310755111
http://www.ncbi.nlm.nih.gov/pubmed/24367111
https://doi.org/10.1371/journal.pgen.1008905

PLOS GENETICS

Active transcription and Orc1 drive Pch2 chromatin association

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

47.

48.

Yang C, Sofroni K, Wijnker E, Hamamura Y, Carstens L, Harashima H, et al. The Arabidopsis Cdk1/
Cdk2 homolog CDKA;1 controls chromosome axis assembly during plant meiosis. EMBO J. 2020; 39
(3):101625. https://doi.org/10.15252/embj.2019101625 PMID: 31556459

Vader G, Blitzblau HG, Tame MA, Falk JE, Curtin L, Hochwagen A. Protection of repetitive DNA borders
from self-induced meiotic instability. Nature. 2011; 477(7362):115-9. https://doi.org/10.1038/
nature10331 PMID: 21822291

Bell SP, Kaguni JM. Helicase loading at chromosomal origins of replication. Cold Spring Harb Perspect
Biol. 2013; 5(6).

Wu HY, Burgess SM. Two distinct surveillance mechanisms monitor meiotic chromosome metabolism
in budding yeast. Curr Biol. 2006; 16(24):2473-9. https://doi.org/10.1016/j.cub.2006.10.069 PMID:
17174924

Ho HC, Burgess SM. Pch2 acts through Xrs2 and Tel1/ATM to modulate interhomolog bias and check-
point function during meiosis. PLoS Genet. 2011; 7(11):e1002351. https://doi.org/10.1371/journal.
pgen.1002351 PMID: 22072981

Hanson PI, Whiteheart SW. AAA+ proteins: have engine, will work. Nat Rev Mol Cell Biol. 2005; 6
(7):519-29. https://doi.org/10.1038/nrm1684 PMID: 16072036

Anders S, Huber W. Differential expression analysis for sequence count data. Genome Biol. 2010; 11
(10):R106. https://doi.org/10.1186/gb-2010-11-10-r106 PMID: 20979621

Teytelman L, Thurtle DM, Rine J, van Oudenaarden A. Highly expressed loci are vulnerable to mislead-
ing ChlP localization of multiple unrelated proteins. Proc Natl Acad Sci U S A. 2013; 110(46):18602—7.
https://doi.org/10.1073/pnas.1316064110 PMID: 24173036

Cramer P. Organization and regulation of gene transcription. Nature. 2019; 573(7772):45-54. https://
doi.org/10.1038/s41586-019-1517-4 PMID: 31462772

Alfieri C, Chang L, Barford D. Mechanism for remodelling of the cell cycle checkpoint protein MAD2 by
the ATPase TRIP13. Nature. 2018; 559(7713):274-8. https://doi.org/10.1038/s41586-018-0281-1
PMID: 29973720

Herruzo E, Santos B, Freire R, Carballo JA, San-Segundo PA. Characterization of Pch2 localization
determinants reveals a nucleolar-independent role in the meiotic recombination checkpoint. Chromo-
soma. 2019.

Joshi N, Barot A, Jamison C, Borner GV. Pch2 links chromosome axis remodeling at future crossover
sites and crossover distribution during yeast meiosis. PLoS Genet. 2009; 5(7):1000557. https://doi.
org/10.1371/journal.pgen.1000557 PMID: 19629172

Grigull J, Mnaimneh S, Pootoolal J, Robinson MD, Hughes TR. Genome-wide analysis of mRNA stabil-
ity using transcription inhibitors and microarrays reveals posttranscriptional control of ribosome biogen-
esis factors. Mol Cell Biol. 2004; 24(12):5534—-47. https://doi.org/10.1128/MCB.24.12.5534-5547.2004
PMID: 15169913

Haruki H, Nishikawa J, Laemmli UK. The anchor-away technique: rapid, conditional establishment of
yeast mutant phenotypes. Mol Cell. 2008; 31(6):925-32. https://doi.org/10.1016/j.molcel.2008.07.020
PMID: 18922474

Vincenten N, Kuhl LM, Lam |, Oke A, Kerr AR, Hochwagen A, et al. The kinetochore prevents centro-
mere-proximal crossover recombination during meiosis. eLife. 2015; 4.

