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Summary

Cohesion established between sister chromatids dur-
ing pre-meiotic DNA replication mediates two rounds
of chromosome segregation. The first division is pre-
ceded by an extended prophase wherein homologous
chromosomes undergo recombination. The persis-
tence of cohesion during prophase is essential for re-
combination and both meiotic divisions. Here we
show that Mnd2, a subunit of the anaphase-promot-
ing complex (APC/C) from budding yeast, is essential
to prevent premature destruction of cohesion in mei-
osis. During S- and prophase, Mnd2 prevents activa-
tion of the APC/C by a meiosis-specific activator
called Amafl. In cells lacking Mnd2 the APC/C-Ama1i
enzyme triggers degradation of Pds1, which causes
premature sister chromatid separation due to un-
restrained separase activity. In vitro, Mnd2 inhibits
ubiquitination of Pds1 by APC/C-Ama1 but not by
other APC/C holo-enzymes. We conclude that chro-
mosome segregation in meiosis depends on the se-
lective inhibition of a meiosis-specific form of the
APC/C.

Introduction

The establishment of cohesion between sister chroma-
tids during DNA replication and its persistence until
metaphase are both essential for proper chromosome
segregation in mitosis (reviewed in Nasmyth, 2001).
During metaphase cohesion allows microtubules con-
necting sister kinetochores with opposite spindle poles
to generate tension, which is required to stabilize
microtubule-kinetochore interactions. Sister chroma-
tids are linked together by the ring-shaped cohesin
complex whose destruction triggers sister chromatid
separation and entry into anaphase. This is achieved
by separase (Esp1 in budding yeast), a thiol protease
that cleaves cohesin’s kleisin subunit Scc1 (Uhlmann et
al., 2000). For most of the cell cycle separase is kept
inactive by binding to an inhibitor called Pds1 or sec-
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urin (Ciosk et al., 1998; Uhlmann et al., 1999). Pds1 is
only removed at the metaphase-to-anaphase transition
through proteolysis (Cohen-Fix et al., 1996; Funabiki et
al., 1996; Zou et al., 1999), which is triggered by a multi-
subunit ubiquitin ligase called the anaphase-promoting
complex or cyclosome (APC/C) (reviewed in Harper et
al., 2002). The APC/C also mediates exit from mitosis
by ubiquitinating B type cyclins; the ubiquitination inac-
tivates cyclin-dependent kinase 1 (Cdk1, Cdc28 in bud-
ding yeast). Ubiquitin ligation requires association of
the APC/C with a member of the Cdc20 family of WD
repeat proteins. Cdc20 binds to the APC/C during mito-
sis and triggers degradation of Pds1 and cyclin B. The
related Cdh1 protein activates APC/C during G1.

Inhibitory mechanisms are important to restrict APC/
C’s activity to anaphase and G1; this restriction facili-
tates the accumulation of mitotic cyclins and helps to
prevent premature destruction of cohesion. Cdh1 is in-
hibited through phosphorylation by S phase- and M
phase-promoting CDKs. In addition, the Emil1/Rca1l
protein inhibits Cdh1 from S phase until prophase in
animal cells (Grosskortenhaus and Sprenger, 2002; Hsu
et al., 2002). The activity of Cdc20 is controlled by the
phosphorylation status of the APC/C and a series of
different inhibitors. Cdc20 binds to Emi1 prior to mitosis
(Reimann et al., 2001a), to RASSF1A during pro-meta-
phase (Song et al., 2004), and to the mitotic checkpoint
complex (MCC) during metaphase until all chromo-
somes have attached to microtubules in a bipolar man-
ner (Yu, 2002). Restraining APC/C activity to protect co-
hesion might be an especially demanding task during
meiosis, where prophase lasts much longer than in the
mitotic cell cycle.

In meiosis, a single round of cohesion establishment
during pre-meiotic S phase mediates two rounds of
chromosome segregation. This depends on the unique
behavior of chromosomes in the first meiotic division
(meiosis I) where homologous chromosomes but not
sister chromatids segregate (reviewed in Petronczki et
al., 2003). During prophase |, homologous chromo-
somes align and then undergo recombination between
non-sister chromatids, which results in the formation of
chiasmata connecting maternal and paternal chromo-
somes. Recombination is initiated by the generation of
double-strand breaks (DSBs) through an endonuclease
called Spo11 (Keeney et al., 1997). The repair of DSBs
is monitored by the pachytene checkpoint, which blocks
exit from prophase | as long as unprocessed recombi-
nation intermediates are present (Roeder and Bailis,
2000). During meiosis |, sister kinetochores attach to
microtubules from the same pole while kinetochore
pairs on homologous chromosomes attach to opposite
poles. As a result, the tendency of the metaphase |
spindle to pull apart homologous chromosomes is re-
sisted by sister chromatid cohesion on chromosomal
arms, distal from chiasmata. Destruction of arm cohe-
sion is therefore required for segregation of homologs
in meiosis |, while cohesion around centromeres per-
sists until sister chromatids separate in the second divi-
sion (meiosis ll). Protection of centromeric cohesion



Cell
774

during meiosis | requires the kinetochore protein Sgo1/
shugoshin (Watanabe, 2004) and the exchange of
cohesins’s Scc1 subunit for a meiosis-specific kleisin
called Rec8 (Klein et al., 1999; Watanabe and Nurse,
1999). Two waves of separase activity cleave Rec8 first
on chromosomal arms to trigger anaphase | and then
around centromeres to initiate anaphase Il (Buonomo
et al., 2000; Kitajima et al., 2003).

APC/C regulation in meiosis differs from that in mito-
sis. Meiosis | and Il are triggered by two rounds of Pds1
degradation, both of which require accumulation of
Cdc20 (Lee and Amon, 2003; Salah and Nasmyth,
2000). How APC/C-Cdc20 is activated and inactivated
twice in rapid succession is unclear. In several organ-
isms, meiosis-specific APC/C activators have been
identified. In Drosophila the Cdc20 family members
Fzr2 and Cortex are exclusively expressed during sper-
matogenesis and oogenesis, respectively (Chu et al.,
2001; Jacobs et al., 2002). Spore formation, the yeast
equivalent of gametogenesis, requires the activators
Ama1 in S. cerevisiae and Mfr1/Fzr1 in S. pombe (Asa-
kawa et al., 2001; Blanco et al., 2001; Cooper et al.,
2000). How the activities of different APC/C holo-
enzymes are regulated and coordinated in meiosis is
poorly understood.

To investigate meiosis-specific aspects of APC/C
regulation we analyzed MND2 from budding yeast.
MND2 was discovered as a gene required for meiotic
nuclear division but not for proliferation (Rabitsch et al.,
2001). Nuclear divisions could be restored in mnd24
mutants by preventing the formation of DSBs, suggest-
ing that Mnd2 is required for the completion of recom-
bination. However, genetic analysis indicated that
Mnd2 has additional functions independent of the re-
combination process. Later on, the Mnd2 protein was
found to be associated with the APC/C in vegetative
cells (Yoon et al., 2002). Here we show that Mnd2 pre-
vents APC/C-Ama1l from triggering premature separa-
tion of sister chromatids.

