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Summary

Meiosis consists of a single round of DNA replication
followed by two consecutive nuclear divisions. During
the first division (MI), sister kinetochores must orient
toward the same pole to favor reductional segrega-
tion. Correct chromosome segregation during the
second division (MIl) requires the retention of centro-
meric cohesion until anaphase Il. The spindle check-
point protein Bub1 is essential for both processes in
fission yeast [1, 2]. When bub1 is deleted, the Shu-
goshin protein Sgo1 is not recruited to centromeres,
cohesin Rec8 does not persist at centromeres, and
sister-chromatid cohesion is lost by the end of MI. De-
letion of bub1 also affects kinetochore orientation be-
cause sister centromeres can move to opposite spin-
dle poles in approximately 30% of MI divisions. We
show here that these two functions are separable
within the Bub1 protein. The N terminus of Bub1 is
necessary and sufficient for Sgo1 targeting to centro-
meres and the protection of cohesion, whereas the
C-terminal kinase domain acts together with Sgo2, the
second fission-yeast Shugoshin protein, to promote
sister-kinetochore co-orientation during MI. Addi-
tional analyses suggest that the protection of centro-
meric cohesion does not operate when sister kineto-
chores attach to opposite spindle poles during Mi.
Sgo1-mediated protection of centromere cohesion
might therefore be regulated by the mode of kineto-
chore attachment.

*Correspondence: jpaul.javerzat@ibgc.u-bordeaux2.fr

Results and Discussion

Bub1 is an essential component of the spindle check-
point, a surveillance mechanism that delays the onset
of anaphase in the presence of incorrectly attached ki-
netochores. The control of Sgo1 function by Bub1 sug-
gested that other spindle-checkpoint components
might be involved in this process. To test this idea, we
looked at chromosome segregation patterns during
meiosis in all known mutants of the fission-yeast spindle
checkpoint. These mutants are mad14 [3], mad2 4 [4],
mad3 4 [5], bub3 4 [6], and mph1 4 [7]. We monitored
chromosome segregation in tetrads by crossing a strain
(cen1-GFP [8]) harboring a GFP mark close to cen1 with
an unmarked mating partner. As previously reported [1],
deletion of bub1 affects both kinetochore orientation
and the protection of centromeric cohesion. In approxi-
mately 40% of Ml divisions (Figure 1A), GFP-marked sis-
ter centromeres moved to opposite spindle poles (equa-
tional segregation), indicative of a defect in kinetochore
mono-orientation. In the approximately 60% remaining
MI divisions, sister centromeres segregated normally
(reductionally) during MI but randomly during Mll, con-
sistent with a complete loss of sister-chromatid cohe-
sion past the first metaphase-to-anaphase transition.
As shown in Figure 1A, only the bub71 mutant caused
such a marked defect in meiotic chromosome segrega-
tion. These data strongly suggest that Bub1 functions
during meiosis are likely to be distinct from Bub1’s
role in the spindle checkpoint.

Bub1 controls two key features of the first meiotic divi-
sion: the monopolar attachment of sister kinetochores
and the protection of centromeric cohesion through the
recruitment of Sgo1. Deletion of sgo7 alone, however,
does not affect chromosome segregation during Mi
[2, 9], implying that equational segregationinbub14 cells
must be due to a defect distinct from the mislocalization
of Sgo1. These observations suggested that kinetochore
mono-orientation and protection of centromeric cohe-
sion are separable functions within the Bub1 protein.
To test this idea, we made serial deletions, starting
from the kinase domain at the C terminus (Figure 1B).
All deletions were made by homologous recombination
within the bub1 locus, leaving the truncated ORFs under
the control of the endogenous bub1 promoter. Chromo-
some segregation was monitored in tetrads from a cross
in which only one mating partner harboured cen1-GFP.
As shown in Figure 1C, all deletions gave a similar pheno-
type, that is, approximately 20% of meiosis | divisions
showing equational segregation during Ml and approxi-
mately 80% showing reductional segregation. However,
when sister cen1-GFP dots segregated reductionally
during M, the segregation was mostly equational during
MIl. This is in sharp contrast with the random segrega-
tion of sister cen7-GFP observed during MIl when the en-
tire bub1 gene is deleted. This observation suggests that
cohesion was not lost between sister centromeres at the
end of Ml in the kinase-deleted mutants. Consistent with
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Figure 1. The N-Terminal Domain of Bub1 Is Sufficient for Sgo1 Localization and Function

(A) Meiotic chromosome segregation in spindle-checkpoint mutants. Crosses were made with only one mating partner bearing cen7-GFP. At
least 100 tetrads were examined for each cross.

