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Profound epigenetic differences exist between genomes derived from male and female gametes; however, the
nature of these changes remains largely unknown. We undertook a systematic investigation of chromatin
reorganization during gametogenesis, using the model eukaryote Saccharomyces cerevisiae to examine sporula-
tion, which has strong similarities with higher eukaryotic spermatogenesis. We established a mutational screen of
histones H3 and H4 to uncover substitutions that reduce sporulation efficiency. We discovered two patches of
residues—one on H3 and a second on H4—that are crucial for sporulation but not critical for mitotic growth, and
likely comprise interactive nucleosomal surfaces. Furthermore, we identified novel histone post-translational
modifications that mark the chromatin reorganization process during sporulation. First, phosphorylation of
H3T11 appears to be a key modification during meiosis, and requires the meiotic-specific kinase Mek1. Second,
H4 undergoes amino tail acetylation at Lys 5, Lys 8, and Lys 12, and these are synergistically important for post-
meiotic chromatin compaction, occurring subsequent to the post-meiotic transient peak in phosphorylation at
H4S1, and crucial for recruitment of Bdfl, a bromodomain protein, to chromatin in mature spores. Strikingly, the

presence and temporal succession of the new H3 and H4 modifications are detected during mouse spermato-
genesis, indicating that they are conserved through evolution. Thus, our results show that investigation of
gametogenesis in yeast provides novel insights into chromatin dynamics, which are potentially relevant to

epigenetic modulation of the mammalian process.
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More than two decades ago, now classic experiments
demonstrated the nonequivalence of DNA derived from
male and female gametes (McGrath and Solter 1984;
Surani et al. 1984). Indeed, microinjection of nuclei de-
rived from two gametes produced by the same sex, either
both male or both female, leads to early embryonic death
(McGrath and Solter 1984; Surani et al. 1984). Thus, fer-
tilized eggs must contain two haploid genomes originating
from a paternal and a maternal gamete in order to proceed
through embryonic development. Because all females are
born from union of a male and a female gamete, which
share the same chromosome composition, it must be the
nongenetic content of the male and female gametes that is
required for normal development.
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Epigenetic features, and specifically chromatin, are
likely to be the crucial inherited nongenetic property of
the male and female gametes. Twenty-five years after
these pivotal observations, the epigenetic organization of
gametes is only starting to be unraveled. The chromatin
structure of oocytes remains obscure, beyond initial obser-
vations of hypoacetylation of histones H3 and H4 during
meiosis (Kim et al. 2003). However, epigenetic changes in
the male gamete have been more amenable to analysis.
Following meiotic divisions and DNA recombination,
dramatic chromatin remodeling occurs during matura-
tion of spermatids, and is associated with extensive chro-
matin restructuring and compaction. In many species,
the majority of histones are removed and replaced by a
new group of chromatin-associated proteins, called prot-
amines (Govin et al. 2004; Kimmins and Sassone-Corsi
2005; Gaucher et al. 2009). Protamines are specialized
chromatin proteins only 50 amino acids long, highly
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basic, and exclusively detected in male gametes, where
they compact >90% of the DNA (Balhorn 1982). They are
critical, as mice bearing even a heterozygous protamine
gene deletion are sterile, preventing transmission of the
wild-type allele (Cho et al. 2001).

A recent study has provided new insights into the chro-
matin organization of male gametes (Hammoud et al.
2009), showing that the remaining histones in human
sperm are not distributed randomly, but rather are associ-
ated with master regulators of early embryonic develop-
ment, such as HOX genes, in a2 manner that potentially
influences the developmental process. Moreover, epige-
netic marks, such as the DNA and histone methylation
patterns, have a specific distribution, which may also be
linked to early embryonic development. Thus, the male
gamete has a unique chromatin structure, likely related to
its function after fertilization.

There are a number of additional alterations to chroma-
tin in the mammalian male gamete. For example, several
testis-specific histones are incorporated into chromatin
at different stages of maturation (Martianov et al. 2005;
Tanaka et al. 2005; Govin et al. 2007). Histone modifica-
tions are also involved in chromatin reorganization, such
as histone hyperacetylation as spermatids start to elongate
(Hazzouri et al. 2000). A testis-specific bromodomain pro-
tein, Brdt, binds to hyperacetylated histones and compacts
the chromatin (Pivot-Pajot et al. 2003; Moriniere et al.
2009). However, it remains unknown how most histones
are removed from the genome, and how certain specific
regions, such as the HOX genes, are protected against his-
tone loss and protamine deposition. Moreover, the role of
post-translational modifications during the steps of this
dramatic process of chromatin restructuring have not yet
been addressed in a systematic analysis.

Lower eukaryotes undergo a differentiation pathway
that is similar to higher eukaryotic spermatogenesis. Upon
nutrient starvation, diploid yeast sporulate to generate
gametes. The first step consists of meiosis, which ensures
mixing of inherited genetic information. Haploid cells
then differentiate into mature spores, which develop a
thick spore wall providing protection from harsh environ-
mental conditions, such as exposure to chemicals and de-
hydration. Similar to higher eukaryotic sperm, spore nuclei
are reorganized and compacted. This spore differentiation
pathway is dependent on coordination of an intricate net-
work of events, including a transcriptional program in-
volving >1000 genes, and other genome-wide chromatin
events. Histone modifications have a role at several steps:
H3 phosphorylation on Ser 10 is detected during meiosis
and then disappears, followed by H4 phosphorylation
on Ser 1. This latter mark helps in chromatin compaction,
and is conserved through evolution, as it is also found dur-
ing post-meiotic spermatogenesis (Krishnamoorthy et al.
2006). Beyond these observations, however, little is known
about the chromatin transactions that occur during this
process.

Our interest is to broadly assess the role of chromatin
changes during gametogenesis. We took an unbiased
approach, using systematic substitution mutagenesis of
histones H3 and H4 in the yeast Saccharomyces cerevi-

Histone marks during gametogenesis

siae, since technical limitations associated with gamete
differentiation in higher eukaryotic organisms restrict
such screening. Our analysis uncovered several novel and
apparently distinct chromatin pathways involved in spor-
ulation, and, strikingly, we find that aspects of these path-
ways are evolutionarily conserved during mammalian
spermatogenesis.