Results

Mnd2 Disappears from the APC/C

during Anaphase Il of Meiosis

To test whether Mnd2 binds to the meiotic APC/C, the
complex was immunoprecipitated with anti-Myc anti-
bodies as diploid APC2myc9 cells of the quickly sporu-
lating SK1 strain progressed through meiosis (Figure
1A). Mnd2 bound to the APC/C during early stages of
meiosis but when most cells had completed nuclear
division Mnd2 levels dropped and the protein disap-
peared from the APC/C. In contrast, other subunits re-
mained associated with the complex. Immunofluores-
cence from a functional Mnd2myc18 revealed that the
protein was present in nuclei from G1 until metaphase
Il but then disappeared during anaphase Il (Figure 1B).
Increased expression of MND2 in late meiosis led to
constitutive binding to the APC/C, but this did not in-
terfere with the production of viable spores (Figure S1
available with this article online). As cells entered meio-
sis, Mnd2 was increasingly phosphorylated, as indi-
cated by the appearance of a phosphatase-sensitive
shift in gel mobility. In conclusion, Mnd2 is a cell cycle-
regulated component of the meiotic APC/C.

Mnd2 Is Required for the Accumulation of Pds1
during Meiotic S- and Prophase |

Next, we induced wild-type (wt) and mnd24 cells to
enter meiosis. The mutant cells replicated DNA nor-
mally but then failed to assemble spindles, to divide
their nuclei, and to form spores. They also failed to ac-
cumulate proteins such as Cdc5 and Cdc20, which ap-
pear when wt cells exit from prophase | (Figure 2A).
Thus, mnd24 cells resemble cells arrested in prophase
| by the pachytene checkpoint. Consistent with this, the
deletion of SPO11 restores nuclear divisions and spor-
ulation in mnd24 cells (Rabitsch et al., 2001). mnd24
cells produced Kip1 and Cin8, whose expression com-
mences around S phase. Interestingly, the mutant cells
contained little or no Pds1, although in wt cells Pds1
appears shortly before S phase (Figures 2A and 2B).
This was confirmed with strains lacking Ndt80, a tran-
scription factor required for exit from the pachytene
stage of prophase | (Chu and Herskowitz, 1998);
Pds1myc18 accumulated in ndt804 cells but not in
ndt804 mnd24 double mutants (Figure S2). We con-
clude that Mnd2 is required for Pds1’s accumulation
during S- and prophase I. Cells expressing MND2 solely
from the early meiosis DMC1 promoter accumulated
Pds1 normally and produced viable spores with wt ki-
netics (not shown). Thus, defective meiosis in mnd24
cells results from the lack of meiosis-specific functions
and not from Mnd2’s absence during vegetative
growth.

To investigate Pds1’s fate in mnd24 cells undergoing
nuclear divisions, we analyzed mnd24 spo114 cells.
Whereas Pds1myc18 was virtually undetectable after
the 2 hr time point in mnd24 single mutants (Figure 2A),
immunoblotting revealed small amounts of Pds1myc18
in mnd24 spo114 cells during nuclear divisions (Figure
2C). Consistent with this, immunofluorescence from
Pds1myc18 appeared in mnd24 spo114 cells but only
upon entry into metaphase | (Figure 2D). In the spo114
control cells, Pds1myc18 appeared normally, shortly
before S phase. Thus, exit from prophase | allows
mnd24 mutants to produce Pds1. This suggests that
Mnd2 is required for Pds1 accumulation during S- and
prophase | but not in metaphase I.

Mnd2 Is Required to Prevent Premature Separation
of Sister Chromatids

To investigate the behavior of sister chromatids, we an-
alyzed a series of strains, each heterozygous for chro-
mosome V marked with GFP at a different locus: 1.4 kb
from the centromere (CenV-GFP), 35 kb from the cen-
tromere (URA3-GFP), and 30 kb from the right telomere
(TelV-GFP). In wt cells, TelV-GFP dots separate in ana-
phase | whereas CenV-GFP and URA3-GFP dots sepa-
rate only in anaphase Il (Toth et al., 2000). Up to 60%
of mnd24 cells separated CenV-GFP dots, URA3-GFP
dots, and TelV-GFP dots although nuclear division
failed in these cells. Dot separation occurred 1.5 to 2
hr earlier (relative to DNA replication) in the mutant cells
than in the wt (Figures 2A and S3A-S3C). In fact, the
kinetics of sister separation in mnd24 cells was similar
to that in cells lacking the meiotic cohesin subunit Rec8
(Figure S3D). Sisters separated prematurely in mnd24
cells even if they lacked Ndt80 (Figure S2) or were able
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Figure 1. Mnd2 Is Associated with the Meiotic APC/C until Anaphase I

(A) APC2myc9 cells (Z5187) were transferred to sporulation medium (SPM) and samples were withdrawn every 2 hr. Left: percentages of cells
with replicated DNA, first and second nuclear division, and spore formation. Right: immunoblot detection of different APC/C subunits in
extracts and anti-Myc immunoprecipitates. Controls were from proliferating wt and APC2myc9 (Cc) cells.

(B) Staining from DNA (DAPI, blue), tubulin (red), and Mnd2myc18 in meiotic MND2myc18 cells (Z3023). Percentages of cells represented by

the pictures are shown.

to undergo nuclear division (Figure 2C). We conclude
that Mnd2 is required during S- and prophase | to pre-
vent premature separation of sister sequences around
centromeres and on chromosomal arms.

Premature sister separation explains why deletion of
SPO13 allows spo114 cells but not spo114 mnd24
double mutant cells to produce viable spores (Rabitsch
et al., 2001). spo114 cells produce inviable spores be-
cause homologs lacking chiasmata segregate ran-
domly. Deletion of SPO13 causes bi-orientation of sis-
ter kinetochores resulting in a single equational division
that yields two diploid, viable spores (Klapholz et al.,
1985). In spo114 spo134 mnd24 cells, Pds1myc18 ac-
cumulated only upon entry into metaphase and sister
chromatids separated prematurely, prior to spindle for-
mation and nuclear division. These unlinked sister
chromatids segregated randomly, which yields inviable
spores (Figure S4).

Is Pds1’s absence responsible for premature sister
separation in mnd24 cells? Cells lacking Pds1 separate
sisters on time in an unperturbed, mitotic cell cycle
(Alexandru et al., 1999). To test whether Pds1 is re-
quired to prevent premature sister separation in meio-
sis, we replaced the promoter of PDS1 with the mitosis-

specific SCC1 promoter. The resulting Pscc,-Ha3-PDS1
cells proliferated normally but lacked Pds1 in meiosis
(not shown). Pds1-depleted cells separated sister chro-
matids prematurely, with kinetics similar to that of
mnd24 cells and also arrested in a prophase-like state
(Figure 2E). Thus, lack of Pds1 is sufficient for prema-
ture sister separation in mnd24 cells.

