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ABSTRACT During exit from meiosis Il, cells undergo several structural rearrangements, in-
cluding disassembly of the meiosis Il spindles and cytokinesis. Each of these changes is regu-
lated to ensure that they occur at the proper time. Previous studies have demonstrated that
both SPS1, which encodes a STE20-family GCKIII kinase, and AMA1, which encodes a meio-
sis-specific activator of the Anaphase Promoting Complex, are required for both meiosis Il
spindle disassembly and cytokinesis in the budding yeast Saccharomyces cerevisiae. We ex-
amine the relationship between meiosis Il spindle disassembly and cytokinesis and find that
the meiosis Il spindle disassembly failure in sps1A and ama1A cells is not the cause of the
cytokinesis defect. We also see that the spindle disassembly defects in sps1A and ama1A cells
are phenotypically distinct. We examined known microtubule-associated proteins Ase1, Cin8,
and Bim1, and found that AMAT1 is required for the proper loss of Ase1 and Cin8 on meiosis
Il spindles while SPS1 is required for Bim1 loss in meiosis Il. Taken together, these data indi-
cate that SPS7T and AMA1 promote distinct aspects of meiosis Il spindle disassembly, and that
both pathways are required for the successful completion of meiosis.

SIGNIFICANCE STATEMENT

e Cells disassemble the meiotic spindle as they exit meiosis. In S. cerevisiae, meiotic exit is regulated
by two parallel pathways using meiosis-specific factors: Sps1 (a STE20-GCKIIl kinase) and Ama'l
(a meiotic regulator of the APC/C).

* The authors find that SPST and AMA1 regulate distinct processes during meiotic spindle disassembly.
AMAT is needed to remove Asel and Cin8 while SPS1 is needed for the removal of Bim1.

e Thus, although the regulatory molecules governing exit from meiosis differ from mitosis, the overall
regulatory architecture is similar. In mitosis, APC/C" regulates Ase1 and Cin8 while the Dbf2/Mob1
Mitotic Exit Network regulates Bim1.
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INTRODUCTION

Meiosis is critical for the formation of gametes in sexually reproduc-
ing organisms. During germ-cell formation, meiosis reduces the ge-
nome from a diploid state to a haploid state. After chromosome

segregation, meiotic exit must be coordinated with gamete devel-
opment to ensure the proper packaging of the haploid genome. In
the budding yeast Saccharomyces cerevisiae, gametes form through
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sporulation; exit from meiosis Il requires the coordination of several
events, including the disassembly of the meiosis Il spindle and
cytokinesis.

The regulation of mitotic exit is relatively well understood in S.
cerevisiae. Activation of the mitotic exit network (MEN) is initiated
by the repositioning of one spindle pole into the daughter cell (Yeh
etal., 1995; Jaspersen et al., 1998; Bardin et al., 2000; Pereira et al.,
2000) and is required for the coordinated activation of the various
subprocesses of mitotic exit, which include spindle disassembly and
cytokinesis (Jensen et al., 2004; Mohl et al., 2009; Kuilman et al.,
2015; Miller et al., 2015). In short, the MEN is activated when ana-
phase spindle elongation results in the movement of a spindle pole
body (SPB) into the daughter cell, resulting in activation of the
Hippo-like kinase Cdc15 by Tem1 (Visintin and Amon, 2001; Pereira
and Schiebel, 2005; Maekawa et al., 2007; Chan and Amon, 2010;
Rock et al., 2013; Falk et al., 2016). Activation of Cdc15 results in the
activation of the downstream NDR/LATS kinase Dbf2 and its coacti-
vator Mob1 (Mah et al., 2001; Rock et al., 2013), leading to activa-
tion of phosphatases that counteract the activity of cyclin depen-
dent kinase, resulting in mitotic exit (Stegmeier and Amon, 2004,
Manzano-Lépez et al., 2019; Zhou et al., 2021).

Similar to exit from mitosis, exit from meiosis Il involves spindle
disassembly followed by cytokinesis. However, the regulators that
control exit from meiosis Il are distinct from those involved in mi-
totic exit (Phizicky et al., 2018; Cairo et al., 2020; Paulissen et al.,
2020). Although the Hippo-like kinase Cdc15 is also required for
meiotic exit (Pablo-Hernando et al., 2007; Attner and Amon, 2012;
Paulissen et al., 2020), the canonical downstream NDR/LATS kinase
complex Dbf2/Dbf20/Mob1 is not involved in exit from meiosis |l
and plays a distinct role in spore-number control (Renicke et al.,
2017; Paulissen et al., 2020). Instead, the meiosis-specific STE20-
family GCKIII kinase Sps1 acts downstream of Cdc15 to promote
exit from meiosis (Slubowski et al., 2014; Paulissen et al., 2016;
Paulissen et al., 2020).

During mitotic exit, proteins at the spindle midzone are removed
and the spindle gets disassembled (reviewed in Winey and Bloom,
[2012]). Mitotic spindle disassembly requires the activity of multiple
independent pathways (Woodruff et al., 2010; Pigula et al., 2014).
The failure of any one of these pathways leads to a spindle disas-
sembly defect and lethality in subsequent cell cycles (Woodruff
et al., 2012). Distinct spindle-disassembly defects can be seen as-
sociated with the different pathways (Woodruff et al., 2010). Activity
of the MEN is required to initiate disassembly, and MEN defective
mutants exhibit persistent intact spindles (Visintin and Amon, 2001;
Falk et al., 2016). The microtubule end-binding protein Bim1
(Schwartz et al., 1997; Tirnauer et al., 1999) must be properly re-
moved to promote depolymerization of spindle microtubules.
(Woodruff et al., 2010); Bim1 removal requires the Aurora B kinase
Ipl1 and MEN pathway activity (Zimniak et al., 2009; Woodruff et al.,
2010).