Results

Creation of a new histone Ilibrary in a yeast
strain background able to synchronously
and efficiently sporulate

Systematic substitution mutagenesis of histones H3 and
H4 in S. cerevisiae has been used recently to examine
effects on vegetative growth (Dai et al. 2008; Nakanishi
et al. 2008). However, the strain backgrounds used for
these mutant collections are not optimal for a sporulation
screen. For example, the yeast genetic background strains
$288c and W303 sporulate with poor efficiencies: Less
than 50% of the initial vegetative cells form tetrads of
spores, the cells require up to 5-6 d to reach sporulation,
and individual cells proceed nonsynchronously through
the process. In contrast, the genetic background SK1 is
typically used for sporulation studies because the cells
proceed synchronously and nearly completely, and spor-
ulate within 24-48 h.

Therefore, we created a “histone shuffle strain” in the
SK1 background by deleting both genomic genes encod-
ing the H3 and H4 genes (HHT1, HHT2, HHF1, and
HHF2), and providing the histone genes on a plasmid
containing a URA3 selectable marker (Supplemental Fig.
S1A). The H3 and H4 substitution mutations on a second
marked plasmid were transformed, and the original wild-
type plasmid was evicted (by negative selection of URA3
on 5-FOA), which ensures that the entire H3 and H4
population is expressed from the new plasmid. Examina-
tion of the new strain shows that endogenous H3 and H4
genes are absent, and can be replaced by Flag-tagged
versions of either of the histones (Fig. 1A). Importantly,
the doubling time (Supplemental Fig. S1B) and sporula-
tion efficiency (Supplemental Fig. S1C) of the shuffle
strain are comparable with a wild-type strain.

Next, in the new SK1 histone shuffle background, we
created a collection of strains containing alanine sub-
stitution mutations at modifiable Ser, Thr, Lys, and Arg
residues, using plasmids that were screened previously
during vegetative growth (Nakanishi et al. 2008). Plas-
mids within the strain collection were recovered and se-
quenced to confirm the mutations. Prior to induction of
sporulation, the mutants were grown in “rich” media—
YPD (glucose) and then YPA (acetate) (Fig. 1B}—to elimi-
nate any mutants showing growth defects, since these
would suggest a general loss of histone function, such
as histone loading or folding into the nucleosome. Indeed,
in agreement with previous analyses (Dai et al. 2008;
Nakanishi et al. 2008), ~5% of the substitutions resulted
in lethality (Fig. 1C). Since histones H3 and H4 are highly
conserved through evolution (Supplemental Fig. S2A-C),
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Figure 1. A systematic screen identifies H3 and H4 residues essential for sporulation completion. (A) Creation and validation of
a histone shuffle strain in the SK1 background. The strain was validated by replacing a wild-type (WT) plasmid with a plasmid
expressing Flag-tagged H3 or H4. Detection of H3 and H4 by Western blot confirms that neither genomic copy of the H3 and H4 genes
remains, and that the entire population of H3 and H4 is expressed from the plasmid. (B) Schematic of the rationale used for the screen.
More than 100 substitution mutants have been created and validated by sequencing. Several substitution mutations were lethal, and
were not analyzed further. Sporulation was induced and spore formation was quantified in all other mutants. (C) Statistical analysis of
the screen results. The severity of the sporulation defects is described using the following color code: a sporulation efficiency included
within 0%-20%, 20%-60%, 60%-80%, and 80%-100% is represented in purple, red, orange, and white, respectively. Lethal mutations
are represented in black. This same color-coding is used throughout the figures. (D) Graphic representation of the substitution mutants
affected in sporulation. The histone fold is represented at the top of each histone, and is based on data from White et al. (2001).

this low lethality suggests that the integrity of each amino
acid is, in general, not crucial for nucleosome function in
optimal growth conditions.

Identification of two patches of substitution mutations
affecting sporulation

The sporulation phenotype of each mutant was analyzed.
Approximately 30% of the substitution mutants dis-
played lowered sporulation efficiency (Fig. 1C): Ten per-
cent of them were severely reduced (0%-20% of wild
type) (Fig. 1C, in purple), while the remainder of the sub-
stitutions were lowered to a lesser degree (20%—-60% of
wild type [Fig. 1C, in red]; 60%-80% of wild type [Fig. 1C,
in orange]). Thus, although most individual substitution
mutations in H3 and H4 are well tolerated in rich media,
the integrity of numerous residues within each histone
are important for spore differentiation.
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The substitution mutants that are defective are local-
ized largely in spatially accessible regions within the nu-
cleosome (Figs. 1D, 2). That is, many are excluded from
the a-helices of the globular domains, and are instead
concentrated in the N-terminal and C-terminal tails, and
in the loops between helices.

We found two distinct patches localized within H3 and
H4 that are particularly sensitive to substitution. One
patch involves a stretch of seven residues on H4 (K77-
S83) (Figs. 1D, 3B), three of which are nearly blocked in
spore formation (Fig. 3A), and therefore we named this
patch LOS (low sporulation). The LOS patch is located on
loop 2 of H4, between a-helices 2 and 3, and includes
almost all residues within the loop (Figs. 1D, 2, 3B). This
is especially clear when the region is enlarged (Fig. 3C),
showing that the patch is localized on the edge of the
nucleosome, in close proximity to contacts with DNA, as
the double helix wraps around the nucleosome.
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Figure 2. Representation of the nucleosome, highlight-
ing the residues essential for completion of sporulation.
The same color-coding is used as in Figure 1. Front and
two different lateral views are presented. PDB file 1KX5
was used (Davey et al. 2002), and was color-coded using
Accelrys Discovery Studio Visualizer 2.5.

The phenotypes of the LOS mutants were characterized
more precisely. The sporulation repressor Rmel is not
derepressed by LOS mutations (data not shown), which
likely excludes a general defect in silencing genes that
repress sporulation. Induction of the sporulation master
regulators Ime2 and Ime4 was variable in the mutants, but
remained in the range of 50%-100% of their levels in wild-
type cells (Supplemental Fig. S3A). In addition, DNA rep-
lication was similar to wild-type cells, as assessed by flow
cytometry carried out on cells stained with propidium
iodide (data not shown). Therefore, LOS mutations do not
dramatically affect the induction of sporulation, or the
replication of the DNA. However, using DAPI staining of
DNA, we did not observe four normal meiotic products
(data not shown), which suggests that LOS mutants may
be defective in the meiotic process itself.

The LOS patch shares residues with a previously de-
scribed patch called LRS (loss of rDNA silencing) (Park
et al. 2002). However, the LRS mutants encompass
residues located on both H3 and H4, and occupy a large
patch (Fig. 3A,B [green arrows], C [dark green]), whereas
only H4 mutants located in this region have defects in
sporulation, and occupy a more restricted surface area
(Fig. 3A,B [purple and orange|, C [purple and orange]). It
has been demonstrated recently that H3 LRS mutations
disrupt recruitment of Sir3 to this nucleosomal interface,
leading to silencing defects (Hyland et al. 2005; Norris
et al. 2008). The H3 LRS mutants that lose Sir3 binding do
not have a defect in sporulation in our study. Hence, we
conclude that the new LOS patch is independent of the
LRS phenotype, and LOS may define a new interface
required for sporulation, whose function is unrelated to
Sir3 recruitment.