Mnd2 Is Required to Prevent Premature

Cleavage of Rec8 by Separase

To test whether premature sister separation required
separase/Esp1, we used the temperature-sensitive (ts)
mutation esp7-2 (Buonomo et al., 2000). Indeed, sister
separation was blocked at 34°C in mnd24 esp1-2 cells
(Figure 3A). Replacing Rec8 with the noncleavable ver-
sion Rec8-N (Buonomo et al., 2000) led to a similar re-
sult (Figure 3B). These data suggest that premature sis-
ter separation in mnd24 cells depends on the cleavage
of Rec8 by separase and argue against a defect in the
function of cohesin itself. Next, we compared the beha-
vior of Rec8 (tagged with Ha3) during S- and prophase
I in MND2 and mnd24 cells. To prevent nuclear division
and Rec8 cleavage in MND2 cells, we used strains lack-
ing Ndt80. Immunoblotting showed that Rec8ha3 per-
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sisted in ndt804 cells but was rapidly cleaved in
ndt804 mnd24 cells (Figure 3C). Chromosome spread-
ing revealed that Rec8ha3 stably bound to the chroma-
tin from ndt804 cells. In contrast, the kleisin initially as-
sociated with chromatin in 58% of ndt804 mnd24 cells
but then disappeared before cells had completed DNA
replication (Figure 3D). Spreads from ndt804 cells ar-
rested in pachytene (t = 8 hr) showed synapsed biva-
lents decorated with Rec8ha3 along their axes, whereas
ndt804 mnd24 cells yielded diffuse chromatin lacking
Rec8ha3. Replacing Rec8ha3 with Rec8-N-ha3 re-
stored cohesin binding to thread-like chromatin struc-
tures (Figure 3E). We conclude that Mnd2 is required
for the persistence of cohesin on chromosomes during
S- and prophase |I.

Rec8 is required during prophase | for the assembly
of the synaptonemal complex (SC) (Klein et al., 1999),
which connects homologs along their entire length in
pachytene. To analyze SC formation, we detected the
SC component Zip1 (Sym et al., 1993) on chromosome
spreads from ndt804 strains arrested in pachytene.
Zip1 decorated chromosomal axes in ndt804 cells but
was absent from the chromatin of ndt804 mnd24 cells.
Instead, Zip1 was concentrated in extra-chromosomal
aggregates called polycomplexes (Figure 3E). Inactiva-
tion of separase by the esp7-2 mutation or its inhibition
by accumulation of Pds1 (see below) restored Zip1’s
association with chromosomal axes although polycom-
plexes were more frequent than in MND2 cells. Interest-
ingly, Rec8-N-ha3 restored cohesion but not efficient
SC formation in ndt804 mnd24 cells; 75% of spreads
contained little or no chromatin-associated Zip1. These
data show that synapsis requires inhibition of separase
through Mnd2-dependent accumulation of Pds1. How-
ever, blocking only Rec8 cleavage was not sufficient,
suggesting that synapsis requires inhibition of addi-
tional events triggered by separase.

Mnd2 Prevents Premature, APC/C-Dependent
Proteolysis of Pds1

To test whether APC/C-dependent proteolysis removed
Pds1 from mnd24 cells, we expressed Pdsimyci18
from the early meiosis DMC1 promoter (Figure 4A).
Pds1myc18 appeared in wt but not in mnd24 cells,
similar to Pds1 expressed from its own promoter. We
then mutated Pds1’s destruction box and KEN box,
which are required for ubiquitination by the APC/C. The
mutant Pds1(mDK)myc18 protein accumulated to high
levels and blocked sister separation in both wt and
mnd24 cells (Figure 4A). This suggests that APC/C-

dependent proteolysis prevents accumulation of Pds1
in mnd24 cells and that stabilization of Pds1 is suffi-
cient to restore cohesion through the inhibition of sep-
arase. wt cells expressing nondegradable Pds1 accu-
mulated Cdc20 on time, assembled metaphase spindles,
and formed dyad spores (thereby fragmenting the chro-
matin). In contrast, these processes did not occur in
the corresponding mnd24 cells (Figure 4A). Consistent
with this, esp7-2 cells but not esp7-2 mnd24 double
mutants produced Cdc20 and formed spindles at 34°C
(not shown). Thus, restoring sister chromatid cohesion
is not sufficient to silence the pachytene checkpoint in
mnd24 cells. This suggests a function for Mnd2 in the
completion of recombination, which is independent
from promoting Pds1’s accumulation.

If APC/C was prematurely activated in mnd24 cells,
then reducing APC/C’s activity might restore nuclear di-
visions. Indeed, mnd24 cells lacking the nonessential
APC/C subunit Swm1/Apc13 accumulated Pds1myc18,
performed both nuclear divisions, and separated sis-
ters at the onset of anaphase Il (Figures 4B-4D). Eighty
percent of the double mutant cells produced four-
spored asci, albeit with a delay of ~5 hr. Nevertheless,
85% of these spores were viable. Chromosome spreads
from ndt804 mnd24 swm1 4 cells arrested in pachytene
showed synapsed bivalents decorated with Rec8ha3 and
Zip1 along their axes, similar to spreads from ndt804
cells (Figure 4E). Also the apc ts-mutation cdc27-663
restored progression through meiosis in mnd24 cells;
within 12 hr at 30°C, 60% of mnd24 cdc27-663 cells
produced asci containing four spores, 88% of which
were viable (Figure S5). Thus, reducing APC/C activity
restores nuclear division and sporulation in mnd24
cells, which supports the idea that Mnd2 restrains APC/
C-dependent proteolysis of Pds1 and of proteins re-
quired to complete recombination.

Mnd2 Inhibits the Activity of the Meiosis-Specific
APC/C-Amat

Which APC/C activator is required for Pds1 degrada-
tion in mnd24 cells? First, we removed the meiosis-
specific activator Amal (Cooper et al., 2000). mnd24
amaid cells produced Pds1imyc18, performed both
nuclear divisions, and separated sisters at the onset of
anaphase Il (Figures 5A-5C). Furthermore, mnd24
amaild cells lacking Ndit80 stably maintained sister
chromatid cohesion as they progressed through pro-
phase | and arrested in pachytene (Figure S2). Spreads
from the arrested ndt804 mnd24 ama14 cells showed
synapsed bivalents decorated with Rec8, similar to

Figure 2. Mnd2 Is Required for Pds1 Accumulation and to Prevent Premature Separation of Sister Chromatids

(A and B) Analysis of MND2 (wild-type, Z4861) and mnd24 (Z4860) strains (genotype: PDS1/PDS1myc18 ura3/URA3-GFP) in meiosis.
(A) Panel, immunoblot analysis of protein levels. Graphs, percentages of cells with replicated DNA, first and second nuclear division, spore
formation, Pds1myc18 staining, and separated URA3-GFP dots. (B) Staining from DNA (DAPI, blue), tubulin (red), and Pds1imyc18 in
S/prophase | cells at t = 4 hr. Percentages of cells represented by the pictures are shown.

(C and D) Analysis of spo114 (Z5799) and spo114 mnd24 (Z4980) strains (genotype: PDS1/PDS1myc18 ura3/URA3-GFP) in meiosis. (C)
Panel, immunoblot analysis of protein levels. Graphs, percentages of cells with replicated DNA, first and second nuclear division, spore
formation, Pds1myc18 staining, and separated URA3-GFP dots. (D) Staining from DNA (DAPI, blue), tubulin (red), and Pds1myc18 in cells in
S/prophase | and in metaphase |. Percentages of cells represented by the pictures are shown.

