
1328 Research Article

Introduction
Meiosis, a special cell division by which diploid organisms halve
their chromosome number prior to sexual reproduction, is essential
to maintain the ploidy of individuals from generation to generation.
One key feature of meiosis is the physical exchange of genetic
material between each pair of homologous chromosomes, known
as meiotic recombination. One type of exchange, crossing over,
contributes both to the generation of genetic diversity and to the
proper segregation of homologous chromosomes during the first
meiotic division (Petronczki et al., 2003).

Meiotic recombination is initiated by programmed DNA double-
strand breaks (DSBs), which are made by a conserved
topoisomerase-like protein Spo11 (Rec12 in fission yeast) (Keeney,
2008). How Spo11 or Rec12 is loaded onto recombination sites
and is activated to form DSBs is poorly understood, although
additional (accessory) proteins essential for DSB formation and
recombination are present in numerous species, including budding
and fission yeasts, flies, worms, plants and mice (Liu et al., 2002;
Libby et al., 2003; Reddy and Villeneuve, 2004; Reinholdt and
Schimenti, 2005; Cromie and Smith, 2008; Keeney, 2008; De
Muyt et al., 2009; Cole et al., 2010; Kumar et al., 2010). The
picture is clearest in budding yeast where systematic physical
interactions, chromosome localization and chromatin-association
requirements of these accessory proteins have been studied (Jiao
et al., 2003; Arora et al., 2004; Kee et al., 2004; Li et al., 2006;
Maleki et al., 2007). These studies suggest that, rather than forming

a single holoenzyme, accessory proteins are organized into
different sub-complexes with different genetic dependencies for
protein–protein and protein–chromosome interactions: the
conserved MRX complex [Mre11–Rad50–Xrs2 in budding yeast
or MRN (Mre11–Rad50–Nbs1) in other species], the Rec114–
Mei4–Mer2 complex, the Rec102–Rec104 complex, and Ski8–
Spo11. Although the MRX complex is required for formation of
DSBs in budding yeast (Cao et al., 1990), its homolog MRN is
not required in other species, such as fission yeast, Coprinus,
Tetrahymena, Drosophila and Arabidopsis (Puizina et al., 2004;
Young et al., 2004; Mehrotra and McKim, 2006; Acharya et al.,
2008; Lukaszewicz et al., 2010).

Based on studies in budding yeast, complex interactions of the
Spo11 accessory proteins have emerged. Ski8 is a conserved
cytoplasmic protein involved in RNA metabolism, which associates
with chromosomes only during meiosis in a Spo11-dependent
manner. It has been proposed that Ski8 functions as a bridge that
connects Spo11 to the Rec102–Rec104 subcomplex (Arora et al.,
2004). Ski8 is required for Spo11 binding to chromatin and, after
binding Spo11, also for loading Rec102 (and presumably Rec104)
onto chromatin (Arora et al., 2004; Kee et al., 2004). Rec102 and
Rec104 are essential for Spo11 self-oligomerization and association
with recombination hotspots (Prieler et al., 2005; Sasanuma et al.,
2007). Rec114 might function independently, because it is not
required for Spo11 oligomerization but is for recruitment of Spo11
to DSB hotspots (Prieler et al., 2005; Sasanuma et al., 2007).
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However, this function of Rec114 is not shared by Mei4 and Mer2,
indicating that the Rec114–Mei4–Mer2 complex is not a functional
unit (Prieler et al., 2005; Sasanuma et al., 2007). Indeed, Rec114
chromosome localization is independent of any other DSB protein
(Li et al., 2006; Maleki et al., 2007). Mer2 has a crucial role in
connecting DSB formation to meiotic progression (Henderson et
al., 2006; Sasanuma et al., 2008; Wan et al., 2008). Mer2 is
phosphorylated by S-phase CDK (cyclin-dependent kinase) and
DDK (Dbf4-dependent kinase) activities, and phosphorylation of
Mer2 is essential for its interaction with Rec114, association of
Spo11 with hotspots, and DSB formation. In summary, the
accessory proteins have several essential roles in DSB formation
by Spo11.

In the fission yeast Schizosaccharomyces pombe, in addition to
Rec12, seven proteins – Rec6, Rec7, Rec10, Rec14, Rec15, Rec24
and Mde2 – are essential for DSB formation based on genetic data
and physical analysis of meiotic DSBs (Ponticelli and Smith, 1989;
DeVeaux et al., 1992; Cervantes et al., 2000; Young et al., 2002;
Ellermeier and Smith, 2005; Gregan et al., 2005; Martin-Castellanos
et al., 2005). Except for Spo11 (mainly its domains involved in
catalytic activity), there is little conservation of amino acid
sequences between budding and fission yeast accessory proteins
(Keeney, 2001; Keeney, 2008; Cromie and Smith, 2008), and only
two of them show obvious homology. Budding yeast Ski8 and
fission yeast Rec14 (26% amino acid identity) have a common
structure containing WD repeats and a mitotic function (Evans et
al., 1997). However, the role of Ski8 and Rec14 in recombination
is not universally conserved (Jolivet et al., 2006). In addition, there
is limited amino acid sequence homology (9% amino acid identity)
between budding yeast Rec114 and fission yeast Rec7 (Malone et
al., 1997; Molnar et al., 2001; Maleki et al., 2007; Steiner et al.,
2010). The general lack of obvious conservation among accessory
proteins is observed even in very closely related species of
Saccharomyces, apparently reflecting the rapid evolution of proteins
involved in DSB formation (Henderson et al., 2006; Maleki et al.,
2007; Keeney, 2008).

Little is known about accessory proteins in species other than
budding yeast, including fission yeast. Among the fission yeast
accessory proteins, the localization of only Rec7 has been reported.
During meiotic prophase, Rec7 forms nuclear foci that localize to
linear elements (LinEs, related to the lateral elements of the
synaptonemal complex of other eukaryotes), and the number of
foci corresponds well with the average number of crossovers per
meiosis (Molnar et al., 2001; Lorenz et al., 2006). Localization of
Rec7 depends on Rec10 (a major linear element component), but
is independent of Rec12, indicating that Rec7 is loaded onto LinEs
before DSB formation (Lorenz et al., 2006). A recent study has
started to reveal physical interactions among the accessory proteins
and identified interaction domains between Rec7 and Rec24, and
between Rec12 and Rec14 (Steiner et al., 2010). Interestingly, the
association of Rec12 with the ura4A hotspot depends on Rec14
(Ludin et al., 2008).