(B) Schematic representation of the bub1 alleles used in this study. The bub1¥762" allele bears a point mutation in the ATP binding pocket. bub1’~
826 removes most of the kinase domain. The kinase domain is entirely deleted in bub1'-5%% and bub1~77°,

(C) cen1-GFP segregation in the bub1 mutants. At least 100 tetrads were examined for each cross heterozygous for cen1-GFP.

(D) Sgo1-GFP was examined by indirect immunofluorescence on fixed cells with antibodies against GFP. Anti-tubulin antibodies were used to
visualize the spindle and identify metaphase | cells. Chromatin was counterstained with DAPI. The scale bar represents 5 pym.
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this idea, equational segregation during MIl in the ki-
nase-truncated mutants relied on a functional sgo1
gene (Figure 1C). This analysis indicates that the protec-
tion of centromeric cohesion is functional in the bub1-
truncated mutants. To confirm this assumption, we
looked at Sgo1 localization in cells by using immunoflu-
orescence. In wild-type cells, Sgo1 is recruited at centro-
meres shortly before Ml, and by metaphase |, Sgo1 is
seen as nuclear staining with punctate dots of fluores-
cence along the spindle (Figure 1D and [2, 9]). This local-
ization is abolished in a bub14 background but pre-
served in the truncated mutants (Figure 1D), although
the signal intensity was variable; in bub1’-°%%, Sgo1
staining was as strong as in the wild-type, but it was
weaker in bub1’'”® and bub1'%?° backgrounds. We
conclude that the N terminus of Bub1 is sufficient to pro-
mote correct Sgo1 localization and function during MI.
The corollary is that the kinase domain is dispensable
for Sgo1 localization and function. This finding appears
to contradict a previous report [2] showing that Sgo1
was mislocalized in a kinase-dead allele of Bub1
(K762R). Similarly, we found that Sgo1 was mislocalized
in a different allele (Figure 1D, K762M [6]), and analysis of
cen1-GFP segregation revealed a high frequency of sis-
ter-chromatid nondisjunction during MIl (Figure 1C),
consistent with Sgo1’s being largely nonfunctional
in this mutant background. Therefore, we originally
thought that the kinase activity of Bub1 was involved.
However, our subsequent deletion analysis of Bub1
clearly showed that the kinase domain was dispensable
for correct Sgo1 localization and function. Because the
catalytic mutant is nearly as affected as the null allele,
one trivial explanation would be that Bub1¥7®2Ms unsta-
ble, mislocalized, or both. However, we found that
Bub1X7%2M was properly localized in metaphase | cells
and that the amount of protein at centromeres was close
to wild-type levels (Figure S1). Others made similar ob-
servations for the bub1X7%2% allele [10]. Altered Sgo1
function in the K762M and K762R mutants might result
from a dominant-negative effect of the catalytically inac-
tive kinase on the N-terminal domain. For instance, one
intriguing possibility would be that the kinase activity is
required for an autophosphorylation event that triggers
a Bub1 conformational change allowing the unmasking
of the N-terminal domain and its interaction with down-
stream effectors. Deletion of the whole kinase domain
would result in the loss of this regulatory module and
constitutive unmasking of the N-terminal domain,
whereas the catalytically inactive mutant would tether
the N terminus in an inactive state. Further experiments
are required to evaluate this possibility.