A second patch required for sporulation occurs on the
a-helix in the N terminus of H3, encompassing residues
K42-T58 (Figs. 1D, 3E) in the region DNA enters and exits

the nucleosome (Figs. 2, 3F), and therefore we named this
patch DEE (DNA entry/exit). Substitutions in residues in
one region within this patch (T42-R52) cause severe
reduction of sporulation, while residues in a second region
(K56-T58) are less defective (Fig. 3D,E). The sporulation
repressor Rmel remained repressed (data not shown), and
the induction of master regulators Ime2 and Ime4 re-
mained similar to wild type (Supplemental Fig. S3B; data
not shown). Therefore, DEE mutants do not prevent gen-
eral induction of sporulation. The patch includes many
residues involved in histone interaction with DNA (Figs. 2,
3), and it is thus unclear why some of these mutants are
fully competent for mitotic growth, but nearly fail to form
spores.

The DEE patch includes H3K56, an acetylated residue
involved in nucleosome assembly during replication and
DNA repair. Indeed, as shown previously (Recht et al.
2006), we detect a transient peak in H3K56ac during
meiosis, with similar timing to H3S10ph (Fig. 4A,B), which
also increases at that time (Wei et al. 1998; Krishnamoorthy
et al. 2006). We tested several substitutions, and found that
K56A and K56R both lowered sporulation efficiency, while
K56Q, which mimics the neutralization of charge caused
by acetylation, is closer to wild type in sporulation effi-
ciency (Fig. 4C). This is in contrast to DNA damage
conditions, where a K56Q strain is defective similarly to
K56R (Schneider et al. 2006; Driscoll et al. 2007; Han et al.
2007), and thus there may be a distinct role for K56
acetylation within the entire DEE patch during sporulation.

Analysis of modifications of H3 during gametogenesis

Histone tails are modified during all major cellular pro-
cesses. Surprisingly, despite an abundant literature de-
scribing the occurrence of many modifications, our data
show that substitution of 70% of the known modified
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Figure 3. Detailed analysis of the LOS and DEE patches. (A) Sporulation efficiency data for the LOS substitution mutants. (B) Graphical
representation of the LOS (H4) and the H3 LRS regions. Green arrows represent identified LRS mutations (Park et al. 2002). (C) Three-
dimensional representation of the LOS patch. The severity of the sporulation phenotype for each substitution is represented following the
same color-coding as in Figure 1C. The H3 LRS mutants are represented in dark green. H2A/H2B, H3, and H4 are represented in light
pink, light green, and light blue, respectively. (D) Sporulation efficiency data for DEE mutants. (E) Graphical representation of the DEE
patch. (C) Three-dimensional representation of the DEE patch. Refer to C and Figure 1C for details on the color-coding.

residues does not show defects during either vegetative
growth in rich media or sporulation (Fig. 5; Dai et al.
2008; Nakanishi et al. 2008). For example, H3K4me3 is
a key modification that occurs over start sites of tran-
scription during induction (for review, see Berger 2007). In
spite of its ubiquity, we detected no loss of vegetative
growth or sporulation (Fig. 5) in an H3K4A strain lacking
K4 methylation, and, furthermore, the level of H3K4me3
was unchanged during a sporulation time course (Fig. 4A).
Thus, the absence of many individual modifications on the
H3 and H4 tail does not appear to severely affect chroma-
tin function during most of the yeast life cell cycle.
However, substitution of certain residues within the
N-terminal tails does lower sporulation efficiency (Fig. 5),
and we carried out further analysis of some of these sites.
H3K18A and H3K36A mutations decrease sporulation
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efficiency to 30% and 60%, respectively (Fig. 5A,C). This
may be due to absence of H3K18ac or H3K36me; how-
ever, no clear changes were detected in the global levels
of the K18ac or K36me modifications over the sporula-
tion time course (data not shown). Moreover, a mutation
of H3K18 does not significantly affect the expression of the
master regulators Ime2 and Ime4 (Supplemental Fig. S3C).

Within the H3 and H4 tails, we found that H3T11A
substitution had a significant effect, reducing sporulation
efficiency (Fig. 5A). We tested multiple isolates of this
substitution, and found that the level was ~65% of wild
type (Fig. 6A). It is striking that H3S10A substitution did
not reduce sporulation efficiency, and that the introduc-
tion of the double substitution (H3S10A H3T11A) did not
grow more poorly than the single H3T11A substitution,
suggesting that H3S10ph is not a key modification during
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Figure 4. Dynamics of meiosis-specific histone modifications
during sporulation. (A) H3S10ph and H3K56ac were detected by
Western blot during sporulation. (B) Quantification of the Western
blots, including images presented in A. The time course has been
broken into stages, as indicated in A. (I) Initiation; (M) meiosis;
(PM) post-meiosis; (Sp) spores. Quantification was performed
using two to three biological independent replicates (depending
on the time points). (C) Sporulation efficiency data for different
H3K56 mutants. H3K56R mimics the unmodified form of H3K56,
while H3K56Q mimics the acetylated form of H3K56.

sporulation. We determined that H3T11 is phosphorylated
during sporulation, and, as expected, the signal is elimi-
nated in the H3T11A strain (Fig. 6B; Supplemental Fig. S4).
A H3T11D strain, as a potential mimic of phosphoryla-
tion, behaved more similarly to wild type (Fig. 6A).

The H3T11ph modification specifically increased dur-
ing meiosis, with similar timing as H3S10ph and prior
to post-meiotic H4S1ph, as we observed previously (Fig.
6B,C; Krishnamoorthy et al. 2006). Inmunofluorescence
experiments confirm this pattern, and also show a homo-
geneous distribution for H3S10ph and H3T11ph during
meiosis (Fig. 6D).

The H3T11A substitution mutation slightly lowered
both H3S10ph and H4S1ph, but quantification indicated
that the decrease in H3S10ph and H4S1ph signal is com-
mensurate with the reduction in sporulation observed
in a H3T11A mutant (Supplemental Fig. S5; data not
shown), indicating that these phosphorylation events are
independent. Taken together, it appears that phosphory-
lation of H3T11 has a more important role during meiosis
than phosphorylation of H3S10.