The Anaphase Promoting Complex (APC/C) plays an important
role in mitotic spindle disassembly, as several of its targets are im-
portant in spindle regulation and function (Hildebrandt and Hoyt,
2001). One of these targets is the microtubule bundling protein
Asel (PRC1 in mammals), which establishes and stabilizes the spin-
dle midzone, plays a role in spindle elongation, and is degraded
before spindle disassembly (Pellman et al., 1995; Juang et al., 1997,
Jiang et al., 1998; Mollinari et al., 2002; Schuyler et al., 2003; Khme-
linskii et al., 2007; Kotwaliwale et al., 2007; Khmelinskii et al., 2009;
Thomas et al., 2020). Another important APC/C target for spindle
disassembly is the kinesin-5 family member Cin8, which plays an
important role in generating the outward forces important for
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spindle elongation, as well as microtubule crosslinking activity and
protein trafficking functions (Hoyt et al., 1992; Saunders and Hoyt,
1992; Saunders et al., 1995; Straight et al., 1998; Gheber et al.,
1999; Khmelinskii et al., 2009; Suzuki et al., 2018). During mitosis,
Cin8 can be seen at the centromeres and along the length of the
microtubules (Tytell and Sorger, 2006) and moves to the spindle
midzone at the metaphase to anaphase transition, where it acts to
elongate to the spindle (Avunie-Masala et al., 2011). The APC/
CCnl-mediated degradation of Cin8 and Ase leads to the separa-
tion of the spindle halves (Woodruff et al., 2010). Although the com-
plex interplay regulating spindle dynamics has been described in
mitosis, it was unclear whether these proteins function similarly in
spindle disassembly in meiosis II.

In the budding yeast S. cerevisiae, meiotic cytokinesis occurs
through the closure of the prospore membrane (PSM). This
meiosis-specific membrane grows from the outer surface of the
SPB to engulf the nascent spore, ultimately becoming the plasma
membrane of the daughter cell (Neiman, 1998; Neiman, 2011).
Previous study has shown that two distinct pathways are required
for timely closure of PSMs (Paulissen et al., 2016). One pathway
involves the kinases Cdc15 and Sps1 (Paulissen et al., 2020), while
the other pathway requires the meiosis-specific APC/C subunit
Ama1 (Diamond et al., 2009; Paulissen et al., 2016; Paulissen et al.,
2020). In addition to their cytokinetic defects, all of the genes
involved in PSM closure have also been reported to be required
for proper disassembly of meiosis Il spindles (Pablo-Hernando
et al., 2007; Attner and Amon, 2012; Argiello-Miranda et al.,
2017; Paulissen et al., 2020).

In this study, we examine the relationship between PSM closure
and spindle disassembly and the nature of the spindle disassembly
defect in sps1A and amalA mutants. We examine the Bim1, Ase1,
and Cin8 proteins for their roles in meiosis Il spindle disassembly
and how they may be regulated by SPST and AMAT. Our data show
that the regulation of spindle disassembly in meiosis Il requires mul-
tiple pathways.

RESULTS

Spindle disassembly occurs before PSM closure

Previous studies have demonstrated that SPST and AMAT act in
parallel to promote PSM closure (Diamond et al., 2009; Paulissen
etal., 2016). Interestingly, both sps1A and ama 1A also display spin-
dle disassembly defects (Pablo-Hernando et al., 2007; Attner and
Amon, 2012; Arguello-Miranda et al., 2017; Paulissen et al., 2020).
This prompted us to examine the potential relationship between
these processes by examining the temporal sequence of spindle
disassembly and PSM closure in wild-type cells. To do this, we cre-
ated genomically integrated fluorescent markers to simultaneously
track multiple relevant cellular structures. To visualize the SPB, we
epitope tagged the SPB component Spc42 (Donaldson and
Kilmartin, 1996) with yeast codon-optimized (yo) mRUBYZ2 (Lee
et al., 2013) to create SPC42-yomRUBY2. Microtubules were visual-
ized by adding GFPENYY (Slubowski et al., 2015) to Tub1, which al-
lowed for the maintenance of the 3'UTR (which has been shown to
be important for Tub1 function (Markus et al., 2015), to create
GFPENYY.Tub1. PSMs were visualized using the B20 marker that con-
tains the lipid-binding domain of Spo20 fused to BFP (Nakanishi
etal., 2004, Lin et al., 2013) integrated into the URA3 locus to create
ura3:B20:URA3.

We examined spindle disassembly and PSM development over
the course of sporulation (Figure 1). PSM development was fol-
lowed using the B20 marker, which binds to the plasma membrane
in mitotic cells and in meiosis | (Figure 1, a and b) before labeling
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To address this question, we chemically
disassembled their spindles, treating ana-
phase Il cells with a cocktail of microtubule
depolymerizing drugs (benomyl and no-
codazole) (Hochwagen et al., 2005; Amberg
et al., 2006), and examined the conse-
quences for PSM growth and closure. For all
cells examined, including wild type, spsTA,
and amalA, we see spindle disassembly in
the presence of the drug combination by 10
min after treatment, assayed by GFPENVY-
Tub1 signal (Figure 2).

We monitor PSM development in these
cells using an integrated K20 marker, which
contains the lipid-binding domain of Spo20
fused to mKate2 (Nakamura et al., 2017),
similar to the B20 marker used in Figure 1.
We assessed PSM closure by rounding of
the membrane, as in Paulissen et al., 2016.
Wild-type cells (which, at the time of treat-

meiosis Il

meiosis |

The spindle and PSM during meiosis. The spindle and the PSM were visualized
during meiosis in wild-type cells (LH1145), which contains the genomically integrated SPB
marker SPC42-mRUBY (SPC42-yomRUBY2), tubulin marker GFPENYY-TUB1T (GFPENVY-
TUB1+3'UTR:LEU2), and PSM marker B20 (ura3:B20:URA3). Images were acquired using a
confocal microscope and are maximum intensity projections of 4 pm z-stacks.

the growing PSMs in meiosis Il (Figure 1, c—e; Nakanishi et al., 2004;
Lin et al., 2013). PSMs are formed in meiosis |l by post-Golgi secre-
tion targeted to the spindle pole bodies (Neiman, 1998) and grow
to surround the meiotic nuclei, taking on different morphologies as
the membranes extend (Diamond et al., 2009), from small cups
(Figure 1, c and d), to elongated shapes (Figure 1e), to rounded
structures (Figure 1) as the spores cellularize and close into distinct
haploid cells (reviewed in Neiman, 2011).