Here, we confirm that Rec24 is indeed a novel accessory protein
required for Rec12 activity, and we demonstrate that Rec24
functionally interacts with Rec7. We propose a model in which
Rec24 marks potential recombination sites on LinEs and in which
Rec7 stabilizes this association and, therefore, regulates the loading
or activation of Rec12. Recently, Rec24 has been reported to be an
ortholog of Mei4 in mice and budding yeast (Kumar et al., 2010),
suggesting that the interactions we report here may be widely
conserved among eukaryotes (Cole et al., 2010).
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Results
Rec24 is not required for formation of LinEs
In a functional screening, we identified three genes, rec24, rec25
and rec27, that are required for meiotic recombination (Martin-
Castellanos et al., 2005). Meiotic recombination in rec25� and
rec27� mutants is reduced by factors of ~2 to 140, depending on
the interval assayed, but is abolished in rec24� mutants in the few
intervals tested. The strong reduction of recombination in rec24�
mutants is nearly indistinguishable from that in mutants lacking
Rec12 or its accessory proteins (Davis and Smith, 2001; Cromie
and Smith, 2008) (see below).

The recombination defect in rec25� and rec27� mutants might
be explained by the absence of LinE formation in these mutants
(Davis et al., 2008). However, formation of LinE occurs in rec12�
and previously tested accessory protein mutants (Molnar et al.,
2003; Lorenz et al., 2004; Lorenz et al., 2006; Davis et al., 2008).
Therefore, we addressed whether Rec24 has a role in LinE
formation, using the major LinE component Rec10 as a marker
(Lorenz et al., 2004). LinE formation was analyzed by Rec10
immunostaining of chromosome spreads prepared at different times
(3 and 3.5 hours) during prophase in pat1-114 synchronous meiosis.
The rec12� mutant was used as a negative control, and the rec8�
mutant was used as an additional control because LinE formation
is impaired in cohesin mutants (Molnar et al., 1995; Lorenz et al.,
2004; Davis et al., 2008). Morphologically similar LinEs were
observed with similar frequencies in wild-type, rec24� and rec12�
mutants at the two time points analyzed (Fig. 1 shows data for 3
hours after meiotic induction; comparable unpublished data were
obtained at 3.5 hours after meiotic induction). Therefore, as reported
for Rec12 accessory proteins, Rec24 is not required for LinE
formation, suggesting that Rec24 functions after these structures
are formed.

Fig. 1. LinEs are formed normally in rec24 mutants. Diploid pat1-114
cells with the indicated deletions (strains CMC7, CMC40, CMC36 and
CMC15) were induced for meiosis, and after 3 hours (prophase), cells were
collected for nuclear spread preparation. Spreads were stained with DAPI
(DNA; blue) and anti-Rec10 antibodies (red), and photographed under a
fluorescence microscope. The fraction of nuclei with Rec10 structures (LinEs)
is indicated (n100 nuclei). Similar results were obtained with chromosome
spreads prepared at 3.5 hours after induction and in an independent experiment
(unpublished data).
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Rec24 is essential for DSB formation and crossing over
To explore further a possible role for Rec24 in DSB formation, we
tested the genetic interaction between rec24� and rad32�. Rad32
(the ortholog of Mre11 in other species) is part of the evolutionarily
conserved MRN (Mre11–Rad50–Nbs1) nuclease complex that is
required for DSB repair (Tavassoli et al., 1995; Young et al., 2004;
Milman et al., 2009; Rothenberg et al., 2009). rad32� mutants
exhibit a very low viable-spore yield (~10–3 of the wild-type yield)
that is partially suppressed when DSB formation is abolished (Young
et al., 2004; Ellermeier and Smith, 2005). Therefore, we analyzed
whether rec24� can suppress the rad32� mutant phenotype. The
viable-spore yield of rad32� rec24� double mutants was ~40 times
higher than that of rad32� single mutants (Table 1A). This
suppression is similar to that reported for rec12� and mutants
lacking Rec6, another putative Rec12 accessory protein (Young et
al., 2004; Ellermeier and Smith, 2005). A similar strong suppression
of rad32� is not observed for rec8� or rec11� mutants, which lack
sister chromatid cohesion and retain low levels of DSBs (Ellermeier
and Smith, 2005). These genetic data are consistent with the lack
of detectable DSBs by physical analysis at the two hotspots tested
(mbs1 and ade6-3049) (Martin-Castellanos et al., 2005), suggesting
that Rec24 is part of a complex with Rec12 and essential for meiotic
DSB formation throughout the genome.

As expected from this conclusion, crossing over was strongly
reduced in rec24� mutants. Using the sty1 and ade4 markers
located near each end of Chromosome I, the longest in S. pombe,
we observed only 5.5% recombinants, equivalent to 6.0 cM (Table
1B). These markers segregate at random in the wild type and are
calculated to be ~900 cM apart based on their physical distance
(5.2 Mb) and the average rate of recombination across the S.
pombe genome, 0.17 cM/kb (Young et al., 2002). Each marker
segregated at random with leu1, a marker on Chromosome II, in
both the wild type and rec24�, as expected for physically unlinked
markers. The reduction of crossing over by a factor of ~150 in
rec24� is similar to that in rec12� (Davis and Smith, 2003; Martin-
Castellanos et al., 2005). Collectively, these data indicate that
Rec24 is strongly required, and perhaps essential, for meiotic DSB
formation.
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Rec24 localizes to LinEs during meiotic prophase
Because localization of Rec12 accessory proteins has been little
studied in fission yeast, we determined the localization of Rec24
during meiotic prophase using a GFP-tagged version. Rec24–
GFP fusion protein retains most of its activity, as shown by the
production of normal asci (unpublished data) and nearly wild-
type levels of recombination (supplementary material Table S1).
In addition, Rec24–GFP protein is meiosis specific, as expected
from the meiotic induction of rec24 transcripts (Mata et al.,

Table 1. Loss of Rec24 abolishes DNA breakage: genetic evidence from suppression of rad32� and strong reduction of crossing
over

A
Relevant genotype Viable-spore yielda % relative to rec+b Ade+/106 viable sporesc

rec+ (GP13 � GP24) 3.13±0.75 100 3800±600
rec24� (GP5632 � GP5635) 0.90±0.11 29 1.6±0.4
rad32� (GP2216 � GP4145) 0.0033±0.00025 0.11 ND
rec24� rad32� (GP5863 � GP5865) 0.13±0.01 4.2 ND

B
Markers segregating (Chr. arm)d rec+e (n208) GP3533 � GP3535 rec24�e (n586) GP5597 � GP5602

spc1 (IL), ade4 (IR) 110 (53%)f 33 (5.5%, 6.0 cM)
ade4 (IR), leu1 (IIL) 113 (54%) 311 (53%)
spc1 (IL), leu1 (IIL) 118 (57%) 302 (52%)

aData are the number (mean ± s.e.m.; nfour crosses) of viable spores per viable cell (of the less numerous parent) in the mating mixture. Strains used in the
crosses are indicated in parentheses.

b Viable-spore yield relative to wt.
c Data are the titer of Ade+ viable spores divided by the titer of total viable spores. The parents bore ade6-M26 and ade6-52.
dspc1 and ade4 are about 5.2 Mb apart, near the ends of Chr. I. leu1 is near the middle of Chr. II.
eData are the number of non-parental type spore colonies among the number analyzed (in parentheses). Strains used in the crosses are indicated.
fspc1 and ade4 are separated by ~900 cM, based on the physical distance between them and the genome average of 0.17 cM/kb (Young et al., 2002). See Davis

and Smith (Davis and Smith, 2003) for additional data.
ND, too few viable spores for determination.