(E) Percentages of cells with replicated DNA, separated URA3-GFP dots, and divided nuclei in meiotic Pg-,-Ha3-PDS1 ura3/URA3-GFP

cells (Z4061).
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Figure 3. Mnd2 Is Required to Prevent Premature Cleavage of Rec8 and for Synapsis
(A) DNA replication and separation of URA3-GFP dots in mnd24 (Z4860) and mnd24 esp1-2 (Z3702) strains (genotype: PDS1/PDS1myc18

ura3/URA3-GFP) grown at 25°C and transferred to SPM at 34°C.

(B) DNA replication and separation of URA3-GFP dots in mnd24 ura3/URA3-GFP strains containing REC8-ha3 (Z5578) or REC8-N-ha3

(25472).

(C) Immunoblot detection of Rec8ha3 in meiotic ndt804 ubr14 REC8/REC8ha3 strains containing MND2 (Z4386) or mnd2 4 (Z4388). Asterisk,
nonspecific bands. % 4C DNA, percentages of cells with replicated DNA. The UBR1 deletion prevents degradation of Rec8 fragments

(Buonomo et al., 2000).
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those from ndt804 single mutants (Figure 5D). These
data suggest that during S- and prophase | Mnd2 pre-
vents premature Pds1 degradation and sister separa-
tion mediated by APC/C-Amal. Analysis of ndt804
strains revealed that Mnd2 inhibits premature, Ama1i-
dependent degradation of proteins in addition to Pds1;
the levels of the cyclin Clb5 and of Sgo1 were low in the
mnd24 mutant but recovered upon deletion of AMA1
(Figure S2). Ama1 is known to be required in late meio-
sis for spore formation (Rabitsch et al., 2001). Our data,
however, imply that the activator appears much earlier.
Indeed, immunofluorescence from a Myc-tagged Ama1
appeared during S phase in the nuclei of wt cells (not
shown).

Next, we compared Amai’s binding to the APC/C as
MND2 and mnd24 cells progressed through S- and
prophase | (Figure 5E). ndt804 strains were used to pre-
vent exit from prophase | in MND2 cells. The MND2
deletion did not affect the expression level of Amat,
but it increased coimmunoprecipitation of the activator
with Apc2. In addition, the MND2 deletion reduced
Ama1l’s modification to a species with decreased gel
mobility. This modification was sensitive to phospha-
tase (not shown) and disappeared after mutating all
eight Ser/Thr-Pro sites to Ala-Pro, suggesting that
Ama1l is phosphorylated by a kinase with Cdk1-like
specificity. The mutant Amalm8 protein was functional
but did not detectably change the behavior of wt and
mnd24 cells. The MND2 deletion increased also bind-
ing of Amaim8 to the APC/C. This shows that Mnd2
reduces Ama1l’s association with the APC/C by a mech-
anism that does not require phosphorylation of the acti-
vator on Ser/Thr-Pro sites.

Do Cdc20 and Cdh1 contribute to Pds1 degradation
in mnd24 cells? Cdc20 was undetectable in meiotic
mnd24 cells, suggesting that it was not involved (Fig-
ure 2A). This was confirmed with strains expressing
CDC20 solely from the mitosis-specific CLB2 promoter.
Pc1s2-CDC20 cells arrested in metaphase | with high
levels of Pds1 whereas mnd24 Pg, go-CDC20 cells be-
haved indistinguishably from mnd24 single mutants
(Figure S6A). However, we detected Pds1 in extracts
from mnd24 cdh14 cells induced to enter meiosis.
These extracts contained Amal but also the mitosis-
specific cyclin Clb2, indicating that some cells entered
meiosis whereas others continued with aspects of the
mitotic cell cycle (Figure S6B). cdh14 cells were de-
fective in efficiently entering meiosis upon nutrient de-
privation. To detect induction of meiosis in individual
cells, we analyzed strains containing REC8-N-ha3. Six
hours after induction of meiosis, >90% of wt and
mnd24 cells but only 70% of the cdh14 mutants pro-
duced Rec8-N-ha3. Analysis of Pds1myc18 in Rec8-N-
positive cells revealed that cdh14 cells behaved simi-
larly to the wt whereas mnd24 cdh14 cells resembled

mnd24 cells (Figure S6C). Analysis of Rec8-N-negative
cdh14 mutants detected Pds1myc18 in most of the
cells. We conclude that in the mnd24 cdh14 extracts,
Pds1 originated from nonmeiotic cells and that Cdh1
is not required for premature Pds1 degradation in
mnd24 cells.

Destruction of Cdk1 Kinases Activates APC/C-Amai
during Anaphase |

Next, we analyzed Ama1’s function in more detail. Con-
sistent with previous observations amai14 cells per-
formed DNA replication and nuclear divisions but failed
to produce spores (Rabitsch et al., 2001) (Figure S7).
The AMAT1 deletion increased the fraction of meiosis |
cells containing an elongated spindle in a stretched but
not yet divided nucleus. This indicates that spindle
elongation was slow. Sixty-seven percent of these
ama1 4 cells still contained Pds1myc18, which was ob-
served in only 8% of the corresponding wt cells (Figure
6A). Likewise, 89% of ama14 cells but only 2% of wt
cells with a stretched nucleus contained Clb5myc9
(Figure 6B). Thus, Amal contributes to rapid spindle
elongation and timely degradation of Pds1 and Clb5
during meiosis |. However, these functions are not
essential for nuclear division.

Cdc20 is essential for Pds1 degradation (Salah and
Nasmyth, 2000), implying that activation of APC/C-
Amal depends on Cdc20. To test whether APC/C-
Amai is activated by Cdc20-dependent destruction of
Cdk1/Cdc28 kinases, we used P, go.-CDC20 cdc28-as1
strains to inhibit Cdk1 in cells depleted of Cdc20. The
cdc28-as1 mutation renders Cdk1 sensitive to the in-
hibitor 1-NM-PP1 (Bishop et al., 2000). Addition of 1-NM-
PP1 to metaphase I-arrested cells triggered rapid spin-
dle disassembly and degradation of Pds1myc18 (Figure
6C). Nuclei did not divide although some cells sepa-
rated sister chromatids. Spindles also disassembled in
the corresponding amai4 cells but Pdsimyc18 re-
mained stable. These data suggest that APC/C-Amail
is inhibited during metaphase | by Cdk1 and then acti-
vated in anaphase | through Cdc20-dependent cyclin
degradation. Consistent with this, expression of the M
phase cyclin Clb1 from the DMC1 promoter caused
mnd24 cells to perform nuclear divisions and to form
spores, 66% of which were viable (Figure 6D). In con-
trast, overexpression of the S phase cyclin Clb5 had no
detectable effect (not shown), suggesting that inhibition
of APC/C-Amal is specific to M phase-promoting
Cdk1 kinases.

Mnd2 Inhibits APC/C Activity Induced by Ama1i
Expression in Mitotic Cells

Our data imply that Mnd2 is required for meiosis but
not for proliferation because it specifically inhibits the
meiotic APC/C-Amal. To test this, we expressed a

(D) Quantification of Rec8ha3 binding to chromosome spreads prepared from meiotic ndt804 REC8ha3 (Z4619) and ndt804 mnd24 REC8ha3

(Z4621) strains.