We investigated the kinase that is required for H3T11ph.
Our analysis of published data identified three kinases
whose transcription is specifically induced during meiosis
(Fig. 6E,G,I). The first is Ipl1, the ortholog of Aurora kinase,
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which phosphorylates H3S10ph during meiosis (Hsu et al.
2000). IPL1 is an essential gene, and cannot be deleted.
Thus, we used a strain in which IPL1 is expressed under
the control of the CLB2 promoter, which is active during
vegetative growth, but is rapidly repressed upon induction
of sporulation (Monje-Casas et al. 2007). This allowed
analysis of the abundance of H3S10ph and H3T11ph dur-
ing meiosis in the absence of Ipll. We found reduced
H3S10ph, but no effect on H3T11ph (Fig. 6F), confirming
that Ipll is responsible for H3S10ph deposition during
meiosis, but excluding a role in H3T11 phosphorylation.
The second potential kinase is yChkl, the ortholog of
mammalian Chkl, which phosphorylates H3T11ph in
mammalian cells and regulates gene activation during
DNA damage-induced transcriptional repression (Shimada
et al. 2008). CHK1 is not essential, and its deletion did not
decrease either H3S10ph or H3T11ph (Fig. 6H). The third
potential kinase is Mekl, and, strikingly, we found that
deletion of MEKI completely abolished H3T11ph, but
had little effect on H3S10ph (Fig. 6]). These data implicate
the meiotic Mekl kinase specifically in phosphorylation
of H3T11. It is interesting that H3S10 and H3T11 are
adjacent residues and are both involved in meiosis, but are
phosphorylated by distinct kinases.

Mek1 promotes interchromosomal recombination, and
its kinase activity is required for the formation of viable
spores, as mekIA spores do not germinate (Fig. 6K;
Rockmill and Roeder 1991; Wan et al. 2004). We tested
the viability of H3T11A mutant spores. The wild-type
shuffle strain (H3 WT) germinates efficiently (>80%)
(Fig. 6K); however, only 50% of H3T11A spores were able
to germinate (Fig. 6K). These results suggest that the
H3T11A substitution partially phenocopies the deletion
of mek1, and that H3T11 phosphorylation is required for
the maturation of fully functional spores. We found that
the H3T11A spores are not affected in chromatin com-
paction (see below; Supplemental Fig. S5A), further sug-
gesting that their lowered viability stems from a defect
during meiosis.

H3S10 phosphorylation occurs during both yeast spor-
ulation and mammalian gametogenesis (Wei et al. 1998;
Krishnamoorthy et al. 2006). We therefore investigated
whether H3T11ph similarly occurs during spermatogene-
sis. By immunodetection of mouse germ cells from staged
tubules (Fig. 6L) and on paraffin testis sections (Fig. 6M),
we found that H3S10ph and H3T11ph both occur during
meiosis, and that both strongly mark condensed meiotic
chromosomes of spermatocytes from stage XI and XII
tubules (Fig. 6M, see arrows).

Analysis of modifications of H4 during gametogenesis

We also found, among H4 tail substitutions, a modest
effect of K8A on sporulation efficiency (Fig. 5B). There is
redundancy between K5, K8, and K12 acetylation during
vegetative growth, in regulation of transcription and
DNA repair, among other processes (Dion et al. 2005).
We examined whether these H4 acetylations increase
during sporulation, and found that all three (K5ac, K8ac,
and K12ac) increase late in the process, after meiotic and
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post-meiotic phosphorylation events on the H3 and H4
tails, as described above (Fig. 7A). For example, H4K5ac,
H4K8ac, and H4K12ac all begin to increase at ~14 h, after
H4S1ph has peaked and begun to decline (Fig. 7A,B). The
acetylations then remain at this elevated level—even at
the end of the process, when the spore reprogramming is
complete (Fig. 7A,B). It is notable that H4K16ac, which
has a distinct role in chromatin (Shogren-Knaak et al.
2006), did not change significantly over the time course
(Fig. 7A,B).

Since K5ac, K8ac, and K12ac displayed similar kinetics
during late sporulation, we tested whether these modifi-
cations work synergistically, via simultaneous substitu-
tion of the three residues to arginine. The triple H4K5/8/
12R substitution mutant displayed <50% sporulation
efficiency compared with wild-type H4 (Fig. 7C). Further-
more, the rise in acetylation on H4 follows the transient
rise of post-meiotic H4S1ph (Fig. 7A), which is involved
in chromatin compaction (Krishnamoorthy et al. 2006).
Thus, we investigated whether elimination of the acety-
lation in the H4K5/8/12R strain altered compaction,
using DAPI staining of DNA to measure nuclear size.
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We examined a large number of spore nuclei (>200), and,
as a control, confirmed that H4S1A substitution leads to
a significant increase in median nuclear size, from 0.6
pm? to 0.73 pm? (P < 1074) (Fig. 7D,E; Krishnamoorthy
et al. 2006). Using the same approach, we found that the
H4K5/8/12R triple substitution correlates with an even
larger median nuclear size, to 0.8 pm? (t-test, P < 1071}
(Fig. 7D; Supplemental Fig. 5). Thus, H4 modifications
that increase following the end of meiosis appear to be
involved in nuclear compaction.

We investigated whether H4 modifications are impor-
tant for spore viability during germination. We found that
H4S1A spores are viable, but spores expressing the H4K5/
8/12R substitution mutant are nearly completely inviable
(Fig. 7E). This suggests that H4 acetylation has an impor-
tant function in the compaction of the chromatin in spores,
and subsequently plays a key role during germination.

We showed previously that H4S1ph is conserved in
mammalian spermatogenesis, and in fact persists later in
the process relative to H3S10ph (Krishnamoorthy et al.
2006), similar to our findings during sporulation. This led
us to investigate how these marks, and H4ac, behave
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Figure 6. H3T11ph is a new meiotic mark in yeast and mammals. (A) Sporulation efficiency data for selected mutants. P-values are
1077 and 1073 for H3T11A and H3S10AT11A mutants, respectively (asterisks). (B) Detection of H3T11ph during sporulation by
Western blot. (C) Quantification of the Western blots, including images presented in B. The time course has been broken into stages, as
indicated in B. (I) Initiation; (M) meiosis; (PM) post-meiosis. Quantification was performed using two to three biological independent
replicates (depending on the time points). (D) In situ detection of H3S10ph and H3T11ph by immunofluorescence during sporulation.
(E,G,I) Quantifications of mRNA abundance of IPL1, CHK1, and MEKI, respectively. Data were obtained from four independent
biological replicates, and normalized to NUPS85 (see the Materials and Methods). (F) Ipl1 is essential for H3S10ph deposition. Depletion
of Ipll during meiosis (using a conditional strain; see the text for details) leads to a loss of H3S10ph, but does not affect H3T11ph.
Western blot analysis using indicated antibodies. (H) Chk1 is not required for H3S10ph or H3T11ph deposition. Western analysis of the
histone modifications in a chkiA strain compared with the wild-type strain. (/) Mekl is essential for H3T11ph deposition. Western
analysis of the histone modifications in a mek1A strain compared with the wild-type strain. (K] Germination efficiency. Spores were
dissected and then germinated on YPD plates. More than 50 spores were analyzed using two independent isolates of each strain. (L)
Analyses of H3S10ph and H3T11ph during mouse spermatogenesis using immunofluorescence. (M) Immunohistochemistry using
H3S10ph and H3T11ph antibodies during mouse spermatogenesis.