Fig. 2. Rec24–GFP localizes to LinEs. Diploid pat1-114 rec24-GFP cells
(strains CMC197) were induced for meiosis and collected during prophase for
nuclear spread preparation. Spreads were stained with DAPI (DNA; blue),
anti-GFP antibodies (Rec24–GFP; green) and anti-Rec10 antibodies (red) and
photographed under a fluorescence microscope. Rec24–GFP signal was
maximal at the time shown (3 hours). Similar results were obtained in two
independent experiments. Rec24–GFP signal quantification at 2.5, 3 and 3.5
hours after meiotic induction for one time course is shown in Table 2.
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2002) (supplementary material Fig. S1). Chromosome spreads
were prepared during prophase of synchronous meiosis and double
stained with anti-GFP and anti-Rec10 antibodies to visualize
LinEs. Rec24–GFP showed specific chromosome localization
during prophase with a dotted signal that colocalized with Rec10
(Fig. 2 and Table 2). Rec24–GFP appeared after LinE formation
was initiated. At 1.5 hours after meiotic induction, only 16% of
nuclei showed a weak Rec10 signal (mainly two dots per nucleus),
and none of the Rec10-positive or Rec10-negative nuclei were
positive for Rec24–GFP; at 2 hours the proportion of Rec10-
positive nuclei rose to 80% (with more dots per nucleus and
poorly elongated structures), none of the Rec10-negative nuclei
showed Rec24–GFP signal, and only 37% of the Rec10-positive
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nuclei showed very few Rec24–GFP foci. These few foci were
equally frequent in dotted or poorly elongated Rec10 signals.
Rec24–GFP foci increased concomitantly with LinE development:
focus number substantially increased at 2.5 hours (mean 6.3±3
foci per nucleus) (Table 2), when most of the nuclei showed
clearly elongated Rec10 signals of different length (LinEs), and
it was maximal at 3 hours after meiotic induction (mean 7.9±3
foci per nucleus) (Table 2), when all the nuclei showed LinEs
(morphologically similar to those at 2.5 hours). There was no
clear correlation between the length of a LinE and the presence
of Rec24–GFP foci at either 2.5 or 3 hours. In both cases, foci
were found on shorter and longer LinEs, and in single nuclei
most of the LinEs, independently of their length, often contained

Table 2. Rec24 foci colocalize with Rec10, and full levels require Rec10 and Rec7 but not Rec12

Strain rec+ CMC197 rec10� CMC287 rec12� CMC291 rec7� CMC304
Meiotic induction time 2.5 hours 3 hours 3.5 hours 3 hours 3 hours 3 hours

Rec24 foci/nucleusa 6.3±3 (44) 7.9±3 (68) 4.6±2.4 (65) 1.2±1.3b (44) 7.5±3 (112) 2.1±1.7 (98) 
Range 1–12 2–16 1–10 0–6 1–15 0–6
Mode 7 6 3 0, 1 7 1
Rec24 and Rec10 colocalization (%)c 89 89 72 2d 93 76
Nuclei with LinEs (%)e 96 (46) 100 (68) 69 (94) 0 (44) 100 (112) 95 (103)
P valuef 0.007* 0.001* <0.001** 0.43** <0.001**

aData are the mean number (± s.d.) of GFP foci among Rec10-positive nuclei (n in parentheses), except for rec10� in which no Rec10 signal is present. 
bHalf of the foci were faint. 
cThe percentage of Rec24-GFP foci coincident with Rec10 signal. 
dBackground colocalization with spurious dots. 
eThe percentage of nuclei with Rec10 signal. Number of nuclei scored in parentheses. 
fProbability, based on Student’s t-test, that the number of Rec24 foci per nucleus differs from that of the same strain at 2.5 hours (*), or from that of the control

(rec+) strain at the same induction time (**). 

Fig. 3. Genetic requirements for Rec24–GFP chromosome
recruitment. Diploid pat1-114 rec24-GFP cells with the
indicated deletions (strains CMC197, CMC287, CMC291
and CMC304) were induced for meiosis and collected 3
hours later (prophase) for nuclear spread preparation. Spreads
were stained with DAPI (DNA; blue), anti-GFP antibodies
(Rec24–GFP; green) and anti-Rec10 antibodies (red) and
photographed under a fluorescence microscope. Rec24–GFP
signal quantification is shown in Table 2. Rec24–GFP
chromosome localization depends on Rec10 (second row) but
not on Rec12 (third row). Similar results were obtained with
2.5 hour chromosome spreads of the same meiotic induction
(unpublished data). Efficient Rec24–GFP chromosome
localization depends on Rec7 (bottom row; see also Fig. 4).
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Rec24–GFP foci (see Fig. 2 for examples of chromosome spreads
at 3 hours). Rec24–GFP foci decreased in number (mean 4.6±2.4
foci per nucleus) (Table 2) and intensity at 3.5 hours after meiotic
induction, when the proportion of nuclei with LinEs dropped,
indicating that they were disassembling. At the time of maximal
chromosome localization, strings of Rec24–GFP foci covering
LinEs were often observed (Figs 2, 3 and 4). These foci frequently
acquired a smeared and elongated shape (Figs 2, 3 and 4). These
cytological data show that Rec24 localizes to LinEs during meiotic
prophase, when formation of DSBs is known to take place
(Cervantes et al., 2000).

Localization of Rec24 requires formation of LinEs but not
DSBs
We determined the requirements for localization of Rec24, because
it was possible that Rec24 loading onto chromosomes was
dependent on LinE formation and independent of DSB formation,
as reported for Rec7 (Lorenz et al., 2006). The formation of LinEs
in rec24� mutants supports this hypothesis (Fig. 1). Therefore, we
studied the chromosome loading of Rec24–GFP in rec10� and
rec12� mutants, in which no LinEs and no detectable DSBs are
formed, respectively (Cervantes et al., 2000; Young et al., 2002;
Molnar et al., 2003; Davis et al., 2008). First, we analyzed Rec24–
GFP localization at 3 hours after meiotic induction, the time of
maximal loading. As shown in Fig. 3, Rec24–GFP loading onto
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chromosomes was strongly impaired in rec10� but not in rec12�
mutants. The number of Rec24–GFP foci in the rec12� mutant
(mean 7.5±3 foci per nucleus) was similar to that in the wild type
(mean 7.9±3 foci per nucleus), whereas most of the Rec24–GFP
signal was lost in the rec10� mutant (mean 1.2±1.3 foci per
nucleus) (see Table 2 for quantification). Similar data were obtained
at an earlier time point, 2.5 hours after induction (unpublished
data). The lack of Rec24–GFP from the meiotic chromosomes in
the rec10� mutant is not explained by the absence of the protein,
because it was expressed normally during the time course as shown
by western blot (supplementary material Fig. S1). Therefore,
Rec24–GFP chromosome localization is independent of DSB
formation and requires formation of LinEs.