(E) Staining from Rec8ha3 and Zip1 on chromosome spreads from ndt804 strains of the indicated genotypes arrested in pachytene (8 hr in
SPM). Spreads were categorized as follows: class |, Rec8 and Zip1 loaded, no polycomplex; class Il, Rec8 and Zip1 loaded, polycomplex
present; class lll, Rec8 loaded, Zip1 loading defective, polycomplex present; class IV, Rec8 and Zip1 not loaded, polycomplex present. Strains

from top to bottom: Z4619, 25402, Z4621, Z4975, Z4976, 25941, Z4619.



Cell

780
A Pomci-PDS1myc18 Ppmci-PDS1(mDK)myc18
MND2 mnd2A MND2 mnd2A
QO N OO QO N O©wWwonN QO N ©WwWwon ODNﬁ'KD‘DONTime(hr)
O - - &) - (&) - - O -
p— =t T T P s=amamemamss Pds1myc
— oy - - [ Trpe— we am Cdc20
— — e ———— e | UD2
100 4 100 100
80 80
60 60
40 40
20 20-
- O 0 2 o
0 2 4 6 8 1012 0 2 4 6 8 1012 0 2 4 6 8 1012 0 2 4 6 8 1012
Time in SPM (hours) Time in SPM (hours)

V Replicated DNA # Separated URA3-GFP @ Metalspindle © Analor meiosis Il spindles A Sporulation

B mnd2A swmi1A
100 mnd2A mnd2A swm1A
80 ¥ Replicated DNA gEeaTedod pedm@eos Tiehi)
%60 O First division (- e A Cing
b E Second division = —
5} o . - s Pds1myc
240 Nuclear Pds1myc18
20 ¢ Separated URA3-GFP - — Clb5
0 i aREN A Sporulation - - e Cdc20
0 2 4 6 8 1012
Time in SPM (hours)
mnd2A swmiA E ndt80A mnd2A swmi1A
S/Pro Meta | Anal Meta Il Ana ll DNA Rec8ha3 Zipt
DNA
Tubulin
Pds1myci18

Figure 4. Premature APC/C-Dependent Degradation of Pds1 in mnd24 Cells

(A) MND2 and mnd24 strains (ura3/URA3-GFP) containing Pp,,.,-PDS1myc18 or P,,.,-PDS1(mDK)myc18 were induced to enter meiosis.
Panels: immunoblot analysis. Graphs: percentages of cells with replicated DNA, separated URA3-GFP dots, metaphase | spindles, anaphase
| or meiosis Il spindles, and spore formation. MND2 P,,,.,-PDS1myc18 cells produce tetrads while MND2 P,,..-PDS1(mDK)myc18 cells
produce dyads. Strains from left to right: Z3464, Z3467, Z3465, Z3493.

(B-D) Analysis of mnd24 swm14 (Z4869) cells (genotype: PDS1/PDS1myc18 ura3/URA3-GFP) in meiosis. (B) Percentages of cells with
replicated DNA, first and second nuclear division, Pds1myc18 staining, separated URA3-GFP dots, and spore formation. (C) Immunoblot
analysis of protein levels. Samples from an mnd24 (Z4860) timecourse were analyzed in parallel. (D) Staining from DNA (DAPI, blue), tubulin
(red), and Pds1myc18. Pictures represent >90% of cells at the indicated stage. S/prophase cells were from t = 4 hr.

(E) Detection of Rec8ha3 and Zip1 on chromosome spreads from ndt804 mnd24 swm14 REC8ha3 cells (Z4977) arrested in pachytene (8 hr

in SPM). Pictures represent 73% of spreads (class l). Twenty-two percent were in class Il.

cDNA encoding Myc9-Ama1i from the weak, galactose- elongated buds. In contrast, mnd24 cells failed to di-
inducible GALL promoter in vegetative, haploid cells vide and arrested with a single, highly elongated bud.
containing or lacking Mnd2. MND2 cells grew normally This arrest required the APC/C subunit Swm1/Apc13
on galactose medium although some cells produced but not the activator Cdh1 (Figure 7A). Thus, MND2 is
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Figure 5. Mnd2 Is Required to Prevent Premature Pds1 Degradation Dependent on APC/C-Ama1

(A-C) Analysis of mnd24 ama14 (Z3813) cells (genotype: PDS1/PDS1myc18 ura3/URA3-GFP) in meiosis. (A) Percentages of cells with repli-
cated DNA, first and second nuclear division, Pds1myc18 staining, separated URA3-GFP dots, and spore formation. (B) Immunoblot analysis
of protein levels. Samples from an mnd24 (Z4860) timecourse were analyzed in parallel. (C) Staining from DNA (DAPI, blue), tubulin (red), and
Pds1myc18. Pictures represent >90% of cells at the indicated stage. S/prophase cells were from t = 4 hr.

(D) Detection of Rec8ha3 and Zip1 on chromosome spreads from ndt804 mnd24 ama14 REC8ha3 cells (Z4620) arrested in pachytene (8 hr
in SPM). Pictures represent 81% of spreads (class ). Eighteen percent were in class Il.

(E) Immunoblot analysis of extracts and anti-Apc2 immunoprecipitates prepared from meiotic ndt804 AMA1 and nd804 AMA1m8 strains
containing mnd24 or MND2. Strains from left to right: Z5588, 25589, 25590, and Z5591.

to assemble spindles and arrested in G2 with a single,
elongated bud. In mnd24 cells the APC/C substrates
ClIb2, Clb5, and Pds1ha6 declined or failed to accumu-
late whereas Cin8 was stable (Figure 7B). Also overex-
pression of Cdh1 causes cells to arrest in G2, but Pds1
and CIb5 are stable in this arrest (Schwab et al., 1997;
Visintin et al., 1997). We conclude that Mnd2 can inhibit
Ama1i-dependent degradation of APC/C substrates in

essential for the proliferation of cells that express
Amai.

To analyze the consequences of APC/C-Ama1l activ-
ity, G1 cells containing Pga;-Myc9-cAMA1 and MND2
or mnd24 were released into the cell cycle in galactose
medium (Figure 7B). Budding and DNA replication oc-
curred normally in both strains. MND2 cells continued
with cell cycle progression whereas mnd24 cells failed
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Figure 6. Analysis of Amal Function

(A and B) Staining from DNA (DAPI, blue), tubulin (red), and Pds1myc18 (A) or Clb5myc9 (B) in wt and ama?4 cells in meiosis I. Percentages
of cells represented by the pictures are shown. (A) PDS1myc18 (Z2828) and PDS1myc18 ama14 (Z3264) cells. (B) CLB5myc9 (Z3289) and
CLB5myc9 ama14 (Z5091) cells.

(C) P, 5,-CDC20 cdc28-as1 PDS1myc18 strains containing AMA1 (Z5063) or ama14 (Z5065) were induced to progress into metaphase I.
Cultures were split and 5 M 1-NM-PP1 was added to one half at t = 8 hr. Panels: immunoblot analysis of protein levels. Graphs: percentages
of cells with replicated DNA, divided nuclei, metaphase | spindles, Pds1myc18 staining, and separated URA3-GFP dots.