Subramanian VV, Zhu X, Markowitz TE, Vale-Silva LA, San-Segundo PA, Hollingsworth NM, et al. Per-
sistent DNA-break potential near telomeres increases initiation of meiotic recombination on short chro-
mosomes. Nat Comm. 2019; 10(1):970.

Fan X, Mogtaderi Z, Jin Y, Zhang Y, Liu XS, Struhl K. Nucleosome depletion at yeast terminators is not
intrinsic and can occur by a transcriptional mechanism linked to 3'-end formation. Proc Natl Acad Sci U
S A.2010; 107(42):17945-50. https://doi.org/10.1073/pnas.1012674107 PMID: 20921369

Humphryes N, Leung WK, Argunhan B, Terentyev Y, Dvorackova M, Tsubouchi H. The Ecm11-Gmc2
complex promotes synaptonemal complex formation through assembly of transverse filaments in bud-
ding yeast. PLoS Genet. 2013; 9(1):e1003194. https://doi.org/10.1371/journal.pgen.1003194 PMID:
23326245

Villar-Fernandez MA CdSR, Pan D, Weir E, Sarembe A, Raina VB, Weir JR, Vader G. A meiosis-spe-
cific AAA+ assembly reveals repurposing of ORC during budding yeast gametogenesis. BioRxiv. 2019.
https://doi.org/10.1101/598128

Snyder M, Huang XY, Zhang JJ. The minichromosome maintenance proteins 2—7 (MCM2-7) are neces-
sary for RNA polymerase Il (Pol I1)-mediated transcription. J Biol Chem. 2009; 284(20):13466—72.
https://doi.org/10.1074/jbc.M809471200 PMID: 19318354

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008905 June 22, 2020 31/33


https://doi.org/10.15252/embj.2019101625
http://www.ncbi.nlm.nih.gov/pubmed/31556459
https://doi.org/10.1038/nature10331
https://doi.org/10.1038/nature10331
http://www.ncbi.nlm.nih.gov/pubmed/21822291
https://doi.org/10.1016/j.cub.2006.10.069
http://www.ncbi.nlm.nih.gov/pubmed/17174924
https://doi.org/10.1371/journal.pgen.1002351
https://doi.org/10.1371/journal.pgen.1002351
http://www.ncbi.nlm.nih.gov/pubmed/22072981
https://doi.org/10.1038/nrm1684
http://www.ncbi.nlm.nih.gov/pubmed/16072036
https://doi.org/10.1186/gb-2010-11-10-r106
http://www.ncbi.nlm.nih.gov/pubmed/20979621
https://doi.org/10.1073/pnas.1316064110
http://www.ncbi.nlm.nih.gov/pubmed/24173036
https://doi.org/10.1038/s41586-019-1517-4
https://doi.org/10.1038/s41586-019-1517-4
http://www.ncbi.nlm.nih.gov/pubmed/31462772
https://doi.org/10.1038/s41586-018-0281-1
http://www.ncbi.nlm.nih.gov/pubmed/29973720
https://doi.org/10.1371/journal.pgen.1000557
https://doi.org/10.1371/journal.pgen.1000557
http://www.ncbi.nlm.nih.gov/pubmed/19629172
https://doi.org/10.1128/MCB.24.12.5534-5547.2004
http://www.ncbi.nlm.nih.gov/pubmed/15169913
https://doi.org/10.1016/j.molcel.2008.07.020
http://www.ncbi.nlm.nih.gov/pubmed/18922474
https://doi.org/10.1073/pnas.1012674107
http://www.ncbi.nlm.nih.gov/pubmed/20921369
https://doi.org/10.1371/journal.pgen.1003194
http://www.ncbi.nlm.nih.gov/pubmed/23326245
https://doi.org/10.1101/598128
https://doi.org/10.1074/jbc.M809471200
http://www.ncbi.nlm.nih.gov/pubmed/19318354
https://doi.org/10.1371/journal.pgen.1008905