Efficient chromosomal localization of Rec24 requires the
Rec12 accessory protein Rec7
Because Rec24 exhibits a localization pattern and genetic
requirements for chromosome loading that are similar to those of
Rec7, we explored the relationship between the two proteins. Thus,
we analyzed localization of Rec24–GFP in the absence of Rec7 at
3 hours after meiotic induction. The loading of Rec24–GFP was
dramatically reduced in rec7� mutants (mean 2.1±1.7 foci per
nucleus) compared with the wild type (mean 7.9±3 foci per nucleus)
(Fig. 3 and Table 2), although Rec24–GFP protein was expressed
normally in rec7� meiosis (supplementary material Fig. S1). In
addition, the foci remaining in rec7� were less intense and more
rounded than the smeared and elongated shape of wild-type foci.
However, some Rec24–GFP was still specifically present on LinEs.
These data suggest that Rec7 is required for the loading or the
stabilization of Rec24–GFP on linear elements.

To distinguish between these two possibilities, we analyzed the
chromosome recruitment of Rec24–GFP at an earlier time point.
The defect in Rec24–GFP loading in the rec7� mutant was less
severe at 2.5 hours than at 3 hours after meiotic induction (Fig. 4).
Nuclei with several Rec24–GFP foci aligned onto LinEs were
frequently observed (Fig. 4A). Some elongated foci were also
visible, although foci tended to be more rounded and less intense
than wild-type foci. In addition, the mean and the range of foci
were greater (mean 3±2.2 foci per nucleus in a range from 0–10
foci, Table 3) than the distribution observed at 3 hours (2.1±1.7
foci per nucleus in a range from 0–6 foci, Table 2). Moreover, the
difference in foci number compared with the wild-type control was
reduced at 2.5 hours (mean 5.9±2.5 foci per nucleus) (Table 3).

Fig. 4. Maintenance of Rec24–GFP on LinEs requires Rec7. (A)Stains of
spreads prepared 2.5 hours after the induction in Fig. 3. Spreads were stained
with DAPI (DNA; blue), anti-GFP antibodies (Rec24–GFP; green) and anti-
Rec10 antibodies (red) and photographed under a fluorescence microscope.
Rec24–GFP signal quantification is shown in Table 3. (B)Distribution of the
number of Rec24–GFP foci at 2.5 and 3 hours after meiotic induction in the
wild type and rec7 mutants. Data from quantifications shown in Tables 2 and
3 are the percentage of Rec10-positive nuclei with the indicated number of
Rec24–GFP foci. The number of nuclei analyzed were 65 and 121 at 2.5 hours
and 68 and 98 at 3 hours, for wild-type and rec7 strains, respectively.

Table 3. Rec24-GFP chromosome-loading deficiency in rec7�
is less severe early in meiosis

Strain rec+ CMC197 rec7� CMC304

Meiotic induction time 2.5 hours 2.5 hours
Rec24 foci /nucleusa 5.9±2.5 (65) 3±2.2 (121)
Range 1–13 0–10
Mode 6 0
Rec24 and Rec10 colocalization (%)b 86 88
Nuclei with LinEs (%)c 96 (111) 98 (129)
P valued <0.001

a Data are the mean number (± s.d.) of GFP foci among Rec10-positive
nuclei (n in parentheses).

bThe percentage of Rec24-GFP foci coincident with Rec10 signal.
cThe percentage of nuclei with Rec10 signal. Number of nuclei scored in

parentheses.
dProbability, based on Student’s t-test, that the number of Rec24 foci per

nucleus differs from that of the control strain.
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When depicted as a distribution of the number of foci per nucleus
(Fig. 4B), the difference between the wild-type and rec7�
distributions was more evident at 3 hours than at 2.5 hours.
Although the percentage of nuclei with a larger number of foci
increased with time in the wild-type control, indicating increased
loading, the percentage of nuclei with a larger number of foci
decreased in the rec7� mutant. Thus, at 2.5 hours, the percentage
of nuclei with more than four foci was 85% in the control and 42%
in rec7� mutant; however, at 3 hours, the percentage increased in
the control to 93% and decreased in rec7� to 16%, suggesting that
some of the signal observed at 2.5 hours in rec7� was lost at the
later time point. Therefore, Rec7 seems to be required for the
stabilization of Rec24 on meiotic chromosomes.

Rec7 is required for efficient chromatin association of
Rec24
We studied in more detail the role of Rec7 by cellular fractionation
to follow the subcellular distribution of Rec24–GFP in the wild
type and rec7� mutants. Cells collected during meiotic prophase
at 3 hours after meiotic induction were treated with zymolyase for
cell wall permeabilization, subjected to a hypotonic lysis (whole
cell extract, WCE), and separated into cytoplasmic (SB1) and
nuclear fractions (PP1) by centrifugation through a sucrose cushion.
The nuclear fraction was washed with detergent (1% Triton X-100)
for solubilization of nucleoplasm proteins, and centrifuged to
collect the soluble fraction (SB2) and the nuclear-insoluble fraction
(PP2). This nuclear fraction resistant to detergent extraction was
gently sonicated for further solubilization and separation of the
soluble fraction (SB3) from the highly insoluble fraction (PP3). To
follow the behavior of a chromatin-binding protein during the
fractionation, we introduced a heterozygous mei4–GFP allele into
the experimental diploid strains. Mei4 is a highly induced, meiosis-
specific transcription factor that is essential for the induction of
genes required for DSB formation and entry into meiosis I (Abe
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and Shimoda, 2000; Gregan et al., 2005). At 3 hours after meiotic
induction, Mei4–GFP was specifically detected in the nuclear
fractions PP1 and PP2, but was solubilized by sonication (SB3)
(Fig. 5).

Rec24–GFP showed a behavior similar to that of Mei4–GFP in
the control strain, although a small fraction of Rec24–GFP was
detected in SB1 (cytoplasmic fraction) (Fig. 5, upper panels).
However, whereas Mei4–GFP did not change its localization in the
rec7 mutant and was present only in the pellets PP1 and PP2,
Rec24–GFP protein increased in SB1 and more importantly in SB2
(nucleoplasm fraction) (Fig. 5, lower panels). These data, along
with the cytological data described above, support the idea that
Rec7 is required for efficient association of Rec24–GFP with the
nuclear fraction. This fraction contains the transcription factor
Mei4–GFP and is highly resistant to detergent extraction.