during spermatogenesis in the mouse. As published pre- that these modifications have a similar relative temporal
viously, we found, using both Western and immunofluo- relationship during sporulation and mammalian spermato-
rescence of staged sperm, that H4K5/8/12ac increases in genesis, suggesting that histone H4 phosphorylation and
later stages of round spermatids (Fig. 7F,G; Hazzouri et al. acetylation dynamics during the final differentiation stages
2000). We then compared the hyperacetylation to the to generate mature gametes has been conserved through
kinetics of H4S1ph, and found that the dramatic increase evolution.

in acetylation occurs only following the decline of H4S1ph The bromodomain-containing protein Brdt has been
in early stages of round spermatids (Fig. 7F,G). It is striking shown to compact hyperacetylated chromatin (Pivot-Pajot
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Figure 7. Dynamics of H4 modifications during post-meiotic maturation of the gamete. (A) The phosphorylation and acetylation
status of H4 during sporulation analyzed by Western blot. The H3K56ac and H4S1ph pattern confirms that the cells are sporulating
synchronously. (B) Quantification of the Western blots, including images presented in A. Quantification was performed using two to
three biological independent replicates (depending on the time points). (C) Sporulation efficiency data for H4S1A and H4K5/8/12R
mutants. (D) Average nuclear size of fully mature spores of wild-type (WT), H4S1A, and H4K5/8/12R strains. The increase in size is
statistically significant for both mutants: P-values are 10™* and 107!! for H4S1A and H4K-R mutants, respectively (asterisks). (E)
Germination efficiency. Spores were dissected and then germinated on YPD plates. More than 80 spores were analyzed using two
independent isolates of each strain. (F) Phosphorylation and acetylation status of H4 during mouse spermatogenesis, analyzed by
Western blot. H4S1ph is detected during post-meiosis and disappears, while H4 is hyperacetylated during spermatid elongation. (G) The
phosphorylation and acetylation status of H4 during mouse spermatogenesis, analyzed by immunofluorescence on staged cells. The
results confirm the data presented in E.

et al. 2003). The orthologous proteins yBdfl and yBdf2 tagged strain, both a Flag antibody and the Bdf1 antibody
also bind to acetylated H4 (Ladurner et al. 2003), and immunoprecipitated the slightly larger Bdf1-Flag (Supple-

we investigated whether they may have a similar func- mental Fig. S7A). We then found, using Western blot
tion during spore maturation. First, we analyzed their rela- experiments, that Bdf1 is highly expressed in fully mature
tive expression levels during sporulation, by RT-qPCR. spores, concurrent with the hyperacetylation of H4 (Fig.
IME2 (early sporulation, at 4 h) and DIT2 (mid-sporulation, 8B; Supplemental Fig. S7B). This pattern was confirmed
at 10 h) transcript levels demonstrate that the cells are using the Flag-Bdf1 strain (data not shown). This increase
synchronous (Fig. 8A). BDF1 and BDF2 mRNA were both in Bdfl levels during late sporulation suggests that Bdfl
induced during meiosis (4 h after induction of sporula- mediates the final compaction of the spore nuclei, simi-
tion). However, only BDFI mRNA was maintained at larly to the putative function of Brdt in spermatogenesis
a higher level during the remainder of the differentiation (Govin et al. 2004; Moriniere et al. 2009). It remains
program and in fully mature spores, until germination is unclear why BDF1 mRNA is induced during meiosis at
induced and the spores return to vegetative growth (see 4 h of sporulation, whereas a dramatic increase of Bdfl
below; Fig. 8A,H). protein is observed only at the 14-h mark in the process.
Next, the level of Bdfl was analyzed by Western blot The role of Bdfl during chromatin compaction in fully
(Chua and Roeder 1995). The specificity of the Bdfl anti- mature spores could not be assessed in a bdf1A strain,
body was tested by ourselves and others (Chua and Roeder because the deletion strain does not complete the spor-
1995; Ladurner et al. 2003): First, we found that the signal ulation program and does not form tetrads (Chua and
was eliminated in a bdf1A strain (Chua and Roeder 1995; Roeder 1995; our data). Nevertheless, chromatin immu-
Ladurner et al. 2003), and second, in a Bdf1-Flag epitope- noprecipitation (ChIP) experiments strongly suggest an

1780 GENES & DEVELOPMENT



Histone marks during gametogenesis

5§ =@ o«
s 8 2
T g Post-Meiosis &
A B = A 1
IvE2 mishA (RT-gECR) BOF1 mRNA (RT-aPCR) 0 26| 8 101 12 14|24 48hrs
w
B - | == == BDF1
o2 4
Z5 - H3K56ac
%'32 1 - ——— H4S1ph
%-‘E o w— = H4K12ac
ESO 0 | . | —— | H 434
4 h 4h 10h 24h 48h
Oh 4h 10h 24h 48h . O 2ch 48 p— P prp———— e T
sy DIT2 mRNA (RT-gPCR) BDF2 mRNA (RT-gPCR)
S35 c ChiP BDF1
ZE = No Ab
2 —
%z 4 2 £ 004 awr
i o
N = = bdf1a
L 1 -
2 0 0 E Bdf1 Ab
o
Oh 4h 10h 24h 48h Oh 4h 10h 24h 48h 2 9 gwr
IME2 DIT2 DED1 Guat ERbdfA
D ChIP BDF1 . E ChIP BDF1 F ChIP BDF1
0.08 L wWr 0.15
5 [lveg . [Iveg =
g 0.00 O spores g2 o1 OSpores = 0.1
2 004 2 e
- O o Spores
. Bt A § 00s Bafag  § o .
5 0 DOves. T ov T
E Hs E = eg. E [ Bdf1-Flag
2 pores S Spores S R
z IME2 DIT2 DED1 GUAT LI R P I T M Bdi2-Flag
G ChIP BDF1 H BDF1 mRNA (RT-qgPCR !
0.1 No Ab 2 i (RTq ) 0 1 2 4 hrs (Germination)
- —_— " = = = = BDF1
2 Owr 2
E DH4K-R S — H4K5ac
T 0.05 21 —— | H4K8ac
& Bdf1 Ab Z —— | H4K 1220
E awr = e Hdac4
2 BHKR 0 o= H