Meiotic spindles were examined using GFPEN-Tub1 and Spc42-
yomRUBY2. Using these markers, we can see the meiotic spindles in
meiosis | (Figure 1, a and b) and the meiosis Il spindles, which ema-
nate from the spindle pole bodies that are associated with the grow-
ing PSMs (Figure 1, c—e). When we look at asci where spores have
undergone cytokinesis and cellularized, we see four tubulin foci, each
within the rounded PSMs, colocalizing with the spindle pole bodies
(Figure 1g). These foci may appear punctate (43% of observed tubu-
lin foci) or linear (57% of observed tubulin foci), and are typically
short, with a mean length of 1.04 pm £ 0.27 pm, and a median length
of 1.01 pm. Importantly, in wild-type cells, PSM closure (as assayed by
rounded propsore membranes) was not observed until after spindle
disassembly had been completed (Figure 1, f and g).

Spindle disassembly does not rescue the PSM closure
defect in sps1A or ama1A cells

Because in wild-type cells, PSM closure occurs after spindle disas-
sembly during meiotic exit, we asked whether complete spindle
disassembly was necessary for proper PSM closure. sps1A and
amaTA cells delay closing their PSMs and undergo a period of inap-
propriate PSM extension, creating hyperelongated PSMs (Paulissen
etal., 2016; Paulissen et al., 2020). Because these mutants also have
spindle disassembly defects, we wondered whether the persistence
of the spindle in these mutants was responsible for their hyperelon-
gated PSMs and delays in closure.
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ment, had elongated spindles and were in
anaphase ) round their PSMs soon after
drug treatment. In the wild-type cells whose
spindles have been disassembled by drug
treatment, by 20 min after treatment, the
majority (67%) have PSMs that have transi-
tioned from an elongated (open) morphol-
ogy to a rounded (closed) morphology.
Only 33% of the cells still have open PSMs.
By 30 min, there are no remaining wild-type cells with open elongat-
ing PSMs; all are rounded and closed.

In contrast, when we examine the PSMs of sps1A and ama A ana-
phase Il cells whose spindles have been disassembled by drug treat-
ment (confirmed by the absence of the GFPENYY-Tub1 signal), all mu-
tant cells have elongating PSMs at 20 min. At 30 min, when there are
no open PSMs remaining in wild-type cells, 94% of sps1A and 96% of
ama 1A cells have still not closed their PSMs. Even at 40 min, the vast
majority of sps1A (81%) and amaTA (71%) mutant cells have failed to
close their PSMs and produce hyperelongated PSMs (Figure 2).

Thus, the PSM closure defect in sps1A and ama 1A mutants is not
suppressed by disassembly of the spindle. Instead, the PSMs con-
tinue to elongate, becoming hyperelongated. Closure of the PSM
was both less frequent and delayed when microtubules were pre-
maturely disassembled. This PSM phenotype is similar to the previ-
ously described PSM phenotype in sps1A and amaTA cells with in-
tact spindles (Diamond et al., 2009; Paulissen et al., 2016; Paulissen
et al., 2020). Taken together, these results suggest that the PSM
closure defects observed in sps1A and amaTA mutants are not due
to the spindle disassembly defect and that spindle disassembly is
not sufficient to trigger PSM closure.

cytokinesis

spsTA and ama1A cells have distinct spindle disassembly
defects

Although spindle disassembly roles for SPST and AMAT have been
previously described (Pablo-Hernando et al., 2007; Attner and
Amon, 2012; Okaz et al., 2012; Argiello-Miranda et al., 2017;
Paulissen et al., 2020), the precise nature of the spindle disassembly
defects in the mutant strains has not been characterized. As distinct
spindle disassembly defects can be distinguished in mitosis (Wood-
ruff et al., 2010), we more carefully examined the spindle disassem-
bly defects in the sps1A and amaTA strains to see if they were simi-
lar. Specifically, we examined the length of the meiosis Il spindle in
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Taken together, these distinct pheno-
types suggest that SPSTand AMAT promote
spindle disassembly by different mecha-
nisms. The deletion of either gene results in a
distinct phenotype. amalA mutants have
long spindles with exaggerated curvature in
anaphase Il that become several persistent
tubulin - fragments; spsTA mutants have
shorter anaphase Il spindles than ama 1A mu-
tants that turn into many more and shorter
tubulin fragments. Furthermore, the double
mutant exhibits a synthetic nonadditive phe-
notype, with only short persistent tubulin foci
after anaphase I, consistent with each gene

wild type

Spindle disassembly does not suppress the hyperelongated PSM defect in sps1A
and amaTA cells. Wild type (LH1146), sps1A (LH1147), and ama1A (LH1148) cells were
sporulated and treated with a cocktail of microtubule depolymerizing drugs (benomyl and
nocodazole; see Materials and Methods). PSMs were visualized using the genomically integrated
K20 marker (his3:SPO20°"91-mKATE2:HIS3); tubulin was visualized using GFPENYY-TUB1. PSMs
were analyzed every 10 min for 40 min after drug-induced microtubule depolymerization.
Example confocal images show typical microtubule depolymerization and resultant PSM
morphology. Images are maximum intensity projections of 4 um z-stacks. Cells of interest are
indicated by dashed circle when more than one cell is within the frame.

anaphase Il cells. In post anaphase Il cells, we quantified the number
of tubulin foci and the lengths of the spindle fragments.