Rec24 is essential for Rec7 recruitment to chromosomes
Our data suggest that Rec24 is loaded onto meiotic chromosomes
before Rec7 and that the interaction with Rec7 stabilizes this
loading. Therefore, we analyzed the chromosome association of
Rec7–GFP in rec24 mutants. Chromosome spreads prepared at
different times (2.5 and 3 hours) during prophase in rec7–GFP
synchronous meiosis were double stained with anti-Rec10 antibodies
to visualize LinEs and anti-GFP antibodies for detection of Rec7–
GFP foci (Lorenz et al., 2006). In addition to rec24, rec12�
mutants were used as a control, because Rec7–GFP loading is
independent of DSB formation (Lorenz et al., 2006). No substantial
loading of Rec7–GFP was detected in rec24� mutants at 3 hours
after meiotic induction (Fig. 6), and few nuclei (~14%, n72) with
a single GFP focus, in most cases very weak, that localized (~7%)
or not (~7%) to LinEs were observed. However, foci were present
in the wild type and rec12 mutants (see supplementary material
Fig. S2A for distribution of Rec7–GFP foci in the wild-type strain).
Similarly, no loading was observed at an earlier time point, 2.5
hours after meiotic induction (unpublished data). Thus, Rec24 but
not Rec12 is crucial for loading of Rec7 onto meiotic chromosomes.
This result, plus the ability of Rec24 to load in the absence of Rec7,
is consistent with the idea that Rec7 is loaded after Rec24.

Rec24 and Rec7 physically interact during meiotic
prophase
Given the above results, which point to a functional relationship
between Rec24 and Rec7, we next addressed a possible physical
interaction between these proteins, using functional Rec24–HA
and Rec7–GFP tagged versions (Molnar et al., 2001)
(supplementary material Table S1). Exponentially growing cells
and cells at 3 hours after meiotic induction were collected, and
native protein extracts were immunoprecipitated with anti-GFP
antibodies (Fig. 7). Rec7–GFP in the immunoprecipitate was tested
by anti-GFP western blot. A band corresponding to Rec7–GFP was
detected in the double-tagged cells, but not in extracts from
exponentially growing or untagged control cells at the same meiotic
time point (Fig. 7, WB1). The same blot was then assayed for
Rec24–HA with anti-HA antibody, and a specific band was detected
only during meiotic prophase in extracts from the double-tagged
cells (Fig. 7, WB2). Thus, Rec24 and Rec7 physically interact
during meiotic prophase.

Discussion
Although the role of Spo11 and Rec12 in DSB formation is
evolutionarily conserved, the regulation of its DSB-forming activity

Fig. 5. Rec24–GFP is less efficiently bound to the nuclear fraction in rec7
mutants. Diploids pat1-114 rec24-GFP and pat1-114 rec24-GFP rec7
carrying mei4-GFP in heterozygosis (strains CMC417 and CMC416) were
induced for meiosis and collected after 3 hours for cellular fractionation.
Scheme of the fractionation is shown in the upper part of the figure. The
distribution of Rec24–GFP and Mei4–GFP was followed by western blot with
anti-GFP antibodies. Mei4–GFP illustrates the distribution of a meiosis-
specific transcription factor. Each lane contains equal extract equivalents (5%
of the WCE).
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is poorly understood. In addition to Spo11 (or Rec12) several
proteins essential for DSB formation and recombination are present
in numerous species, including budding and fission yeasts, flies,
worms, plants and mice (Liu et al., 2002; Libby et al., 2003; Reddy
and Villeneuve, 2004; Reinholdt and Schimenti, 2005; Cromie and
Smith, 2008; Keeney, 2008; De Muyt et al., 2009; Cole et al.,
2010; Kumar et al., 2010); however, these accessory proteins show
very limited amino acid sequence similarity (see Introduction).
Therefore, to better understand the regulation of Spo11 and Rec12
activity, we need to understand how these accessory proteins
function and relate to each other, most readily done in the two
experimentally tractable yeasts. Functional relationships might help
to illuminate common regulatory mechanisms in other species,
despite the limited amino acid conservation of the proteins.

Rec24 is a bona fide Rec12 accessory protein
In fission yeast, seven proteins can be considered as Rec12
accessory proteins based on genetic data and physical analysis of
DSBs. Rec6, Rec7, Rec10, Rec14, Rec15, Rec24 and Mde2 are all
essential for meiotic DSB formation and recombination (Ponticelli
and Smith, 1989; DeVeaux et al., 1992; Cervantes et al., 2000;
Young et al., 2002; Ellermeier and Smith, 2005; Gregan et al.,
2005; Martin-Castellanos et al., 2005) (Table 1). In addition, LinEs
have been analyzed in rec6, rec7, rec14 and rec15 mutants and, in
agreement with the idea that formation of LinEs is independent of
DSB formation, these structures are formed in all of these mutants
(Molnar et al., 2003; Lorenz et al., 2004; Lorenz et al., 2006).
However, very little is known about the accessory proteins (e.g.
their localization) or the functional and physical relationships
among them. An exception to this is Rec7, the only Rec12 accessory
protein whose meiotic localization has been reported (Molnar et
al., 2001; Lorenz et al., 2006).
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Here, we confirm that Rec24 is indeed a Rec12 accessory
protein. Rec24 is essential for DSB formation, as assayed by
physical analysis at several DSB hotspots, and recombination
(Martin-Castellanos et al., 2005) (Table 1). Moreover, rec24
mutants suppress the low viable-spore yield of rad32 to the same
extent as rec6, rec10 and rec12, indicating that indeed Rec24
is required for most, and probably all, DSB formation (Table 1)
(Young et al., 2004; Ellermeier and Smith, 2005). By contrast,
cohesin mutants rec8� and rec11� do not suppress rad32�,

Fig. 6. Rec7–GFP does not localize to LinEs in rec24
mutants. Diploid pat1-114 rec7-GFP cells with the
indicated deletions (strains CMC271, CMC272 and
CMC273) were induced for meiosis and collected in
prophase for nuclear spread preparation. Spreads were
stained with DAPI (DNA; blue), anti-GFP antibodies
(Rec7–GFP; green) and anti-Rec10 antibodies (red) and
photographed under a fluorescence microscope. Stains of
chromosome spreads at 3 hours after meiotic induction are
shown. No substantial loading was detected in 257 rec24
nuclei. Similar results were obtained with 2.5 hour spreads
and in an independent experiment (unpublished data).