PLOS GENETICS

Active transcription and Orc1 drive Pch2 chromatin association

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Shor E, Warren CL, Tietjen J, Hou Z, Muller U, Alborelli |, et al. The origin recognition complex interacts
with a subset of metabolic genes tightly linked to origins of replication. PLoS Genet. 2009; 5(12):
e€1000755. https://doi.org/10.1371/journal.pgen.1000755 PMID: 19997491

Azvolinsky A, Giresi PG, Lieb JD, Zakian VA. Highly transcribed RNA polymerase Il genes are impedi-
ments to replication fork progression in Saccharomyces cerevisiae. Mol Cell. 2009; 34(6):722-34.
https://doi.org/10.1016/j.molcel.2009.05.022 PMID: 19560424

Aparicio OM, Weinstein DM, Bell SP. Components and dynamics of DNA replication complexes in S.
cerevisiae: redistribution of MCM proteins and Cdc45p during S phase. Cell. 1997; 91(1):59-69. https://
doi.org/10.1016/s0092-8674(01)80009-x PMID: 9335335

Callebaut I, Courvalin JC, Mornon JP. The BAH (bromo-adjacent homology) domain: a link between
DNA methylation, replication and transcriptional regulation. FEBS Lett. 1999; 446(1):189-93. https:/
doi.org/10.1016/s0014-5793(99)00132-5 PMID: 10100640

Muller P, Park S, Shor E, Huebert DJ, Warren CL, Ansari AZ, et al. The conserved bromo-adjacent
homology domain of yeast Orc1 functions in the selection of DNA replication origins within chromatin.
Genes Dev. 2010; 24(13):1418-33. https://doi.org/10.1101/gad.1906410 PMID: 20595233

De loannes P LV, Kuang Z, Wang M, Boeke JD, Hochwagen A, Armache KJ. Structure and function of
the Orc1 BAH-nucleosome complex. Nat Comm. 2019;Jul 1; 10(1):2894.

Armache KJ, Garlick JD, Canzio D, Narlikar GJ, Kingston RE. Structural basis of silencing: Sir3 BAH
domain in complex with a nucleosome at 3.0 A resolution. Science. 2011; 334(6058):977-82. https://
doi.org/10.1126/science.1210915 PMID: 22096199

Weiner A, Hsieh TH, Appleboim A, Chen HV, Rahat A, Amit |, et al. High-resolution chromatin dynamics
during a yeast stress response. Mol Cell. 2015; 58(2):371-86. https://doi.org/10.1016/j.molcel.2015.02.
002 PMID: 25801168

Smolle M, Workman JL. Transcription-associated histone modifications and cryptic transcription. Bio-
chim. Biophys Acta, Gene Regul Mech. 2013; 1829(1):84-97.

Kuo AJ, Song J, Cheung P, Ishibe-Murakami S, Yamazoe S, Chen JK, et al. The BAH domain of ORC1
links H4K20me2 to DNA replication licensing and Meier-Gorlin syndrome. Nature. 2012; 484
(7392):115-9. https://doi.org/10.1038/nature10956 PMID: 22398447

Borner GV, Barot A, Kleckner N. Yeast Pch2 promotes domainal axis organization, timely recombina-
tion progression, and arrest of defective recombinosomes during meiosis. Proc Natl Acad Sci U S A.
2008; 105(9):3327-32. https://doi.org/10.1073/pnas.0711864105 PMID: 18305165

Carballo JA, Johnson AL, Sedgwick SG, Cha RS. Phosphorylation of the axial element protein Hop1 by
Mec1/Tel1 ensures meiotic interhomolog recombination. Cell. 2008; 132(5):758-70. https://doi.org/10.
1016/j.cell.2008.01.035 PMID: 18329363

Herruzo E, Ontoso D, Gonzalez-Arranz S, Cavero S, Lechuga A, San-Segundo PA. The Pch2 AAA+
ATPase promotes phosphorylation of the Hop1 meiotic checkpoint adaptor in response to synaptone-
mal complex defects. Nucleic Acids Res. 2016; 44(16):7722—41. https://doi.org/10.1093/nar/gkw506
PMID: 27257060

Wood K, Tellier M, Murphy S. DOT1L and H3K79 Methylation in Transcription and Genomic Stability.
Biomol. 2018; 8(1):11.