Bub1’s N-terminal 179 amino acids sufficient for cor-
rect Sgo1 localization and function are part of the
Mad3-like domain involved in the nuclear accumulation
and kinetochore targeting of Bub1 [11]. Inabub14 back-
ground, the Sgo1-GFP fluorescence is dispersed within
the whole cell. This raised the possibility that Bub1
might be solely required for promotion of the nuclear re-
tention of Sgo1, in which case the targeting of Sgo1 to
the nucleus by an exogenous nuclear localization signal
should bypass the requirement of Bub1 for correct Sgo1
localization and function. To test this idea, we fused an
exogenous SV40 nuclear localization signal (NLS), which
functions efficiently in S. pombe [11], to the Sgo1 protein

and expressed the resulting construct (sgo7-NLS-GFP)
from the genomic sgo? promoter at the endogenous
locus.

Analysis of cen1-GFP segregation in tetrads showed
that Sgo1-NLS-GFP was functional; cen1-GFP segre-
gated mostly as wild-type (Figure 2A), and Sgo1-NLS-
GFP was found in the nucleus in a dotted pattern very
similar to that of Sgo1-GFP without exogenous NLS
(Figure 2B). In abub14 background, Sgo1-GFP was dis-
persed throughout the cell. By contrast, Sgo1-NLS-GFP
was still enriched in the nucleus but appeared as a dif-
fuse nuclear signal without dots, indicating a defect in
centromere localization (Figure 2B). Accordingly, cen1-
GFP segregated randomly during the second division
(Figure 2A). By contrast, the dotty pattern and chromo-
some segregation were restored in a bub1'°%¢ back-
ground (Figures 2A and 2B). Therefore the addition of
a NLS to Sgo1 allowed its nuclear enrichment in the ab-
sence of Bub1, but Sgo1 was not properly localized and
was nonfunctional. This analysis rules out the possibility
that Bub1’s sole role would be to target Sgo1 to the nu-
cleus and further confirms that the N terminus of Bub1
is necessary and sufficient for Sgo1 localization and
function.

To gain more insight into the mechanism by which
Bub1 controls Sgo1 localization, we looked at Bub1 lo-
calization by chromatin immunoprecipitation on meta-
phase l-arrested cells. Strikingly, although Bub1 is re-
quired for Sgo1l localization, the two proteins are
bound to distinct domains within the meiosis | centro-
mere. Sgo1 localizes within the pericentromeric regions
dg and dh [2], whereas Bub1 is enriched within the cen-
tral domain (cnt1, Figure 2C). Although we did not com-
pare Bub1 and Sgo1 localization within the same exper-
iment (for technical reasons related to the use of the TAP
tag), we are pretty confident that Bub1 does not bind to
the outer repeats of the centromere because we re-
peated this experiment several times. Accordingly, we
could not detect complex formation between the two
proteins by coimmunoprecipitation experiments made
from a cell population enriched in metaphase | cells
(data not shown). Therefore, the mechanism by which
Bub1 promotes Sgo1 localization to the centromere
is not straightforward and might involve multiple steps
early in meiosis | (end of prophase), when Sgo1 and
Bub1 first associate with centromeric chromatin.

Deletion analyses showed that the kinase domain of
Bub1 is dispensable for Sgo1 function but required for
correct segregation during the first meiotic division (Fig-
ure 1C). For all kinase-truncated mutants, equational
segregation occurred in approximately 20% of meiosis
| divisions, indicating a defect in monopolar attachment
of sister kinetochores. This phenotype is reminiscent of
that of sgo24 (approximately 20% equational in MI; Fig-
ure 3A and [9]). Interestingly, no additive effect was seen
in the bub1’-77° sgo24 double mutant, indicating that
Sgo2 and the kinase domain of Bub1 act in the same
pathway (Figure 3A). Sgo2 localization, function, or both
might be under the control of Bub1 kinase activity. How-
ever, Sgo2 localization was indistinguishable from that
of the wild-type in cells lacking Bub1 (Figure 3C), and re-
ciprocally, Bub1 appeared properly localized in sgo24
cells (Figure 3B). We conclude that the kinase activity
of Bub1 does not regulate Sgo2 localization. It remains
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sgo1-dependent manner (Figure 1C and [9]). This indi-
cates that Sgo1 is fully functional and protects centro-
meric Rec8 from cleavage during the first division. How-
ever, sister cen1-GFP can segregate equationally during
the first division in these mutant backgrounds (approxi-
mately 20% of equational segregation; see Figure 1C
and Figure 3A). For equational segregation to occur,
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Figure 3. Sgo2 and the Kinase Domain of
Bub1 Act in the Same Pathway

(A) cen1-GFP segregation from crosses het-
erozygous for cen1-GFP. At least 100 tetrads
were examined for each cross.