Fig. 7. Rec24–HA and Rec7–GFP physically interact during prophase.
Diploid pat1-114 and pat1-114 rec7-GFP rec24-HA cells (strains CMC7 and
CMC302) were induced for meiosis and collected in prophase after 3 hours.
Double-tagged cells were also collected before meiotic induction as a control
for the specificity of the immunoprecipitation. Native protein extracts were
immunoprecipitated with anti-GFP polyclonal antibodies and analyzed by
western blot using first anti-GFP monoclonal antibodies (WB1, anti-GFP). The
lower bands correspond to heavy chains of the antibodies used for
immunoprecipitation. The same blot was then analyzed with anti-HA
monoclonal antibodies (WB2, anti-HA). Total TCA extract of the double-
tagged strain at 3 hours after meiotic induction was loaded in the same gel to
show position of Rec7–GFP and Rec24–HA proteins (right lane).
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probably because rec8� and rec11� retain residual DSB formation
(Ellermeier and Smith, 2005). Also, unlike Rec8 and Rec11, Rec24
is not required for LinE formation, as reported for other Rec12
accessory proteins (Molnar et al., 2003; Lorenz et al., 2004; Lorenz
et al., 2006) (Fig. 1). Thus, the accessory proteins appear to be
essential for meiotic recombination and DSB formation throughout
the genome, whereas cohesins stimulate recombination in a region-
specific fashion (Ellermeier and Smith, 2005).

Similarly to the accessory protein Rec7, Rec24–GFP localizes
to LinEs during meiotic prophase in a spotted and oval pattern
with extensive colocalization with Rec10 (LinEs) (Figs 2, 3 and 4;
Tables 2 and 3). Rec24–GFP appears after LinE formation is
initiated and disappears when LinEs start to disassemble
(unpublished data and Table 2). In addition, the genetic
requirements for localization of Rec24–GFP are similar to those
for Rec7 (Lorenz et al., 2006). Rec24–GFP focus formation requires
LinE formation, because foci are absent in rec10 mutants, but is
independent of DSB formation, because normal foci are found in
rec12 mutants (Fig. 3). Therefore, Rec7 and Rec24 might be
recruited to the same location on LinEs before DSB formation.
Supporting this idea, both proteins form complexes in vivo (Fig.
7). This interaction has also been recently reported, using both
two-hybrid assays and co-immunoprecipation experiments, as
shown here (Steiner et al., 2010). However, our mean number of
Rec24–GFP foci at maximal chromosome loading is smaller than
the mean foci number reported for Rec7–GFP (Lorenz et al., 2006).
This might be due to the different experimental conditions: pat1-
114 synchronous meioses studied here and wild-type asynchronous
meioses studied previously (Lorenz et al., 2006). Indeed, Rec7–
GFP chromosome loading in our synchronous meioses is also less
than reported previously (supplementary material Fig. S2A).

The interaction between Rec24 and Rec7 requires a
phenylalanine residue on Rec7 (F325), whose substitution for
alanine disrupts the two-hybrid interaction and confers a
recombination defect in vivo (Steiner et al., 2010). Interestingly,
this residue is not at the N-terminal part of the protein, which was
previously reported to show some conservation with budding yeast
Rec114 (Malone et al., 1997), but at the C-terminal region in a
domain very modestly conserved in Ascomycetes. Moreover, a
wider conservation of Rec7 has been uncovered very recently
using a phylogenomic-oriented bioinformatics approach to search
for proteins involved in DSB formation (Kumar et al., 2010). This
conservation includes the crucial phenylalanine residue that is
essential for the interaction between Rec24 and Rec7.

Although we have seen that Rec24–GFP (Figs 2, 3 and 4) and
Rec7–GFP (Fig. 6) (Lorenz et al., 2006) localize to LinEs, these
proteins did not appear in a purification of proteins associated with
LinEs using the structural component Rec10 as a tool (Spirek et
al., 2010). This suggests that the association of these proteins with
LinEs is not very stable. Similarly, other known LinE-associated
proteins, Mek1 and Rad51, were not co-purified with Rec10 (Spirek
et al., 2010), indicating that purification conditions and perhaps
timing, or both, are crucial to identify these interactions.

Functional relationship between Rec24 and Rec7
Our data reveal a functional relationship between Rec24 and Rec7.
Apart from the physical interaction between these proteins, we
have shown that Rec7 is required to maintain the chromosome
localization of Rec24. First, in the rec7 mutant, Rec24–GFP is
largely lost from chromosomes later in prophase, although it seems
to be substantially more abundant at earlier time points (Figs 3, 4;
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Tables 2 and 3). Second, the abundance of Rec24–GFP in the
nucleus depends on Rec7. In rec7 mutants the amount of Rec24–
GFP in the cytoplasm increases; in addition, it is solubilized more
easily from the nuclei, suggesting that Rec7 is required for efficient
interaction of Rec24 with meiotic chromosomes (Fig. 5). The
dependencies for chromosome recruitment reported among
accessory proteins in budding yeast has led to a proposed
organization of accessory proteins into different subcomplexes (see
Introduction). Our report is the first of this kind of regulation for
any Rec12 accessory protein in fission yeast, or in any other
species. In addition, analysis of Rec24–GFP localization at different
time points during meiotic prophase has helped us to establish a
dependency, not only for chromosome recruitment, but also for
maintenance. Binding stabilization of accessory proteins (or
subcomplexes) to meiotic chromosomes might be a point for
additional regulation of DSB formation.

As recently proposed (Steiner et al., 2010), Rec24 and Rec7
might form a complex whose binding to chromosomes is, based on
our results, stabilized by Rec7. Another possibility is that Rec7 is
loaded onto chromosomes after Rec24 and not as a preformed
complex. In both scenarios, we would expect loss of Rec7 binding
in the absence of Rec24, as we observed. Rec7–GFP chromosome
recruitment is dependent on Rec24 at different time points during
prophase (Fig. 6). However, we favor the latter hypothesis because
Rec24 forms a substantial number of foci on LinEs in the absence
of Rec7, but not vice versa, and Rec24–GFP chromosome loading
precedes Rec7–GFP chromosome loading (supplementary material
Fig. S2). Therefore, Rec24 might mark loading sites where Rec7
is recruited. Only stabilized complexes containing Rec24 and Rec7
might then load or activate Rec12 to form DSBs, which is an
essential step in successful meiosis.

Recently, the wide conservation of Rec24 and Rec7 in other
eukaryotes has been reported using a bioinformatics approach
(Cole et al., 2010; Kumar et al., 2010). Rec24 shows low homology
with budding yeast Mei4 (7% amino acid identity), and budding
yeast Mei4 and mouse Mei4 show only 8% amino acid identity.
However, they share evolutionarily conserved short signature
sequence motifs (SSMs) distributed similarly along the primary
protein sequences. As we describe here for Rec24 in fission yeast
and as previously reported for budding yeast Mei4 (Li et al., 2006;
Maleki et al., 2007), mouse Mei4 localizes on meiotic chromosomes
in a Spo11-independent manner, is required for DSB formation,
and physically interacts, as assayed by immunoprecipitation and
two-hybrid analysis, with Rec114 (the fission yeast Rec7 ortholog)
(Kumar et al., 2010). Therefore, the functional relationship between
Rec24 and Rec7 that we report here in fission yeast indicates that
the interplay between these proteins might have a central role in
the control of DSB formation in many species.