(D) Percentages of cells with replicated DNA, first nuclear division, second nuclear division, Pds1myc18 staining, and spore formation in

mnd24 Pp,,.,-CLB1ha6 cells (Z5319) undergoing meiosis.
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Figure 7. Mnd2 Is Essential for the Proliferation of Cells that Express Ama1

(A) Left: serial ten-fold dilutions of haploid W303 strains with the indicated genotypes were spotted on YP-glucose (P,,, off) and YP-raffinose/
galactose (Pg,,, on) plates and grown for 2 days at 30°C. Strains from top to bottom: Z651, 22483, Z3653, Z3750, Z4312, Z4313. Right: Myc9-

Amal expression was confirmed by immunoblotting.

(B) Haploid W303 P, ,-Myc9-cAMA1 PDS1ha6 strains containing MND2 (Z4113) or mnd24 (Z4118) were grown in YP-raffinose medium (Cyc,
P, off) at 25°C and arrested in G1 with o factor. Galactose was added for 30 min and cells were released at t = 0 into YP-raffinose/galatose
medium (P, , on) lacking o. factor at 30°C. Panels: immunoblot analysis of protein levels. Asterisk, nonspecific bands. Graphs: percentages
of cells with a bud, replicated DNA, a short spindle, and a long spindle.

vegetative cells, i.e., in the absence of other meiosis-
specific proteins.

Mnd2 Inhibits Ubiquitination of Pds1

by APC/C-Ama1 In Vitro

To analyze Mnd2’s function in vitro, large-scale cultures
of ndt804 amai4 CDC16-TAP strains containing or
lacking MND2 were induced to enter meiosis. After
completion of DNA replication, APC/C was isolated by
tandem affinity purification (TAP). Complexes from
mnd24 and control cells had similar subunit composi-
tion, except for Mnd2 (Figure 8A). To determine the
fraction of APC/C that contains Mnd2 the protein was
immunodepleted from a solution of wt APC/C. This re-
sulted in the near-complete removal of the other sub-

units, suggesting that during prophase | the vast major-
ity of complexes contain Mnd2 (Figure 8B). Consistent
with this, in vitro-translated Mnd2 bound to APC/C from
mnd24 cells but not to wt APC/C (not shown).

Next, we added purified APC/C to ubiquitination re-
actions containing 35S-Pds1 as a substrate and dif-
ferent activators produced by in vitro translation. Acti-
vators unable to bind the APC/C due to a mutation of
the terminal arginine served as negative controls. Cdh1
and Cdc20 activated ubiquitination by both the wt and
the mutant APC/C (Figure 8C). Ama1, in contrast, could
only activate ubiquitination of Pds1 by the APC/C lack-
ing Mnd2. This reaction required Ama1’s terminal argi-
nine (Figure 8C) and the degradation motifs in Pds1 (not
shown). These data suggest that Mnd2 specifically pre-



Cell
784

A

o

> 2
o & &
W S o
&
adad
Q¥ Qs
. == _ Apci Z 22 & APC
175 - o SE=SE
[ Mnd2
Cdc160bp
q- ——  —— Apc2
83 - Cdc27
= Apcd 5 esew = Cdcl16
62 - a— ~ Cdc23
- = Cdc27
A8 - Mnd2 '
ey . — Apco - e— Apc.q,
—— - Cd023
32.5- B — Doc1
- = Doci
25- A
—Apci1 - = Apcli
- Cdc26
16.5 - ~ Swm1 sssseses BSA
D ] N
o N H
c O
=
§ '-‘E: s mnad2A APC
+m+ + + + + + + + + Activator
[
c000853 028 HsMnd2
g & o8 =4 Pds1-Ubi
< -
0 e BT T
1T
8 L L || Pds1-Ubi
o
&}

— i —— o ——— —
[ SER———— N

Cdht

Pds1-Ubi

- Pds1

. _.‘ a-Mnd2

12345678°910M

MND2 mnd2A MND2 APC
Cdh1 Cdh1 Cdh1-IK Activator
ST®288°T"°288° 288 Time(mn)
175 - . !
83 - : E Pds1-Ubi
62 - 4 e = | £f -
s - —— — P
MND2 mnd2A MND2 APC
Cdc20 Cdc20 Cdc20-I1A Activator
01—“)00801—6008801—&088 Tlme(mln)
175 - l ' .
i" . Pds1-Ubi
83 - ;
- =y i — B o
- Pds
48- - —meoen—
MND2 mnd2A mnd2A APC
Amar1 Amai Amal-1A Activator
CTO288°TO288° T "2 88 Time(min)
175 -
. . Pds1-Ubi
83 - =R
=

sz-m-— Pds1
48 - B

E

Amai Amai-IA
2 a-Apc2 IP D_m-Apc2 P
(=]
“—oad V-
TQ¥ L ToY e
2cs =2 c 5 APC
£ss8 Ess3
—— —— - Apc2
. . - Mnd2
—-— - e
- — - - Amai

Figure 8. Mnd2 Specifically Inhibits Ubiquitination of Pds1 by APC/C-Ama1 In Vitro

(A) MND2 (Z4355) and mnd24 (Z4356) strains containing CDC16-TAP ndt804 ama14 were induced to enter meiosis for 8 hr in parallel large-
scale cultures and APC/C was purified with the TAP method. Gel-separated APC/C stained with Coomassie blue is shown. Cdc16cbp, Cdc16
with the calmodulin binding peptide from the TAP tag.
(B) APC/C containing or lacking Mnd2 from (A) in a buffer with BSA was passed through an o-Mnd2 antibody column. Equal amounts of input
and flowthrough (ft) were analyzed by immunoblotting. BSA was stained with Coomassie blue.

(C) APC/C containing or lacking Mnd2 from (A) was added to ubiquitination cocktails containing 3°S-labeled Pds1 and the activators Cdh1
(top), Cdc20 (middle), or Amal (bottom). The mutant activators Cdh1-IK, Cdc20-IA, and Ama1i-IA served as negative controls. Reactions were
incubated at 23°C for the indicated times, gel-separated, and detected by fluorography.

(D) APC/C from mnd24 cells was incubated with different amounts of recombinant His6-Mnd2 and added to ubiquitination cocktails contain-
ing the activators indicated on the left (lanes 4-11). Control reactions lacked APC/C (lane 1), contained APC/C from mnd24 cells plus mutant
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vents Amal but not Cdh1 or Cdc20 from activating
ubiquitination of Pds1. Similar results were obtained
with APC/C purified from proliferating CDC16-TAP and
CDC16-TAP mnd24 strains (not shown), which is con-
sistent with Mnd2-dependent inhibition of Amal ex-
pressed in vegetative cells.

To test whether Mnd2 itself was sufficient for inhibi-
tion, APC/C from mnd24 cells was incubated with
increasing amounts of bacterially expressed His6-
Mnd2 and then added to the ubiquitination cocktail.
Recombinant His6-Mnd2 inhibited Ama1l-dependent
ubiquitination at a concentration similar to that of en-
dogenous Mnd2 in the reaction with wt APC/C (Figure
8D). Ubiquitination activated by Cdc20 was not af-
fected and the Cdh1-dependent reaction was inhibited
slightly only at high concentrations of His6-Mnd2.
These data show that recombinant Mnd2 lacking yeast-
specific modifications is sufficient to inhibit the activity
of APC/C-Amal toward Pds1. Finally, we compared
binding of in vitro-translated, unmodified Amal to APC/C
containing or lacking Mnd2 (Figure 8E). Ama1l associ-
ated with both complexes with similar efficiency. At
least in vitro, binding to the APC/C of Mnd2 and Amal
is not mutually exclusive.