Ditlev JA, Case LB, Rosen MK. Who's In and Who'’s Out-Compositional Control of Biomolecular Con-
densates. J Mol Biol. 2018; 430(23):4666—84. https://doi.org/10.1016/j.jmb.2018.08.003 PMID:
30099028

Muller H, Scolari VF, Agier N, Piazza A, Thierry A, Mercy G, et al. Characterizing meiotic chromosomes’
structure and pairing using a designer sequence optimized for Hi-C. Mol Syst Biol. 2018; 14(7):8293.
https://doi.org/10.15252/msb.20188293 PMID: 30012718

Schalbetter SA, Fudenberg G, Baxter J, Pollard KS, Neale MJ. Principles of meiotic chromosome
assembly revealed in S. cerevisiae. Nat Comm. 2019; 10(1):4795.

Patel L, Kang R, Rosenberg SC, Qiu Y, Raviram R, Chee S, et al. Dynamic reorganization of the
genome shapes the recombination landscape in meiotic prophase. Nat Struct Mol Biol. 2019; 26
(8):164—74. https://doi.org/10.1038/s41594-019-0187-0 PMID: 30778236

Wang Y, Wang H, Zhang Y, Du Z, SiW, Fan S, et al. Reprogramming of Meiotic Chromatin Architecture
during Spermatogenesis. Mol Cell. 2019; 73(3):547—61 e6. https://doi.org/10.1016/j.molcel.2018.11.
019 PMID: 30735655

Alavattam KG, Maezawa S, Sakashita A, Khoury H, Barski A, Kaplan N, et al. Attenuated chromatin
compartmentalization in meiosis and its maturation in sperm development. Nat Struct Mol Biol. 2019;
26(3):175-84. https://doi.org/10.1038/s41594-019-0189-y PMID: 30778237

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008905 June 22, 2020 32/33


https://doi.org/10.1371/journal.pgen.1000755
http://www.ncbi.nlm.nih.gov/pubmed/19997491
https://doi.org/10.1016/j.molcel.2009.05.022
http://www.ncbi.nlm.nih.gov/pubmed/19560424
https://doi.org/10.1016/s0092-8674(01)80009-x
https://doi.org/10.1016/s0092-8674(01)80009-x
http://www.ncbi.nlm.nih.gov/pubmed/9335335
https://doi.org/10.1016/s0014-5793(99)00132-5
https://doi.org/10.1016/s0014-5793(99)00132-5
http://www.ncbi.nlm.nih.gov/pubmed/10100640
https://doi.org/10.1101/gad.1906410
http://www.ncbi.nlm.nih.gov/pubmed/20595233
https://doi.org/10.1126/science.1210915
https://doi.org/10.1126/science.1210915
http://www.ncbi.nlm.nih.gov/pubmed/22096199
https://doi.org/10.1016/j.molcel.2015.02.002
https://doi.org/10.1016/j.molcel.2015.02.002
http://www.ncbi.nlm.nih.gov/pubmed/25801168
https://doi.org/10.1038/nature10956
http://www.ncbi.nlm.nih.gov/pubmed/22398447
https://doi.org/10.1073/pnas.0711864105
http://www.ncbi.nlm.nih.gov/pubmed/18305165
https://doi.org/10.1016/j.cell.2008.01.035
https://doi.org/10.1016/j.cell.2008.01.035
http://www.ncbi.nlm.nih.gov/pubmed/18329363
https://doi.org/10.1093/nar/gkw506
http://www.ncbi.nlm.nih.gov/pubmed/27257060
https://doi.org/10.1016/j.jmb.2018.08.003
http://www.ncbi.nlm.nih.gov/pubmed/30099028
https://doi.org/10.15252/msb.20188293
http://www.ncbi.nlm.nih.gov/pubmed/30012718
https://doi.org/10.1038/s41594-019-0187-0
http://www.ncbi.nlm.nih.gov/pubmed/30778236
https://doi.org/10.1016/j.molcel.2018.11.019
https://doi.org/10.1016/j.molcel.2018.11.019
http://www.ncbi.nlm.nih.gov/pubmed/30735655
https://doi.org/10.1038/s41594-019-0189-y
http://www.ncbi.nlm.nih.gov/pubmed/30778237
https://doi.org/10.1371/journal.pgen.1008905

PLOS GENETICS

Active transcription and Orc1 drive Pch2 chromatin association

69.