(B) The lack of Sgo2 does not affect Bub1 lo-
calization. Bub1-GFP was observed in un-
fixed metaphase I-arrested cells.

(C) Reciprocally, Sgo2-GFP appeared prop-
erly localized in bub14 cells during the
horse-tail stage (prophase I) and in meta-
phase |-arrested cells. The SPBs were visual-
ized with Cut12-CFP, and chromatin was
stained with Hoescht 33342. The scale bar
represents 2.5 um.
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cohesion must be released along the entire length of
the chromosome, including the centromere. How can
this be achieved? The fact that sgo2 mutants have co-
orientation defects and premature loss of cohesion sug-
gests that Sgo2 might have independent roles in both
processes. If this is true, one would expect cohesion
defects to occur in the sgo2 mutant even when
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kinetochores were properly oriented during MI. How-
ever, no cohesion defect was detectable in that situation
(sister chromatids segregated faithfully during MIl when
MI segregation was reductional). We therefore came to
the idea that the lack of Sgo2 only affects kinetochore
orientation but that the protection of centromeric Rec8
is not effective when sister kinetochores are connected
to opposite spindle poles (bilateral attachment). In this
scenario, Rec8 would be normally protected upon mo-
nopolar attachment, but it would be cleaved along the
entire length of the chromosome upon bilateral attach-
ment. Alternatively, equational segregation might occur
without Rec8 cleavage if centromeric cohesion cannot
resist spindle forces acting on bilaterally attached ki-
netochores. To distinguish these two possibilities, we
expressed a noncleavable form of Rec8 in sgo2 mutant
cells and asked whether equational segregation was
suppressed.

There are two distinct cohesin complexes in fission-
yeast meiotic cells. Rec8 complexes at centromeres
contain Psc3, whereas Psc3 is replaced by Rec11 along
chromosome arms [12]. Expression of noncleavable
Rec8 (Rec8-RDRD) prevents homolog segregation dur-
ing MI. Deleting rec11 disrupts arm cohesion and re-
stores homolog segregation, but Mil segregation is pre-
vented by the presence of noncleavable Rec8 at the
centromere [13].

To see whether equational segregation in sgo24 Mi
cells required Rec8 cleavage at the centromere, we ex-
pressed Rec8-RDRD (or, as a control, wild-type Rec8)
in cells lacking Sgo2 and the cohesin arm subunit
Rec11 (Figures 4A-4C). Sister-chromatid segregation
was monitored with cen7-GFP in cells that had com-
pleted anaphase | (binucleated cells). The experiment
was carried out in a mes1 background to arrest cells at
the end of MI (in a mes7* background, cells attempt
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a second division, which often results in deformed nu-
clei and sometimes in spurious GFP signals).

As reported previously [13], expression of Rec8RDRD
in wild-type cells prevented homolog segregation (no bi-
nucleate cells), but homolog segregation was restored
to a certain extent by the deletion of rec71 (approxi-
mately 40% binucleated cells). In those binucleated
cells, segregation of cen7-GFP was mainly reductional
(Figure 4B). In sgo24 rec114 cells expressing wild-
type Rec8, equational segregation occurred in approxi-
mately 36% of binucleated cells (Figure 4C), which is
nearly twice the rate observed in a rec11* background,
suggesting that disrupting arm cohesion might increase
equational segregation in this mutant. Crucially, equa-
tional segregation was abolished in sgo24 rec114 binu-
cleate cells expressing noncleavable Rec8 (Figure 4C).
Spindle forces are therefore not sufficient to pull apart
sister-chromatids when centromeric cohesion cannot
be eliminated. This observation strongly suggests that
equational segregation in sgo24 requires Rec8 cleavage
at the centromere.