Discussion

The persistence of sister chromatid cohesion from S
phase until metaphase is a fundamental aspect of the
eukaryotic cell cycle because it allows chromosomes to
segregate long after their duplication. This is especially
obvious in meiosis where the first nuclear division is
preceded by an extended prophase, which can last for
several decades in the case of human oocytes. Further-
more, cohesion around centromeres is not destroyed
until the second division. Since separase is present
throughout the cell cycle, its ability to destroy cohesin
is controlled by several, partially redundant mecha-
nisms, which include association with the inhibitor
Pds1 and phosphorylation of Scc1 by polo kinase
(Alexandru et al., 2001; Ciosk et al., 1998). For this
reason Pds1 is not required to prevent premature
cohesin destruction in a normal, mitotic cell cycle in
budding yeast (Alexandru et al., 1999). In contrast, we
find that in meiosis Pds1 is essential for the persistence
of cohesion. Accumulation of Pds1 depends on the in-
hibition of APC/C-dependent proteolysis during S- and
prophase I.

Mnd2 Preferentially Inhibits the Meiosis-Specific
APC/C-Amai

Our conclusion that Mnd2 is required to prevent prema-
ture recognition of Pds1 by APC/C-Ama1 is based on
the finding that Pds1’s absence in mnd24 cells de-
pends on the presence of Amal, the integrity of the
APC/C, and the degradation motifs in Pds1. Consistent

with this, Mnd2 inhibits in vitro Pds1’s ubiquitination by
APC/C-Ama1l but not by other APC/C holo-enzymes.
Amal appears in the nucleus during pre-meiotic S
phase, i.e., at the time when cells establish cohesion
between sister chromatids. In contrast, Cdc20 does not
appear until metaphase | in wild-type cells (Salah and
Nasmyth, 2000), and it was absent in mnd24 cells,
which is consistent with Ndt80-dependent expression
of CDC20. Cdh1 is present in mnd24 cells but it was
not required to prevent accumulation of Pds1. Consis-
tent with this, Cdh1 dissociated normally from the APC/C
as mnd24 cells entered pre-meiotic S phase (our un-
published data). We conclude that Mnd2 preferentially,
if not exclusively, inhibits APC/C-Ama1l. This explains
why Mnd2 is essential for meiosis but not for a normal,
mitotic cell cycle (Rabitsch et al., 2001). Transcription
of AMA1 and the splicing of its mRNA are both re-
stricted to meiosis (Cooper et al., 2000). Accordingly,
MND?2 is essential for the proliferation of cells that ex-
press an AMA1 cDNA.

Mnd2 is not only required for the appearance of Pds1
but for the normal accumulation of a specific set of
APC/C substrates. APC/C-Amal activity in mnd24
cells did not affect accumulation of Kip1 and Cin8 but
strongly reduced the levels of the cyclin Clb5, which is
consistent with delayed Clb5 degradation during ana-
phase | in ama14 cells. Normal CIb5 levels might be
important for efficient DNA replication while rapid de-
gradation might facilitate timely elongation and/or dis-
assembly of the anaphase | spindle. APC/C-Ama1l ac-
tivity reduced also the levels of Sgo1 in mnd24 cells.
Low Sgo1 levels seem to result from APC/C-dependent
ubiquitination rather than cleavage by separase be-
cause cells lacking Pds1 contained normal amounts of
Sgo1 (our unpublished data). Similar conclusions have
been drawn from Sgoi’s behavior in mitotic cells
(Indjeian et al., 2005). Sgo1 is required to protect cen-
tromeric cohesion in meiosis | and disappears from
centromeres at the onset of anaphase Il (Katis et al.,
2004; Kitajima et al., 2004; Marston et al., 2004). Thus,
APC/C-dependent degradation of Sgo1 might facilitate
sister chromatid separation in meiosis Il. It is unknown,
however, how Sgo1 is spared from degradation in meio-
sis l. Inactivation of separase restored sister chromatid
cohesion and synapsis in mnd24 cells but was not suf-
ficient to silence the pachytene checkpoint. We pro-
pose that in mnd24 cells APC/C-Amal triggers prema-
ture degradation of a protein required to complete
recombination.

Mnd2, an Inhibitory Subunit of the APC/C Particle

Several inhibitors of the APC/C have been identified in-
cluding Emil/Rcal, Mad2L2/Mad2p, RASSF1A, and
the MCC. These inhibitors associate with the APC/C
through an activator protein and were not identified as
stoichiometric APC/C components. Emi1 is thought to

activators (lane 2) or APC/C from MND2 cells plus activators (lane 3). Reactions were started with 35S-Pds1, incubated for 35 min at 23°C,
gel-separated, and analyzed by fluorography. Bottom panel: Mnd2 detected by immunoblotting.

(E) APC/C containing or lacking Mnd2 from (A) was incubated with 35S-Ama1 or 3°S-Ama1-IA and immunoprecipitated with antibodies to
Apc2. Immunoprecipitates (100%) and the Ama1 input (30%) were gel-separated and analyzed by immunoblotting (for Apc2 and Mnd2) and

fluorography (for Ama1). Asterisk, antibody bands.
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prevent binding of substrates to the activator (Reimann
et al., 2001b), whereas Mad2 and Mad2L2 might block
release of substrates from the activator (Pfleger et al.,
2001). Mnd2 differs from these inhibitors in that it is a
stoichiometric APC/C subunit in proliferating cells (our
unpublished data) and in meiotic prophase I. How
Mnd2 inhibits APC/C-Ama1 is unknown. In vivo, Mnd2
reduced Amal’s association with the APC/C during
prophase I. In vitro, however, similar amounts of Amai
associated with APC/C purified from wt cells and
mnd24 mutants. This argues against a simple model in
which binding to the APC/C of Amal and Mnd2 is mu-
tually exclusive. One possibility is that Mnd2 does not
prevent binding of Ama1l alone but prevents binding of
an Amal-substrate complex. Alternatively, Mnd2 might
inhibit both the assembly of APC/C-Ama1 and its ligase
activity. Our in vitro assay might have reproduced only
the latter mechanism.