In amalA mutants, anaphase Il spindles develop exaggerated
curvature, often appearing to follow the cell perimeter (Figure 3A).
When measured, these spindles are significantly longer than wild
type, with a mean length of 9.00 pm compared with 6.55 um in wild
type (Figure 3B). After anaphase Il, the spindles do not properly
disassemble; rather, the amaTA cells end up with several persistent
tubulin fragments. On average, each cell contains one persistent
fragment more than can be accounted for by the four spindle pole
bodies, with a mean of 5.05 fragments per cell (Figure 3C). Typically,
these fragments vary in length, and include one or more longer
(4-5 pm) fragments as well as several shorter (<1 pm) fragments,
with a median length of all fragments of 2.18 ym (Figure 3D).

In contrast to amaTA cells, anaphase Il spindles are not signifi-
cantly longer in sps1A cells compared with wild-type cells, with a
mean length of 6.74 pm in sps1A compared with 6.55 pm in wild
type (p > 0.05, t test; Figure 3, B and E). When the spsTA spindles
fail to disassemble after anaphase Il, cells are left with many smaller
fragments; on average, we observed 6.93 fragments per cell in the
sps1A mutant cells (Figure 3, C and E). These fragments are of more
uniform size than those in amalA mutants. Spindle fragments in
spsTA cells have a median fragment length of 1.75 um, compared
with the 2.18 pm length seen for ama 1A mutants (Figure 3D).

Interestingly, spsTA amalA double mutants exhibit a spindle
morphology unlike either single mutant (Figure 3F). Despite forming
hyperelongated PSMs (as previously described [Paulissen et al.,
2016]), anaphase Il spindles are not significantly hyperelongated,
with a mean length of 6.69 pm, similar to that seen in wild type
(6.55 pm; Figure 3B). In the spsTA amalA double mutants, only
short tubulin foci typically persist after anaphase Il, with an average
of 4.20 foci per cell (Figure 3C). However, these foci are notably
longer than those seen in wild-type cells, with a mean length of
1.60 pm, and appear qualitatively brighter and straighter than the
microtubules seen in wild-type cells (Figure 3, D and F).
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regulating a distinct process.

Known mitotic microtubule-associated
proteins are present at the meiosis I
spindle

Asel, Cin8, and Bim1 are associated with
the mitotic spindle and required for its disas-
sembly (Woodruff et al., 2010), but their roles
in meiosis Il have not been well character-
ized. To better understand the processes un-
derlying spindle disassembly during meiosis
I, we asked whether these proteins were
expressed during meiosis and localized to
the meiotic spindle. To visualize the localization of these proteins in
live cells, we epitope-tagged Asel with GFPENYY (Slubowski et al.,
2015) and Cin8 and Bim1 with yeast codon-optimized mRuby3 (yom-
Ruby3). To facilitate their biochemical examination, we created myc-
epitope-tagged strains for Ase1, Cin8, and Bim1 (Longtine et al.,
1998).

We first examined the microtubule bundling protein Ase1, which
binds to the interpolar microtubules as the site of overlap and estab-
lishes the spindle midzone in mitosis (Pellman et al., 1995; Juang
et al., 1997; Mollinari et al., 2002; Schuyler et al., 2003; Kotwaliwale
et al., 2007; Thomas et al., 2020). When we examine protein expres-
sion, Asel is present as cells progress through sporulation (Figure
4A). When we examine the localization of the protein during meiosis
land Il, we see that Ase localizes to the central spindle region (Figure
4B). We do not detect Ase localization before spindle formation or
its localization on microtubules after spindle disassembly in meiosis II.

Next, we examined the kinesin-5 family member Cin8, which is
important for mitotic spindle assembly as well as microtubule sliding
during anaphase spindle elongation (Saunders and Hoyt, 1992;
Roof et al., 1992; Gheber et al., 1999). Cell lacking CIN8 have de-
fects in meiosis |, as it is important for homologue pairing, cohesion
removal, and spindle elongation (Mittal et al., 2020). Examination of
protein expression during sporulation shows that Cin8 is detectable
during meiosis and expression levels vary as cells progress through
sporulation (Figure 4C). During meiosis | and I, Cin8 localizes along
the length of the meiotic spindle (Figure 4D).

Finally, we examined the microtubule end-binding protein Bim1
(Schwartz et al., 1997; Tirnauer et al., 1999). Bim1 is a phosphopro-
tein that localizes to the spindle midzone and is important for both
spindle assembly and disassembly during mitosis (Zimniak et al.,
2009). Bim1 is expressed throughout meiosis (Figure 4E). Bim1 lo-
calizes along spindle microtubules throughout meiosis and is no
longer detectable after meiosis Il spindle disassembly (Figure 4F).
Thus, Ase1, Cin8, and Bim1 are all expressed during sporulation and
localize to the meiosis Il spindle, with distinct patterns.

Molecular Biology of the Cell
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sps1A and amaTA cells exhibit distinct spindle disassembly defects. Wild type (LH1146), ama1A (LH1148),
sps1A (LH1147), and ama1A sps1A (LH1149) cells were sporulated and analyzed during and immediately following
anaphase Il. (A) Representative images of wild-type (LH1146) and ama1A (LH1148) cells. (B) Average anaphase Il spindle
lengths were measured by measuring GFPENYY-TUBT. Black bar indicates the median anaphase Il spindle length.
(C) The number of tubulin foci seen in post-anaphase Il cells. Data from each of the three biological replicates were
colored differently (day 1 in blue, day 2 in red, and day 3 in green). The magenta line indicates the median number of
tubulin foci. (D) The length of tubulin fragments was measured in post anaphase Il cells. Data from each of the three
biological replicates was colored differently (day 1 in blue, 2 in red, and 3 in green). Median length is indicated by
magenta line. (E) Representative images of sps1 (LH1147) cells. (F) Representative images of amaTA sps1A (LH1149)
cells. Panels A, E, and F are widefield images. Images are maximum intensity projections of 2.5 ym z-stacks. PSMs were
visualized using the genomically integrated K20 marker, in red; tubulin was visualized using GFPENYY-TUBT, in green.