Materials and Methods
Yeast strains and manipulation
Strains used in this study are listed in supplementary material Table S2. Cells were
grown and manipulated as described (Moreno et al., 1991). Cells were grown in
yeast extract medium with supplements (YES) or Edinburgh minimal medium
(EMM) with supplements at 32°C or 25°C (for the pat1-114 temperature-sensitive
mutants). Genetic crosses were done on supplemented SPA agar (SPA; Table 1) or
on supplemented malt extract plates (MEA-4S) at 25°C.

Viable-spore yield and recombinant frequencies
Viable-spore yields and recombinant frequencies in Table 1 were determined as
described (Young et al., 2004). Functionality of epitope-tagged proteins was
determined by ade6-M26 � ade6-3049 intragenic recombination (supplementary
material Table S1). To eliminate possible remaining vegetative cells after
glucuronidase treatment, spore preparations were incubated for 30 minutes at 55°C.
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Appropriate dilutions of spores were plated on YE minus supplements and incubated
for 4 days at 32°C. Ade+ colony frequencies were calculated as the number of white
colonies per 104 viable spores. Rec7–GFP recombination efficiency was also checked,
since its functionality has been questioned (Molnar et al., 2001; Lorenz et al., 2006).

Epitope tagging and deletion construction
C-terminal Rec24 GFP and HA tagging and GFP tagging of Mei4, was carried out
using a PCR-based method (Bahler et al., 1998). Oligonucleotides with 80 nucleotides
of homology to regions flanking the stop codon were used to amplify GFP and
kanMX6, or HA and kanMX6 from plasmids pFA6a-GFP-kanMX6 and pFA6a-
3HA-kanMX6, respectively, in the case of Rec24 tagging, and GFP and hphMX6
from plasmid pFA6a-GFP-hphMX6 (pFA6a-kanMX6 derivative by hph
replacement) in the case of Mei4 tagging; these were oligo rec24-HA1 5�-
AGTTGTCTAAGAGTGCCTACTCTGCTCCATCCATCCTTTTGATTGGCC
TCAAAGATATGCTATT TCCCGAAGACATTTCCCGGATCCCCGGGTTA -
ATTAA-3� and oligo rec24-HA2 5�-TAATATCAAAGTTCATCGAATGGATAT-
GATGATCAACACTTTCACCACAACGTTCTTTGTACATTGAATTTCCA-
GAAAAAGAATTCGAGCTCGTTTAAAC-3�, oligo mei4-HA1 5�-AACTTAAT-
CATGAGTCAAGTGGCTACTCAAGTGCGCCATTAATGCCTTCTAATC-
GAGCGTTTATCAATGACTTCTCTCTTCGGATCCCCGGGTTAATTAA-3�
and mei4-HA2 5�-ACAATATAGATGATGAACACTCTGTTCTT TCGT -
CGAAAAAAGGGATGTTGAATGCATGGCCTTTGATCTAGTT TT TTGAT -
G   AATTCGAGCTCGTTTAAAC-3� (bold face indicates S. pombe genome sequence).
In the case of Rec24 tagging, the PCR products were used to transform h+ ade6-M216
leu1-32 (strain S778) or h– pat1-114 ade6-M210 leu1-32 (strain CMC94) to G418-
resistance using the lithium acetate protocol (Bahler et al., 1998). Correct integration
was checked by PCR and sequencing, and the required strains were obtained by
subsequent meiotic crosses. This method of epitope-tagging displaces the endogenous
3�UTR and therefore might alter the expression pattern (Rabitsch et al., 2004).
However, rec24–GFP and rec24-HA fusions are quite functional, as shown by the
production of asci with wild-type appearance and high levels of recombination
(unpublished data and supplementary material Table S1), indicating that appropriate
protein levels are produced. Diploid pat1-114 leu1-32 strains were generated by
protoplast fusion and selection for complementation of the ade6-M210 and ade6-M216
alleles (Sipiczki and Ferenczy, 1977). PCR products for Mei4 tagging were used to
transform diploids with rec24–GFP (strain CMC197) and rec24–GFP rec7 (strain
CMC304) to hygromycin resistance, thereby generating strains CMC417 and
CMC416, respectively. Heterozygous integration (+/mei4–GFP) was checked by PCR
and correct GFP fusion by sequencing. mei4–GFP in strain CMC416 carries a mutation
just after the stop codon at the AscI restriction site (G to A) and another one at the
beginning of GFP (A118 to G). These mutations do not affect Mei4–GFP expression
or subcellular localization (Fig. 5; compare Mei4–GFP in strains CMC417 and
CMC416). Mei4–GFP functionality was checked by additional transformation of h90

(strain CMC3; the same as wild-type strain 968), sequencing and testing for normal
sporulation (unpublished data).

A complete rec7 deletion was generated by the same PCR-based method using
oligos to amplify kanMX6 from plasmid pFA6a-kanMX6 and transformation of
h– ade6-M216 leu1-32 (strain CMC323) to G418 resistance. These were oligo rec7-
D1 5�-CACCGTGACGGAACGTACTGCGTTATCAGATAAATGAGGTTCA -
GTCTAACGCGTCTTCTCATATTCAAACATAAACAAACCGTACGCTGCA -
GGTCGAC-3� and oligo rec7-D2 5�-AAATAACCATTCCGATCCTGATT -
TCGTTCCATTTTTACTACTTTTTTAAATTTGGGATTAAGTTGAATTGG -
TCTGTCTTCATCGATGAATTCGAGCTCG-3� (bold face indicates S. pombe
genome sequence). Correct deletion was checked by PCR and the required strains were
obtained by subsequent meiotic crosses and protoplast fusion.

Synchronous meiosis
Meiotic time-course experiments using pat1-114 leu1-32 diploid cells were done as
described previously (Davis et al., 2008). The high temperature (34°C) used to
inactivate the thermosensitive allele pat1-114 does not seem to strongly affect
recombination rates as shown by Li and Smith (Li and Smith, 1997) and Hartsuiker
and co-workers (Hartsuiker et al., 2009). Cells collected during synchronous meiosis
were fixed with 70% ethanol and kept at 4°C until flow cytometry processing, as
previously described (Sazer and Sherwood, 1990). A Becton Dickinson FACSort
flow cytometer and CellQuest software were used for acquisition and analysis of
data. In all experiments, the bulk of DNA replication occurred between 1.5 and 2
hours after meiotic induction.