IME2 DIT2 DED1 GUA1 Veg Spo Germ

Figure 8. BdfI is highly expressed and enriched on acetylated chromatin in mature spores. (A) Quantifications of mRNA abundance of
IME2, DIT2, BDF1, and BDF2. Data were obtained from three independent biological replicates, and were normalized to NUP85 (see
the Materials and Methods). IME2 and DIT2 profiles confirm that the cells were sporulating synchronously. (B) Bdfl abundance and
acetylation status of H4 during sporulation analyzed by Western blot. The H3K56ac and H4S1ph pattern confirms that the cells were
sporulating synchronously. Bdfl accumulates in spores concomitantly with H4ac (quantification is presented in Supplemental Fig. 7B).
(C) Bdfl antibody is specific by ChIP. Wild-type (WT) and bdf14 cells were used to assess the specificity of Bdfl antibody by ChIP. (D)
Bdf1 is enriched on the chromatin of mature spores. ChIP was performed using the Bdfl antibody in vegetative cells before sporulation
induction (Veg.) or in mature spores (24 h after sporulation induction), and was analyzed on four different loci. (E) ChIP experiments
using a Flag antibody in Bdf1-Flag strains. Results are consistent with data for Bdf1 antibody (Fig. 7D). (F) Bdf1, but not Bdf2, is recruited
to the chromatin of mature spores. ChIP experiments were performed in Bdf1-Flag or Bdf2-Flag spores. (G) Bdf1 recruitment in mature
spores is dependent on H4 acetylation. ChIP experiments were performed in wild-type and H4K-R strains in fully mature spores. (H)
Quantification of BDF1 mRNA in vegetative cells (before sporulation induction, Veg), in fully mature spores (48 h after induction, Spo),
and during germination. The level of BDF1 mRNA is specifically enriched in fully mature spores. (I) Bdfl abundance analyzed by
Western blot during germination. The Bdfl level is reduced to vegetative levels 34 h after induction of germination. This profile is
highly similar to the decrease of acetylated H4, as detected using several antibodies. The timing of this decrease corresponds to the re-
entry into vegetative growth (Herman and Rine 1997; Joseph-Strauss et al. 2007; data not shown).

important role for Bdfl in fully mature spores. First, we
determined that the Bdf1 antibody was able to chromatin-
immunoprecipitate the protein, as the Bdfl Western
signal was lost in a bdfIA strain (Fig. 8C). The amount
of Bdf1 bound to the chromatin was then determined in
vegetative cells versus mature spores at different loca-
tions. A recent study reported that Bdf1 is enriched on the
5’end of each ORF (Koerber et al. 2009); therefore, primers
were designed on the +1 and +2 nucleosomes of a variety
of genes having typical transcription patterns (sporula-
tion- or germination-specific). We found Bdf1 enriched on

the chromatin of mature spores compared with vegeta-
tive cells (Fig. 8D). This result was confirmed using both
the Bdfl antibody (Fig. 8D) and a Flag antibody (Fig. 8E) in
the Bdf1-Flag strain (only a selection of genes is shown in
Fig. 8E). More than 15 different loci were tested, and the
enrichment of Bdfl appeared to be homogeneous and
independent of the transcription status of each gene.
Indeed, IME2 and DIT2, which are specifically expressed
during sporulation, show the same level of recruitment
as DED1 and GUAI1, genes that are slightly or greatly
induced during germination (Fig. 8A [mRNA levels], D
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[ChIP data]; Supplemental Fig. S7C,D). We then attemp-
ted to chromatin-immunoprecipitate H4Kac in fully
mature spores (48 h after induction), but were unable to
detect the modification, although we previously detected
H4ac at 11 h after induction of sporulation using ChIP
(Govin et al. 2010). We therefore hypothesize that the
high level of chromatin compaction at the late stage of
maturation may block ChIP detection of H4ac. We also
found that Bdfl, and not Bdf2, appears to have a role in
late sporulation based on findings (1) of low levels of
BDF2 mRNA levels in mature spores (Fig. 8A), and (2)
that Bdf2 was not recruited to the spore chromatin, using
ChIP of a Flag-tagged strain (Fig. 8F).

Importantly, recruitment of Bdfl to spore chromatin
was dependent on the acetylation status of H4, because
the Bdfl ChIP signal was abolished in H4K-R mutant
spores (Fig. 8G). Finally, we investigated the levels of H4ac
and Bdfl when spores return to vegetative growth; i.e., as
the spores begin to germinate. BDFI mRNA levels drop to
those detected before induction of sporulation (Fig. 8H).
Bdf1 protein levels also were reduced, and concomitantly
with the decrease of H4 acetylation. The timing of the
decrease in both H4 acetylation and Bdf1 perfectly matches
the return to growth of the cells, which divide 4 h after the
induction of germination (Herman and Rine 1997; Joseph-
Strauss et al. 2007; data not shown). Taken together, these
data provide strong evidence for a role of H4 hyperacety-
lation to recruit Bdfl to compact chromatin specifically
during late sporulation.

Discussion

The yeast S. cerevisiae has long provided a highly in-
formative model for chromatin mechanisms that are
evolutionarily conserved. In this study, we extend the
utility of the yeast model to identify numerous novel
nucleosome regions and histone H3 and H4 alterations
that underlie chromatin reorganization during sporula-
tion. These include both new patches on the surfaces
of the nucleosome and new post-translational modifica-
tions. We initially determined the sporulation efficiency
of the substitutions relative to wild-type histones in
a simple endpoint assay, and then examined the stage of
the process blocked by the substitution mutations. This
analysis identified a new meiotic modification, H3T11ph,
and shed light on a new pattern of H4 modifications dur-
ing the final stages of spore maturation. Finally, we in-
vestigated whether these modifications are conserved
through evolution to spermatogenesis, a process having
numerous features in common with sporulation, includ-
ing ortholog proteins able to read and interpret these
modifications.

Importantly, in this first large-scale mutational study,
we analyzed in detail only a small number of modifica-
tions; we note that the first three modifications addressed
for mechanism (H3T11ph and H4K5/8/12ac, along with
H4S1ph in our previous study) (Krishnamoorthy et al.
2006) are conserved during mouse spermatogenesis. Thus,
an important conclusion is that our broad analysis of yeast
sporulation will usher in further discovery of specific modi-
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fications and novel chromatin-modulating proteins that
regulate spermatogenesis.