Removal of the midzone protein Ase1 requires AMA1

but not SPS1

Because Asel is removed from both the meiotic spindle (Figure 4B)
and the mitotic spindle (Woodruff et al., 2010) at the time of spindle
disassembly, we hypothesized that Ase1 removal may require SPS1
and/or AMAT. In meiosis I, Ase appears on the spindle midzone in
wild-type cells during metaphase I, remaining there during anaphase
Il (Figure 4B and 5A). We see similar anaphase Il midzone localization
in the sps1A and ama A mutants, and the amaTA sps1A double mu-
tant during anaphase Il (Figure 5, A and B). Like wild type, spsTA cells
lose Ase1 from the spindle after anaphase II, even though spsA cells
have persistent microtubule fragments (Figure 5A). In contrast, Ase'
persists on remaining tubulin fragments after spindle breakage in
amaTA and spsTA amaA cells (Figure 5A). Ase was never observed
in wild-type cells after anaphase II, but was present in 94% of amaTA
mutants, and 97% of spsTA amaTA mutants (Figure 5B). Immunoblot
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analysis shows persistently high Ase1 levels in amalA and amalA
spsTA mutant cells (Figure 5C), consistent with the microscopy. Thus,
AMAT1 is required for loss of Ase1 from the spindle and the reduction
of Ase1 protein levels following the completion of anaphase .

Removal of Cin8 requires AMA1 but not SPS1

Having observed that Cin8 also localizes to microtubules in meiosis
Il (Figure 4D), we next asked whether its localization requires AMA1
or SPS1 (Figure 6, A and B). In anaphase II, Cin8 is localized along the
microtubules, with increased concentration towards the center and
ends of microtubules in amaTA and spsTA mutants, like in wild-type
cells. Cin8 is no longer detectable on post-anaphase Il spindle frag-
ments in spsTA cells, as in wild type. However, in both amaTA and
amaTA sps1A mutants, Cin8 remains present on at least one microtu-
bule fragment and/or one microtubule focus in post-anaphase I
cells. Interestingly, this persistent Cin8 is much more penetrant in
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and are maximum intensity projections of 2.5 pm z-stacks.

amalA mutants (mean 98% of post-anaphase cells) than in sps1A
ama 1A double mutants (52% of cells; Figure 6B). When we examine
protein levels, amaTA mutant cells continue to express higher levels
of Cin8 after the completion of meiosis Il (Figure 6C). These results
are consistent with the idea that AMAT is required for loss of Cin8
from the spindle and reduction of Cin8 protein levels following the
completion of anaphase II.
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Microtubule end-binding protein Bim1 remains on sps1A
spindle fragments

Finally, we analyzed the localization of Bim1. In wild-type cells, there
is a brief window during spindle disassembly, before PSM closure
(when PSMs are elongated but not yet rounded), when Bim1 is not
detectable (Figure 7A). We observed that AMAT is not required for
this Bim1 localization, as Bim1 is not present on spindle fragments

Molecular Biology of the Cell
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in amaTlA mutants before PSM closure but reappears on punctate
tubulin foci in the minority of amalA mutant cells which have
rounded (and closed) PSMs (Figure 7, A and C). In contrast, Bim1 is
present on spindle fragments throughout late sporulation in sps1A
mutants, as assessed in cells that have elongated and hyperelon-
gated PSMs (Figure 7, A and C). Interestingly, the amaTA sps1A
double mutant maintains Bim1 on the microtubules when PSMs are
elongated and not closed (Figure 7, B and C), like seen in spsTA.
Taken together, these data suggest that SPST appears important for
preventing Bim1 localization on spindle fragments after anaphase II.

When we examine protein expression of Bim1 during sporula-
tion, Bim1 protein levels remain high in amaA mutants, suggesting
that although AMAT may not play a role in removing Bim1 from the
spindles at the end of meiosis Il, AMAT may be important in the
degradation of Bim1 once it is removed from the spindles (Figure
7D). Bim1 levels do not change much during sporulation in wild-
type cells (Figure 4E), and both wild-type and spsT1A cells still ex-
press Bim1 at 6 and 8 h in sporulation (Figure 7D). Thus, SPS1 ap-
pears to be required for the transient loss of Bim1 from spindles
during meiotic exit and may affect Bim1 levels directly or indirectly.
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DISCUSSION

Our studies demonstrate that the STE20-GCKIII family kinase en-
coded by SPS1 and the APC/C activator encoded by AMA1 define
two distinct pathways required for the normal disassembly of mei-
osis |l spindles. Although spindle disassembly occurs before PSM
closure, it is not sufficient to cause closure. We also show that the
spindle disassembly defects seen in spsTA and amalA are differ-
ent. amalA cells have long spindles with exaggerated curvature
and are left with several persistent tubulin fragments after ana-
phase II. spsT1A cells have shorter anaphase Il spindles than ama1A
and have many more tubulin fragments than amaA after spindle
disassembly. SPST and AMA1 affect different targets: loss of SPS1
results in prolonged Bim1 localization at the spindle, while loss of
AMAT results in prolonged Asel and Cin8 localization at the
spindle.