70.

71.

72.

73.

74.

75.

76.

77.

Vara C, Paytuvi-Gallart A, Cuartero Y, Le Dily F, Garcia F, Salva-Castro J, et al. Three-Dimensional
Genomic Structure and Cohesin Occupancy Correlate with Transcriptional Activity during Spermato-
genesis. Cell Rep. 2019; 28(2):352—67. https://doi.org/10.1016/j.celrep.2019.06.037 PMID: 31291573

Zhang L, Liang Z, Hutchinson J, Kleckner N. Crossover patterning by the beam-film model: analysis
and implications. PLoS Genet. 2014; 10(1):1004042. https://doi.org/10.1371/journal.pgen.1004042
PMID: 24497834

Fujita T, Yuno M, Fujii H. enChlIP systems using different CRISPR orthologues and epitope tags. BMC
Res Notes. 2018; 11(1):154. https://doi.org/10.1186/s13104-018-3262-4 PMID: 29482606

Silva RC, Dautel M, Di Genova BM, Amberg DC, Castilho BA, Sattlegger E. The Gcn2 Regulator Yih1
Interacts with the Cyclin Dependent Kinase Cdc28 and Promotes Cell Cycle Progression through G2/M
in Budding Yeast. PloS One. 2015; 10(7):e0131070. https://doi.org/10.1371/journal.pone.0131070
PMID: 26176233

Blitzblau HG, Hochwagen A. ATR/Mec1 prevents lethal meiotic recombination initiation on partially rep-
licated chromosomes in budding yeast. eLife. 2013; 2:e00844. https://doi.org/10.7554/eLife.00844
PMID: 24137535

Robinson JT, Thorvaldsdottir H, Winckler W, Guttman M, Lander ES, Getz G, et al. Integrative geno-
mics viewer. Nat Biotech. 2011; 29(1):24—6.

Kanehisa M, Goto S. KEGG: kyoto encyclopedia of genes and genomes. Nucleic Acids Res. 2000; 28
(1):27-30. https://doi.org/10.1093/nar/28.1.27 PMID: 10592173

Ramirez F, Ryan DP, Gruning B, Bhardwaj V, Kilpert F, Richter AS, et al. deepTools2: a next generation
web server for deep-sequencing data analysis. Nucleic Acids Res. 2016; 44(W1):W160-5. https://doi.
org/10.1093/nar/gkw257 PMID: 27079975

Collart MA, Struhl K. CDC39, an essential nuclear protein that negatively regulates transcription and dif-
ferentially affects the constitutive and inducible HIS3promoters. EMBO J. 1993; 12(1):177-86. PMID:
8428577

PLOS Genetics | https://doi.org/10.1371/journal.pgen.1008905 June 22, 2020 33/33


https://doi.org/10.1016/j.celrep.2019.06.037
http://www.ncbi.nlm.nih.gov/pubmed/31291573
https://doi.org/10.1371/journal.pgen.1004042
http://www.ncbi.nlm.nih.gov/pubmed/24497834
https://doi.org/10.1186/s13104-018-3262-4
http://www.ncbi.nlm.nih.gov/pubmed/29482606
https://doi.org/10.1371/journal.pone.0131070
http://www.ncbi.nlm.nih.gov/pubmed/26176233
https://doi.org/10.7554/eLife.00844
http://www.ncbi.nlm.nih.gov/pubmed/24137535
https://doi.org/10.1093/nar/28.1.27
http://www.ncbi.nlm.nih.gov/pubmed/10592173
https://doi.org/10.1093/nar/gkw257
https://doi.org/10.1093/nar/gkw257
http://www.ncbi.nlm.nih.gov/pubmed/27079975
http://www.ncbi.nlm.nih.gov/pubmed/8428577
https://doi.org/10.1371/journal.pgen.1008905