It has been revealed in S. cerevisiae that substitutions
of single amino acids in histones do not, in general, have a
dramatic effect on mitotic growth (Dai et al. 2008; Nakanishi
et al. 2008). However, our results show that, in striking con-
trast, there are numerous single substitutions that have
significant deleterious effects on meiosis and sporulation.

We identify two surface patches on H3 and H4, each
comprising a group of substitutions that profoundly lower
sporulation efficiency. These patches are likely to provide
surfaces involved in protein interactions. The substitu-
tions in the LOS patch have a strong negative effect on
sporulation, affecting a stage following early steps, such
as induction of the master regulators Imel and Ime2, and
DNA synthesis. Our data suggest that the inflection point
follows DNA synthesis, but is before meiotic divisions.
LOS mutants do not show any mitotic defects, but cannot
complete meiosis, suggesting that the main function of
the LOS patch is meiotic-specific.

Interestingly, loss of telomere silencing has been linked to
defects in meiosis completion in Schizosaccharomyces
pombe (Nimmo et al. 1998), but no clear functional mech-
anism has been proposed. The LOS patch in H4 occurs
within a larger patch including both H3 and H4, called the
LRS region, which regulates heterochromatic silencing
of telomeres via direct interaction with the Sir3 compo-
nent of the Sir2/Sir3/Sir4 silencing complex. However, it
appears highly unlikely that the LOS phenotype is di-
rectly related to a loss of Sir3 recruitment, because some
of the key residues in H3 within the LRS region that
interact with Sir3 are not in the LOS group of residues
(Norris et al. 2008). Furthermore, a deletion of Sir3 only
delays meiosis completion, but does not greatly affect
sporulation efficiency (Trelles-Sticken et al. 2003). Taken
together, this suggests that the LOS patch involves a new
Sir3-independent pathway critical for meiosis completion.

One speculative possibility involves assembly of a telo-
meric cluster, called a bouquet, which forms at the begin-
ning of meiosis and is critical for chromosomal pairing and
successful meiotic divisions (Siderakis and Tarsounas
2007). The LOS patch could be involved in this process,
which has been shown to be independent of Sir3 (Trelles-
Sticken et al. 2003), but involves other silencing telomeric
proteins (Chikashige and Hiraoka 2001).

The second patch is within the H3 amino tail region
that interacts with the DNA emerging from the linker
region, as the DNA initially associates with the histone
octamer. This patch (the DEE) may be involved in new
nucleosome assembly following replication, since the
patch includes H3K56, and acetylation at this residue is
thought to be involved in nucleosome assembly during
both DNA replication and DNA repair. Because both
K56R (mimicking loss of acetylation) and K56Q (mim-
icking acetylation) are defective in these latter processes,
it is thought that the rapid cycling of acetylation is
important for assembly (Schneider et al. 2006; Driscoll
et al. 2007; Han et al. 2007). Since we find that only K56R
(and K56A), but not K56Q), is defective during sporula-
tion, it may be that acetylation provides a surface for



more stable association with an interacting protein,
binding of which may also be affected by the neighboring
residues in the DEE patch.

Identification of new histone modifications
during sporulation

We did not detect global alteration of many well-charac-
terized transcription-linked histone modifications during
sporulation, nor did substitution mutations in the resi-
dues affect the process (e.g., H3K4me3 and H3K9/K14ac;
H3K4A, H3K9A, or H3K14A). While we observed a mod-
est defect in sporulation efficiency of the H3K36A strain,
there was no global change in K36me levels during the
course of sporulation. One implication is that modifica-
tions that regulate transcription of the cascade of genes
during sporulation, even of the master regulators of
sporulation, do not individually have a key role, and this
includes H3K4me3 and H3 amino tail acetylations. A
second conclusion is that the modified residues that do
show a mutagenetic effect during sporulation, and that
show specific temporal patterns of modification during
sporulation, are likely to exert a broad functional role
over the genome. These likely regulate meiotic replica-
tion and/or recombination, and stages of compaction in
the post-meiotic sporulation process, as described below.

Meiotic replication and recombination Our study rep-
resents the first detailed analysis of histone post-trans-
lational modifications through the entire course of sporu-
lation, including within fully mature spores (summarized
in Fig. 9). We show one group of modifications that is
specific to meiosis. H3T11ph is emblematic of these, as it
is detected for the first time in S. cerevisiae, increases
during meiosis, and has a significant phenotype as
H3T11A substitution (Fig. 9). H3S10ph and H3K56ac
are two other modifications that increase during meiosis
(Fig. 9; Krishnamoorthy et al. 2006; Recht et al. 2006; this
study). It appears that H3T11ph is carried out by the
Mek1 kinase, since, of several nuclear kinase candidates
that are induced during the meiotic phase (Chkl, Ipll,
and Mekl), only mutation in MEKI strongly reduces
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Figure 9.

Histone marks during gametogenesis

H3T11ph. Mekl is known to regulate programmed re-
combination during meiosis, which is critical for conti-
nuity of the sporulation process and spore viability
(Rockmill and Roeder 1991; Wan et al. 2004). Prevention
of H3T11 phosphorylation by introduction of an H3T11A
mutation also decreases sporulation efficiency and spore
viability, which suggests that H3T11ph may be directly
regulating recombination downstream from Mekl.

Post-meiotic chromatin compaction We showed pre-
viously that H4S1ph increases just following the end of
meiosis, and is involved in chromosome compaction
(Fig. 9; Krishnamoorthy et al. 2006). In this study, we
found that H4K5/8/12ac increases very late in meiosis,
but, strikingly, H4K16ac does not show a similar increase
(Fig. 9). Thus, it appears that the acetylation of K5/8/12 is
involved in chromatin compaction, and H4K16ac, which,
in contrast, is able on its own to decompact chromatin in
vitro (Shogren-Knaak et al. 2006), is not similarly in-
volved in this process. It is interesting that multiply
acetylated H4 is an association surface for bromodomain
proteins during mitosis (Dey et al. 2003) and spermato-
genesis (Pivot-Pajot et al. 2003; Moriniere et al. 2009).
Indeed, Brdt is specifically expressed during spermato-
genesis, and contains two bromodomains (Moriniere
et al. 2009). Moreover, Brdt has been shown to be able
to compact acetylated chromatin (Pivot-Pajot et al. 2003;
Moriniere et al. 2009). We show that the orthologous
protein yeast Bdfl appears to have a similar role during
sporulation, to promote chromatin compaction through
its specific recruitment to spore chromatin by acetylated
histones.