PSM closure and spindle disassembly are not dependent
processes

Cells lacking SPS1, AMA1, and CDC15 (which encodes a Hippo-like
kinase that acts upstream of SPST [Rock et al., 2013]) all produce

Meiosis Il spindle disassembly | 7



wild type sps1A

amaiA amailA sps1A

Anaphase Il Post-anaphase Anaphase Il Post

Cin8

tubulin

merge

80 4

60 4

% with Cin8

40 -

Post-anaphase

Anaphase Il

Post-anaphase

o Pgk1

069 13 10 023 15 051 Cin8/Pgk1

& A> A RN > 6 hours 8 hours
\\\Q A D N 'O\Q N D N
\\é QQ q}‘(\ VQQ \\6 ‘_vQ 06\ ve?
Q& &'b" & ‘(\'b\
? ?
anaphase post-anaphase Il

Removal of Cin8 from the meiosis Il spindle requires AMAT1. (A) The localization of Cin8-yomRuby3 was
examined in wild-type (LH1157), sps1A (LH1158), amaTA (LH1159), and amalA sps1A (LH1160) cells. Tubulin was
visualized using GFPE™-Tub1. (B) Quantification of cells that have Cin8 colocalizing with microtubules. One way ANOVA
[F(3, 8) =505, p < 1 x 107] followed by Tukey’s HSD post hoc test (0. = 0.01), letters denote statistically distinct groups
among post-anaphase Il cells. (C) Immunoblots of Cin8-myc expression in wild type (LH1165), ama1A (LH1167), and
sps1A (LH1166) at 6 and 8 h after transfer to sporulation media; Pgk1 is used as the loading control. The size of the MW

standards are indicated next to the appropriate band.

hyperelongated PSMs that do not close in a timely manner and also
exhibit spindle disassembly defects (Pablo-Hernando et al., 2007;
Diamond et al., 2009; Attner and Amon, 2012; Paulissen et al.,
2016; Argliello-Miranda et al., 2017; Paulissen et al., 2020). This cor-
relation raised the possibility that the perdurance of the spindle was
preventing PSM closure, with the PSM closure defect as secondary
effect of the spindle disassembly defect.

Our studies show that, as expected, that drug-induced disas-
sembly of spindles after anaphase Il did not significantly affect the
ability of wild-type cells to close their PSMs, with a majority of cells
closing their PSM by 30 min after drug treatment. This timing for
closure is reasonable for wild-type cells, as anaphase Il happens in
about 10-20 min in the SK1 strain background (Carpenter et al.,
2018) and PSM closure quickly follows in wild-type cells (Paulissen
et al., 2016).

On the other hand, drug-induced disassembly of spindles was
not sufficient to cause PSM closure in spsT1A or ama A mutant cells.
Rather, the PSMs continued to grow in these drug-treated mutant
cells, forming hyperelongated membranes resembling those of
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non-drug treated cells (Paulissen et al., 2016; Paulissen et al., 2020).
These results suggest that spindle disassembly is not sufficient for
PSM closure, and that SPST and AMAT pathways are likely to act on
the cytokinesis process independently from their role in spindle dis-
assembly. The interpretation of these results is limited by our inabil-
ity to disassemble spindles using genetic methods and may be af-
fected by the possibility of off target or indirect effects of the
benomyl/nocodozole drug cocktail that we used in this work.

Multiple pathways act together to promote spindle
disassembly during meiosis Il

Although previous work has identified genes involved in spindle dis-
assembly during meiosis Il (Pablo-Hernando et al., 2007; Diamond
et al., 2009; Attner and Amon, 2012; Paulissen et al., 2016; Argliello-
Miranda et al., 2017), the specific nature of these spindle disassembly
defects had not been previously described. In mitosis, three pathways
are important for spindle disassembly (Woodruff et al., 2010; Wood-
ruff et al., 2012; Pigula et al., 2014). One pathway used in mitotic exit
involves the APC/C and its activator Cdh1 (Woodruff et al., 2010),

Molecular Biology of the Cell



A. wild type

Bim1

tubulin

PSM

k.

merge

|
i

DIC

=

SHAEE

100 -
E amaiA sps1A C.
80
Bim1 E
@ 60
.‘é
< 40
20
NA
0
T T T T
PSM } 66QZQ9'\V‘(@'\V 6@»
& M
&
anaphase Il post-anaphase I, post-anaphase I,
merge open PSMs closed PSMs
s ) )
<
L& ) )
DI N S
c l w SSFXSER
] 75‘- ———_—_‘ Bim1
50 [
———————
- | - Pgki

0.23 0.43 0.66 0.34 0.87 0.77 Bim1/Pgk1

6 hours

8 hours

FIGURE 7: Removal of Bim1 from the meiosis Il spindle requires SPST but not AMA1. (A) The localization of Bim1-
yomRuby3 was examined in wild type (LH1154), sps1A (LH1155), and amaTA (LH1156). Tubulin was visualized using
GFPE-Tub1, PSMs were visualized using B20. (B) The localization of Bim1-yomRuby3 was examined in ama1A sps1A
(LH1171) cells. Tubulin was visualized using GFPE™-Tub1, PSMs were visualized using B20. (C) Quantification of cells
that have Bim1 colocalizing with microtubules. For post-anaphase Il open PSMs, letters denote statistically distinct
groups. One way ANOVA [F(3, 8) = 16.4, p < 1 x 104 followed by Tukey’s HSD post hoc test (0. = 0.04). Note that sps1A
ama1A double mutants do not close their PSMs (Paulissen et al., 2016), which is why the post-anaphase Il, closed PSM
category is not applicable (NA). (D) Immunoblots of Bim1-myc/+ expression in untagged (LH177), wild type (LH1170),
amaTlA (LH1168), and sps1A (LH1169) at 6 and 8 h after transfer to sporulation media; Pgk1 is used as the loading
control. The size of the MW standards are indicated next to the appropriate band.

which is important for targeting Cin8 (Hildebrandt and Hoyt, 2000)
and Asel (Juang et al., 1997) for degradation. In cdh1A mutant cells,
mitotic spindles were longer and hyperstable, breaking only when the
cytokinetic ring constricted (Woodruff et al., 2010). These persistent
cdh1A mutant spindles retained Ase1 and Cin8, consistent with the
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APC/C" playing a role for the removal and degradation of these
spindle-stabilizing midzone localizing proteins at mitotic exit (Wood-
ruff et al., 2010). Interestingly, in mitosis, the Kip3 (kinesin-8) microtu-
bule depolymerase appears to work in parallel to APC/C®" to disas-
semble the spindle (Woodruff et al., 2010; Woodruff et al., 2012;
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Arellano-Santoyo et al., 2017; Bergman et al., 2019); whether Kip3
plays a role in meiosis Il spindle disassembly is currently unknown.