Cytology
Preparation of chromosome spreads was done as described previously (Davis et al.,
2008), with 10 mM DTT in the buffer for spheroplast formation, not 10 M (as
incorrectly stated by Davis and colleagues) and stored at –20°C until use.
Immunostaining was performed as described (Lorenz et al., 2004). Polyclonal anti-
Rec10 (1:200 dilution; a gift from Ramsey McFarlane, North West Cancer Research
Fund Institute, Bangor, UK) or monoclonal anti-GFP (1:800 dilution, JL-8 Living
Colors, Clontech) antibodies were used as primary antibodies. Mouse Alexa Fluor
488 (1:1000 dilution, A11001 Molecular Probes), rabbit Alexa Fluor 568 (1:1000
dilution, A11011 Molecular Probes) or rabbit Alexa Fluor 488 (1:1000 dilution,
A11008 Molecular Probes) antibodies were used as secondary antibodies. Slides

were mounted in PBS containing 50% glycerol, p-phenylenediamine (1 mg/ml) and
DAPI (2 g/ml). Immunofluorescence was detected with a Nikon Eclipse 90i
microscope equipped with a 100�/1.4 Oil Plan APO VC lens, a Hamamatsu ORCA-
ER camera and MetaMorph software.

Cellular fractionation
Cellular fractionation was done as described previously in budding yeast to follow
the behavior of accessory proteins (Kee et al., 2004). 5�108 cells at 3 hours after
meiotic induction were collected and resuspended in 2 ml of PEM-sorbitol (100 mM
PIPES, pH 6.9, 1 mM EGTA, 1 mM MgSO4, 1.2 M Sorbitol) containing 10 mM
DTT, 2 mg/ml 20T Zymolyase (Seikagaku Corporation), 2 mM PMSF (Sigma) and
2� protease inhibitors (Complete Protease Inhibitor Cocktail, EDTA-free, Roche),
and incubated 30 minutes at 32°C. The subsequent steps were done at 0–4°C with
ice-cold solutions in Eppendorf-type tubes and a microcentrifuge. The resulting
spheroplasts were centrifuged at 1000 g for 1 minute, resuspended in 750 l MES
(0.1 M MES, pH 6.4, 1 mM EDTA, 0.5 mM MgCl2) containing 2 mM PMSF and
2� protease inhibitors, and incubated on ice for 10 minutes for hypotonic shock.
350 l of this whole cell extract (WCE) were conserved (mixed with 4� Laemmli
buffer, boiled and frozen; Laemmli buffer: 80 mM Tris-HCl pH 6.8, 5 mM EDTA,
5 mM DTT, 2% SDS, 7.5% glycerol, 0.002% Bromophenol Blue) and 500 l loaded
on a 500 l 30% sucrose cushion in MES. After centrifugation for 10 minutes at
16,000 g, the supernatant (S1) was conserved, and the pellet (PP1) resuspended in
200 l of Extraction Buffer (50 mM HEPES-NaOH pH 7.5, 100 mM KCl, 2.5 mM
MgCl2, 1% Triton X-100) containing 2 mM PMSF and 2� protease inhibitors. 70
l PP1 were conserved, and the rest incubated on ice for 10 minutes and centrifuged
at 16,000 g for 10 minutes. The supernatant SB2 was conserved and the pellet PP2
resuspended in an equal volume of Extraction Buffer (140 l), split into two, and
conserved. One aliquot of the PP2 was sonicated using a Bioruptor (Diagenode) for
2.5 minutes at level L, 5 seconds ON/OFF, centrifuged at 16,000 g for 10 minutes
at 20°C, and the supernatant SB3 collected. The pellet PP3 was resuspended in an
equal volume of 1� Laemmli buffer (70 l). Equal extract equivalents (5% of WCE)
of each fraction were analyzed by western blot.

Immunoprecipitation assays and western blot
100 ml of exponentially growing cells (OD1) and 100 ml of cells at 3 hours after
meiotic induction (OD1) were collected, washed once in sterile water, and stored at
–20°C until use. Cell extracts were prepared in a 6770 Freezer/Mill (SPEX
SamplePrep) always under frozen conditions. After 5 minutes of cooling, the frozen
cell pellets were broken at level 12 for 10 minutes, with 1 minute ON/OFF cycles.
The cell powder was resuspended in 1 ml ice-cold Lysis Buffer (50 mM HEPES-
KOH, pH 7.5, 140 mM NaCl, 5 mM EDTA, 1% Triton X-100, 0.1% sodium
deoxycholate) with freshly added 2 mM PMSF (Sigma) and 4� protease inhibitors
(Complete Protease Inhibitor Cocktail, EDTA-free, Roche). For a complete
solubilization the powder suspension was gently sonicated using a Bioruptor
(Diagenode) for 5 minutes at level H, 5 seconds ON/OFF cycles. 900 l of WCEs
were immunoprecipitated for 30 minutes at 4°C on a rotation wheel with 20 l of
antibody-precoated magnetic beads per sample (Dynabeads ProteinG, Invitrogen).
The beads were coated for 45 minutes at room temperature in Lysis Buffer with 1 l
polyclonal rabbit anti-GFP antibody (A6455 Invitrogen) per immunoprecipitation.
Using the Dynamag-Spin magnet (Invitrogen), the beads were collected from the
WCE and washed with 1 ml of the following ice-cold buffers: twice with Lysis Buffer
and twice with Washing Buffer (10 mM Tris-HCl, pH 8.0, 250 mM LiCl, 5 mM
EDTA, 0.5% NP-40, 0.5% sodium deoxycholate). Elution of the immunoprecipitations
was carried out by boiling in 20 l of 2� Laemmli buffer. Total immunoprecipitates
were loaded on a 12% SDS-PAGE mini-gel (BioRad) and transferred to nitrocellulose
membrane (Hybond ECL, Amersham). The membrane was incubated first with
monoclonal anti-GFP antibodies (1:3000 dilution, JL-8 Living Colors, Clontech) and
goat anti-mouse conjugated to horseradish peroxidase (1:3000 dilution, A4416 Sigma)
for GFP-tagged protein detection. After membrane washing, monoclonal mouse anti-
HA (1:3000 dilution, 12CA5 Roche) and goat anti-mouse conjugated to horseradish
peroxidase were used for HA-tagged protein detection. Immunoblots were developed
with SuperSignal West DURA Extended kit (Pierce).

Assay of GFP-tagged proteins during synchronous meiosis using trichloroacetic
acid (TCA) extracts was done as described (Davis et al., 2008). Monoclonal anti-
GFP antibodies (1:3000 dilution, JL-8 Living Colors, Clontech) and monoclonal
anti-actin antibodies (1:6000 dilution, clone C4, MP Biomedicals) for a loading
control were used. GFP signal was detected with SuperSignal West DURA Extended
Kit (Pierce) and actin signal with ECL Western Blotting Kit (Amersham, GE
Healthcare).
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