Finally, an additional important conclusion from our
study is that there is evolutionary conservation of histone
post-translational modifications during the process of
gametogenesis, extending from yeast sporulation to mam-
malian spermatogenesis (Fig. 9). Here we discovered a role
of H3T11ph during meiosis, and extended these observa-
tions to meiosis during spermatogenesis; in both cases,
there is a coincidence with H3S10ph. Furthermore, we
found a remarkable late sporulation hyperacetylation of
H4 following the decline in H4S1ph, and we demonstrate

Post-meiotic differentiation
H4K5ac
H4S1ph H4K8ac
H4K12ac

> %

BRDT

Qwp @ = () >

Summary of conserved histone modifications during sporulation and spermatogenesis. Sporulation and spermatogenesis are

represented as a series of steps, including meiosis and post-meiotic differentiation. Histone marks associated with specific steps are
indicated. Bold is used to emphasize histone marks and patterns identified in the present study. Bdf1 and its ortholog Brdt are involved

in the final compaction of the chromatin.
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a similar relationship in spermatogenesis, where H4 acet-
ylation surges after H4S1ph levels fall (Fig. 9). Thus, our
study shows that systematic, discovery-based approaches
to dissect chromatin regulation during yeast sporulation
can enhance understanding of orthologous processes in
mammalian spermatogenesis.

Materials and methods

Antibodies

H3 and H3K4me3 antibodies were obtained from Abcam
(Ab1791 lot 147540 and Ab8580 lot 151301). H4ac4, H4K5ac,
H4K8ac, H4K12ac, H4K16ac, H3K56ac, and H3T1llph anti-
bodies were obtained from Millipore-Upstate Biotechnologies
(08-866 lot 31992, 07-595 lot 30417, 07-328 lot 30399, 07-32.7 lot
07-595, 07-329 lot 26818, 07-677 lot 30328, and 05-789 lot
26854). H4 and H3S10ph antibodies were obtained from Active
Motif (39269 lot 11908001 and 39274 lot 13008001). H4S1ph
was a gift from David Allis at Rockefeller, and was described
previously (Barber et al. 2004). Bdfl antibody was a gift from
Shirleen Roeder (Yale University).

Yeast strains

All strains are in the SK1 background. The yeast wild-type
diploid used for sporulation has the following genotype: MATa/
MATa leu?2::hisG/leu2::hisG trpl::hisG/trpl::hisG lys2-SK1/
Iys2-SK1 his4-N/his4-G ura3-SK1/ura3-SK1 ho::LYS2/ho::LYS2.

A histone shuffling strain was created in the SK1 background
by deletion of endogenous copies of the histone H3 and H4
genes using conventional deletion methods, creating the strain
yJG52 (MATa/MATa leu2::hisG/leu2::hisG trpl::hisG/
trpl::hisG lys2-SK1/lys2-SK1 his4-N/his4-G ura3-SK1/ura3-
SK1 ho::LYS2/ho::LYS2 hhf1-hht1::LEU2/hhf1-hht1::LEU2
hhf2-hht2::trp1::KanMX3/hhf2-hht2 ::trp1 ::KanMX3). Histone
genes are provided on plasmid pDM1 (HHF2-HHT2 CEN-ARS1
URA3). This pDM1 plasmid was replaced by pRM204 plasmid
(HHF2-HHT2 CEN-ARS1 TRP1), allowing the introduction
of desired mutations into yeast strains. Most of the mutated
plasmids were provided by Ali Shilatifard (Nakanishi et al.
2008). Other mutations were introduced using QuickChange
kit (Stratagene, 200518-5). The presence of the desired muta-
tions, as well as the disappearance of the wild-type version, was
verified by sequencing of the histone genes present in the new
yeast strains, and, where indicated, by Western blot.

Sporulation induction and spore analysis

For sporulation, diploid yeast in the SK1 background were grown
in YPA to an OD of 0.5-0.8. Growth rates were tracked for each
mutant by monitoring the ODggg. Yeast were then washed in
water, and transferred into sporulation media (K Acetate 2%) at
OD 2 and supplemented for auxotrophic amino acids. Samples
were collected at the indicated times, washed twice in water, and
stored at —80°C. Sporulation efficiency was typically assessed
after 24 h of induction. Sporulation efficiency is defined by the
number of original cells that formed tetrads, and is usually >98 %
in a wild-type SK1 background.

Whole-cell extracts and Western blots were performed as
described previously (Krishnamoorthy et al. 2006). Quantifica-
tion of Western blot images was performed using two to three
biological independent replicates, depending on the time points,
even in cases in which images from only one replicate are shown.
Measurements of the spore nuclei were performed as described
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previously (Krishnamoorthy et al. 2006). t-tests were performed
to determine statistical significance.

mRNA quantification

RNA was purified using Qiagen RN Aeasy Purification kit accord-
ing to the manufacturer’s instructions. RT was performed using
TagMan Reverse Transcription (ABI). cDNA were quantified using
standard procedures on a 7900HT Fast-Real-Time PCR (ABI).
During sporulation, cDNA levels were normalized to NUPS85,
whose mRNA levels appear to be constant in three independent
genome-wide transcriptome analyses (Chu et al. 1998; Primig
et al. 2000; Friedlander et al. 2006). During germination (Fig.
8H; Supplemental Fig. 7CD), cDNA levels were normalized
to a combination of three different genes—MEF1, SVP26, and
ATP10—whose mRNA levels appear to be constant in a genome-
wide transcriptome analysis carried out during germination
(Joseph-Strauss et al. 2007) using Genorm (Vandesompele et al.
2002). Primers are presented in Supplemental Table 3. Three to
four independent biological replicates were analyzed.

ChIP

ChIP analyses were performed as described (Govin et al. 2010).
The only minor difference is that cross-linking was done with
1% EGS for 15 min, and then 1% formaldehyde for 10 min before
quenching for 5 min with 125 mM glycine.

Mouse spermatogenesis

Immunofluorescence and immunohistochemistry Immunofluo-
rescence experiments were performed on germ cells from staged
microdissected tubules, which were prepared as described by
Kotaja et al. (2004). The detailed protocol for immunofluorescence
was described (Govin et al. 2007). The protocol of immunohisto-
chemistry experiments on testis paraffin sections was described
(Faure et al. 2003).

Cell fractionation and analysis Cells were fractioned on a 2%—
4% BSA gradient, and were analyzed as described previously
(Pivot-Pajot et al. 2003).
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