In meiosis, the APC/C is also important for spindle disassembly,
and the completion of meiosis Il utilizes Ama1 as the activator for
the anaphase promoting complex instead of Cdh1 (Cooper et al.,
2000; Tan et al., 2013). Consistent with an analogous role in spindle
disassembly for the APC/C, the localization of Ase1 and Cin8 is per-
turbed in meiosis Il when cells lack AMAT1. Furthermore, there is in-
appropriately higher levels of Ase1 and Cin8 proteins at 8 h in
amalA mutants, consistent with the requirement for APC/CAma" for
the removal and degradation of these proteins during spindle disas-
sembly, similar to the role of APC/CC" in mitosis.

An additional pathway involved in mitotic spindle disassembly
involves Bim1, a microtubule end-binding protein (Schwartz et al.,
1997). During mitosis, Bim1 is removed from the spindle midzone
independently of CDHT and appears to affect interpolar microtu-
bule depolymerization during spindle disassembly, acting down-
stream of the MEN and the Ipl1 Aurora kinase (Woodruff et al.,
2010).

Here we find that, analogous to CDH1 during mitosis, AMA1
does not appear to play a role in the removal of Bim1 from the
meiosis Il spindle. Instead, we find that SPST is important for the
removal of Bim1 from post anaphase Il spindles. As SPST acts with
CDC15 to regulate exit from meiosis Il (Paulissen et al., 2020), this
suggests that Bim1 removal is regulated by the pathway regulating
exit from meiosis Il. This would be similar to the role of the MEN
(which utilizes CDC15 but not SPS1) for the removal of Bim1 in
mitosis.

Interestingly, the regulation of Bim1 during meiotic exit relies not
only on SPST, but also on AMAT. SPST is important for Bim1 loss
from the spindle while overall Bim1 protein levels are higher at 8 h in
both ama1A and sps1A mutants compared with wild type. This ele-
vated Bim1 expression suggests that although AMAT is not involved
in the loss of Bim1 from the spindle, and APC/CA™1 may play a role
in Bim1 degradation once it is removed from the spindle. There are
likely to be additional intersections between the APC/CA™! pathway
and the meiosis Il exit pathway involving SPS1, as Asel has been
shown to recruit Bim1 to the spindle midzone in mitotic cells (Thomas
et al., 2020). The requirement of Ase1 for Bim1 recruitment may be
part of the reason why the ama1A sps1A spindle disassembly defect
is not simply the summation of the individual mutant phenotypes.
Interestingly, this nonadditive relationship is unlike the relationship
of the AMAT and SPST pathways during PSM closure, where the
amalA sps1A double mutant has a simple additive phenotype. The
single amaTA and sps1A mutants delay PSM closure, but eventually,
some cells close (~70% for sps1A and ~30% for ama1A) (Diamond
etal., 2009; Paulissen et al., 2016); the ama1A sps1A double mutant
completely blocks PSM closure, suggesting these pathways work in
parallel to regulate closure (Paulissen et al., 2016).

The nonadditive phenotypes for spindle disassembly suggest
that there are likely significant intersections between the APC/CAMa'
pathway and the meiosis Il exit pathway involving SPS1. For spindle
disassembly, the amaTA spsTA double mutant had a phenotype un-
like either single mutant. The amaTA sps1A double mutant had a
spindle length similar to that seen in spsTA cells in anaphase Il cells,
but after anaphase I, the number of tubulin foci that remain in post
anaphase Il cells was more similar to wild type, compared with either
single mutant (although with longer tubulin fragments than those
seen in wild-type cells). While these microtubules are less aberrant
in size, they are still defective, as Ase1, Cin8, and Bim1 all are inap-
propriately present on the microtubules in the amaTA spsT1A double
mutant.
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It is interesting to note that although the regulatory molecules
that govern meiosis differ from those that govern mitosis (with
AMAT1 acting instead of CDH1 as the APC/C activator and with SPS1
acting in the MEN downstream of CDC15, instead of the DBF2/
MOBT1), the regulation of the downstream targets for spindle assem-
bly by the APC/C and by CDC15 are similar in both mitosis and
meiosis. It will be interesting to assess whether the Ipl1 Aurora ki-
nase plays a role in exit from meiosis, as in mitosis, Ipl1 acts with the
MEN in regulating the localization of Bim1 (Woodruff et al., 2010).
Furthermore, the targets examined here for meiosis Il spindle disas-
sembly are conserved in multicellular organisms: Bim1 is the homo-
logue of EB1 (Berrueta et al., 1998), Ase1 is the homologue of PRC1
(Subramanian et al., 2010), and Cin8 is a member of the conserved
kinesin-5 (BimC) motor family (Kashina et al., 1996). Whether these
targets are regulated similarly in meiosis in other organisms will be
an important area of future study.

MATERIALS AND METHODS

Yeast strain construction

All strains used in this study are derivatives of the SK1 background
(Kane and Roth, 1974). Complete genotypes can be found in Sup-
plemental Table S1.