Regulation of APC/C-Amal by Mnd2
and Cdk1/Cdc28
Several pieces of evidence suggest that APC/C-Amat
is regulated by both Mnd2 and Cdk1: (1) Pds1’s accu-
mulation during metaphase in mnd24 spo114 cells im-
plies that APC/C-Ama1 is inhibited by an Mnd2-inde-
pendent mechanism. (2) Ectopic expression of Clb1
during S- and prophase | in mnd24 cells inhibits APC/
C-Ama1l and restores Pds1 accumulation. (3) Cdk1 ki-
nase activity prevents Amal-dependent degradation of
Pds1 in metaphase l-arrested cells. (4) APC/C-Amail
becomes active during anaphase | when Cdk1 activity
drops. Taken together, these findings suggest that
APC/C-Amat is inhibited by Mnd2 during S- and pro-
phase | and by Cdk1 in metaphase |. Cdc20-dependent
cyclin degradation then activates APC/C-Ama1 in ana-
phase l. Thus, activation of APC/C-Amal depends on
that of APC/C-Cdc20, which might be important for the
ability of the spindle checkpoint to block degradation
of Pds1 and cyclins. Amal might be important for
APC/C activity in anaphase | because Cdc20 is de-
graded at this stage (Salah and Nasmyth, 2000).
Activation of APC/C-Amal during anaphase | occurs
in the presence of Mnd2, implying that Mnd2’s inhibi-
tory function has been inactivated. We speculate that
Mnd2 is inactivated during metaphase | by an Ndt80-
dependent mechanism, which might involve a change
in Mnd2’s phosphorylation status. The phosphorylation
of Mnd2 strongly increases as cells exit from prophase
| and induce Ndt80-dependent genes. The kinase(s) re-
sponsible for this event remain to be identified. We do
not know whether Mnd2 is reactivated and then inacti-
vated again as cells progress through meiosis Il. Phos-
phorylation-dependent inactivation of Mnd2 could ex-
plain why degradation of Mnd2 during anaphase Il is
not essential for sporulation, which requires APC/C-
Ama1i activity. Phosphorylation and degradation might
have redundant functions in Mnd2’s inactivation in
late meiosis.

Implications for the Control of Meiotic

Chromosome Behavior

Cleavage of Rec8 in meiosis | depends on the polo ki-
nase Cdc5 (Clyne et al., 2003; Lee and Amon, 2003).

Cdc5 is required for efficient degradation of Pds1 and
for the hyperphosphorylation of Rec8, which was pro-
posed to target the kleisin for cleavage. Cells lacking
Pds1, however, separate sisters although they contain
little if any Cdc5 activity. Phosphorylation by Cdcb
might facilitate but is probably not essential for Rec8'’s
cleavage, as is the case for Scc1 in mitosis (Alexandru
et al., 2001). We note, however, that Rec8 is phosphory-
lated by an unknown kinase as cells enter S phase; this
might be sufficient to promote cleavage.

Loading of Rec8 onto chromosomes is required for
SC formation (Klein et al., 1999). Accordingly, we find
that this process also depends on Mnd2. Inhibition of
separase was sufficient to restore SC formation in
mnd24 cells, whereas blocking only the cleavage of
Rec8 was not sufficient. This raises the possibility that
synapsis depends on Pds1’s ability to prevent cleavage
of Rec8 and that of another separase substrate. A po-
tential candidate for this substrate is the mitotic kleisin
Scc1. Although Scc1 levels decline as cells enter meio-
sis, a fraction of Scc1 remains bound to chromatin until
the first division (Klein et al., 1999).

Maintaining cohesion throughout meiotic S- and pro-
phase | is a task that all sexually reproducing organ-
isms have to accomplish. So far, database searches did
not reveal obvious orthologs of Mnd2 in animals. Nev-
ertheless, the homology between Mnd2 and Apci5
from fission yeast shows that Mnd2-related proteins
exist in evolutionary distant organisms (Yoon et al.,
2002). Meiosis-specific APC/C activators are present in
yeasts and in Drosophila, implying that meiosis-spe-
cific regulation of the APC/C is generally important for
the control of gametogenesis.

Experimental Procedures

Yeast Strains

Diploid SK1 strains were used for all meiotic experiments. Muta-
tions are homozygous, unless stated otherwise (e.g., REC8ha3 is
homozygous, REC8/REC8ha3 is heterozygous). Haploid W303
strains were used in Figure 7. SK1 strains containing esp7-2,
REC8ha3, REC8-N-ha3 (Buonomo et al., 2000), and cdc28-as1
(Benjamin et al., 2003) have been described. SK1 strains containing
CenV, ura3, and TelV marked with GFP have been published pre-
viously (Klein et al., 1999; Toth et al., 2000). Strain constructions
and genotypes of all strains are described in Supplemental Data.

Meiotic Timecourse Experiments

Unless specified, induction of meiosis was performed at 30°C. Sin-
gle colonies grown on YP-glycerol plates were spread on YPD
plates and grown for 24 hr. Cells were inoculated into YPA (YP plus
2% K-acetate) to ODgop ~0.3 and grown for 12 hr (ODgop ~1.7).
When >90% of cells were unbudded, strains were inoculated into
sporulation medium (SPM, 2% K-acetate) to ODgoo ~3.4 (t = 0). For
large-scale cultures, cells from 20 YPD plates were inoculated into
8 liters of YPA, grown for 12 hr, and transferred to 6 liters of SPM.
Cultures were aerated with pressurized air in a single 10 liter bea-
ker. Cellular DNA content was measured on a Becton Dickinson
FACScan flow cytometer with CellQuest software. Cells were
stained with DAPI to score the first (two or more nuclei) and the
second division (three or four nuclei). Indirect immunofluorescence
(Salah and Nasmyth, 2000), observation of GFP-marked sister
chromatids (Michaelis et al., 1997), and chromosome spreading
(Loidl et al., 1998) were performed as described. 1-NM-PP1 (Bishop
et al., 2000) was from Cellular Genomics (Branford, Connecticut).

Analysis of Proteins
Protein levels were analyzed by immunoblotting after breaking cells
with glass beads in 10% trichloroacetic acid. For immunoprecipi-
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tations, 0.2 M PMSF in DMSO was diluted 1:100 into the culture.
Cells were washed with cold water plus PMSF/DMSO and pro-
cessed for immunoprecipitations as described (Camasses et al.,
2003), except that the breakage buffer contained the protease in-
hibitors 5 mM Pefabloc, 2 mM PMSF, 2 mM benzamidine, 2 pg/ml
pepstatin, 2 p.g/ml leupeptin, and Complete (Roche). Rabbit anti-
sera were raised against His6-Mnd2, His6-Amal, and GST-Pds1
expressed in E. coli. Antibodies to APC/C subunits, Cdc20, and
Cdh1 have been described (Camasses et al., 2003; Schwickart et
al., 2004). Clb5 (sc-6704, Santa Cruz), Cdc5 (sc-6732, Santa Cruz),
Ha (12CA5), and Myc9 (9E10) were detected with the indicated anti-
bodies. Antisera to other proteins were provided by P. Hieter
(Cdc16), A. Hyman (Cin8 and Kip1), D. Drechsel (Clb2), W. Seufert
(Tub2), and K. Schmekel (Zip1).

APC/C Purification and Ubiquitination Assay

APC/C purified with the TAP method from large-scale meiotic cul-
tures was used for ubiquitination assays as described (Schwickart
et al., 2004). Yeast His6-Ubc4 and His6-Mnd2 were expressed in
E. coli and purified on Ni-NTA agarose (Qiagen) followed by anion
exchange chromatography on Poros HQ20 (Applied Biosystems).
355-Pds1, activators, and the mutants Cdc20-IA (R610A), Cdh1-IK
(R566K), and Ama1-IA (R593A) were generated by in vitro transcrip-
tion/translation (TNT, Promega).

Supplemental Data

Supplemental Data include text, seven figures, and one table and
can be found with this article online at http://www.cell.com/cgi/
content/full/120/6/773/DC1/.
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