These data are consistent with the idea that the status
of centromere cohesion in sgo24 meiosis relies on the
mode of sister-kinetochore attachment to spindle mi-
crotubules. When sister kinetochores are properly at-
tached (monopolar attachment), cohesion is preserved
at the centromere, and faithful equational segregation
occurs during MIl. By contrast, when sister kinetochores
are bilaterally attached during MI, centromeric Rec8 is
not protected and is cleaved, and Ml equational segre-
gation occurs.

One possible mechanism would be that Bub1 and
Sgo1 are associated with centromeres upon monopolar
attachment of sister kinetochores but are absent from bi-
laterally attached kinetochores. This was technically dif-
ficult to assess in sgo24 meiosis, however, because
a single metaphase | cell is likely to contain a mixture of
monopolarly and bilaterally attached kinetochore pairs.

To circumvent this caveat, we looked at Sgo1-GFP
and Bub1-GFP localization in rec84 metaphase | cells.
Rec8 is required for reductional segregation in fission
yeast [14]. In rec84 cells, all six sister centromeres in
the cell segregate equationally during MI. Hence, in
a metaphase | cell, all kinetochore pairs are expected
to exhibit a bilateral attachment to the spindle.

As shown in Figures 4D and 4E, Bub1 and Sgo1 were
readily detected in those cells, in a pattern very similar to
that observed in wild-type metaphase I. Hence, the bilat-
eral attachment of sister kinetochores does not seem to
prevent Bub1 and Sgo1 localization to centromeres in
metaphase I.

Taken together, our data suggest that the mode of
kinetochore attachment does govern the status of cen-
tromeric cohesion. The experiment using noncleavable
Rec8 strongly suggests that equational segregation re-
quires Rec8 cleavage and hence that centromeric
Rec8 is not protected upon bilateral attachment. The
mechanism remains enigmatic, however, because the
absence of protection would not be achieved through
the loss of Bub1/Sgo1 from centromeres, as suggested
by the persistence of Bub1 and Sgo1 foci in rec84 meta-
phase cells.

In contradiction with the above data, ectopic expres-
sion of both Rec8 and Sgo1 during the vegetative cycle

appeared to be sufficient to prevent anaphase [2], sug-
gesting that the bilateral attachment does not prevent
Sgo1 from protecting Rec8 from Separase. However, it
must be noted that both proteins were overexpressed
to high levels and that the experiment was conducted
in mitotic cells. It remains formally possible that the con-
trol of centromere cohesion by the mode of kinetochore
attachment only occurs in meiotic cells. In favor of this
idea, overexpression of Sgo1 during Ml did not sup-
press equational segregation in sgo24 cells (our unpub-
lished observation), and the ectopic expression of Sgo1
during MIl did not prevent sister-chromatid separation
[9]. Similarly, data from Drosophila male meiosis indi-
cate that Sgo1l homolog protein MEI-S332 function
and localization are separable because cohesion be-
tween sister chromatids can be released at the meta-
phase Il/anaphase Il transition even if MEI-S332 remains
localized at centromeres [15]. The mere presence of
Sgo1 at the centromere might not be sufficient to protect
Rec8 from cleavage, leaving the possibility that other
factors might be required for restricting Sgo1 activity
to monopolarly attached kinetochores.

In summary, our data indicate that fission-yeast Shu-
goshin proteins are subjected to multiple levels of regu-
lation: (1) The N-terminal domain of Bub1 controls Sgo1
localisation and function; (2) Sgo2 and the kinase do-
main of Bub1 act in the same pathway to promote mo-
nopolar attachment during MI; and (3) Sgo1-mediated
protection of centromeric cohesion might be suppressed
by the bilateral attachment of sister-kinetochores.

Supplemental Data

Supplemental Experimental Procedures as well as a supplemental
table and figures are available with this article online at http://
www.current-biology.com/cgi/content/full/15/24/2263/DC1/.
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