The epitope-tagged alleles used for microscopy (ASE1-GFPENYY,
BIM1-yomRUBY3, and CIN8-yomRUBY3) were generated by stan-
dard PCR-based homologous recombination (Longtine et al., 1998)
using OLH1846 and OLH1847 to amplify GFPENYY from pFAba-link-
Envy-SpHIS5 (ASET), OLH2246 and OLH2247 to amplify yomRUBY3
from pFAéa-link-yomRUBY3-SpHIS5 (BSp60) (BIM1), and OLH2242
and OLH2243 to amplify yomRUBY3 from pFAéa-link-yomRUBY3-
SpHIS5 (BSp60) (CIN8). The epitope-tagged alleles used for immu-
noblotting (ASE1-myc, BIM1-myc, and CIN8-myc) were created us-
ing PCR-mediated recombination by amplifying a double stranded
piece of DNA from pFA6a-13myc-kanMX6 (ASET1-myc) or pFAba-
13myc-His3MX6 (BIM1-myc and CIN8-myc; Longtine et al., 1998)
using OLH2526 and OLH2527 (ASET), OLH2528 and OLH2529
(BIMT), and OLH2530 and OLH2531 (CIN8); this DNA was utilized
for standard PCR-based homologous recombination. Proper epit-
ope-tag insertion was confirmed by PCR using primers OLH95,
OLH1848, and OLH1849 (ASET), OLH95, OLH2248, and OLH2249
(BIMT), and OLH95, OLH2244, and OLH2245 (CINS8). Primer se-
quences are in Supplemental Table S2.

All epitope-tagged alleles were used as homozygous alleles and
checked for complementation (by sporulating the diploid cells, dis-
secting tetrads, and checking for viable spores) except for BIM1-
myc, which was used as heterozygous because the homozygous
BIM1-myc/BIM1-myc homozygous strain did not produce viable
spores but could produce viable spores as BIM1-myc/+.

To visualize microtubules, we utilized either GFPENYY-TUB1
(Paulissen et al, 2020) or yomRUBY3-TUBT1 (yomRUBY3-
TUB1+3'UTR), which was generated by first linearizing BSp71 (see
below for description of plasmid) with Xbal (New England Biolabs
[NEB]), and then integrating into the endogenous TUBT ORF.

To visualize PSMs, we created an integrated B20 PSM marker
(ura3:B20:URA3) by linearizing pRS426-B20 (Lin et al., 2013) with
Stul (NEB), and integrating into the endogenous URA3 locus. The
K20 PSM marker (his3:SPO20°"1-mKATE2:HIS3; Nakamura et al.,
2017) was integrated by single-cross integration of plasmid linear-
ized by digestion with Pstl (NEB). Alleles were generated in wild-
type MATa cells, and opposite mating types were obtained by cross-
ing to wild-type MATo..

To visualize the SPBs, we created SPC42-yomRUBY2 by
PCR-mediated recombination using pFA6a-yomRUBY2:URA3
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(Lee et al., 2013) and the primers OLH2178 and OLH2179. Correct
insertion of the mRUBY2 sequence was confirmed using primers
OLH1486 and OLH2181.

Fluorescent markers in strains were combined in strains by mating
haploid strains containing each marker and dissecting tetrads to ob-
tain haploid strains that contain the fluorescent alleles, which were
then mated to obtain homozygous diploid strains. All fluorescent
markers were used as homozygous alleles in the diploid strains. The
sps1A  (spsT:LEU2¢9; Slubowski et al, 2014) and amalA
(ama1:TRP1S9; Paulissen et al., 2016) alleles were also crossed into
the appropriate strain backgrounds using standard yeast genetics.

Plasmid construction

To create the yomRuby3, we started with the sequence for yo
mRuby? (Lee et al., 2013), introduced the single codon substitutions
to create yomRuby3 (Bajar et al., 2016), and had this synthesized
and cloned into pTwist (Twist Bioscience [San Francisco, CA]) to cre-
ate pTwist:;yomRUBY3. We sequence verified the Ruby3 portion of
this plasmid.

To create BSp60 (pFAba-yomRuby3-SpHISS5), the vector was
amplified from pFAba-link-Envy-SpHIS5 (Slubowski et al., 2015) us-
ing primers OLH2254 and OLH2255, yomRUBY3 was amplified
from pTwist:yomRUBY3 using OLH2256 and OLH2257, and the
meiotic high-capacity terminator from the DITT gene (Curran et al.,
2013) was amplified from genomic DNA using OLH2258 and 2259.
Components were gel purified and used for Gibson Assembly
(Gibson et al., 2009). Proper construction of the plasmid was con-
firmed by sequencing.

To create BSp71 (pHIS3p:yomRUBY3-TUB1+3’UTR:LEU2), the
vector backbone was amplified from pHIS3p:yomRUBY2-
TUB1+3'UTR (Markus et al., 2015) using primers OLH2291 and
OLH2292, and yomRUBY3 was amplified from pTwist:;yomRUBY3
using OLH2289 and OLH2290. Components were gel purified used
for Gibson Assembly (Gibson et al., 2009). Proper construction of
the plasmid was confirmed by sequencing. Primer sequences are in
Supplemental Table S2.

Yeast growth and media
All cells were grown at 30°C, as follows:

For microscopy, cells were grown overnight in 5mL of YPD liquid
(1% Bacto Yeast Extract, 2% Peptone, 2% Dextrose). Cells were then
harvested and resuspended in a presporulation media, YPA (1%
Bacto Yeast Extract, 2% Peptone, 2% Potassium Acetate) and grown
until ODgqq of about 1.6 (~ 16 h). Cells were then harvested and re-
suspended in sporulation medium (1% Potassium Acetate).

For immunoblotting, cells were thawed from a frozen stock on
YPG plates (1% Bacto Yeast Extract, 2% Peptone, 3% v:v Glycerol,
2% Bacto Agar) and streaked onto YPD plates (1% Bacto Yeast Ex-
tract, 2% Peptone, 2% Dextrose, 2% Bacto Agar). Single colonies
were grown in YPD liquid for 20-24 h and resuspended in presporu-
lation media (either YPA [1% Bacto Yeast Extract, 2% Peptone, 2%
Potassium Acetate] or BYTA [1% Bacto Yeast Extract, 2% Tryptone,
1% Potassium Acetate, 50 mM Potassium Phthalate], as noted) at
ODggpo = 0.1 and grown for 16 h. Cells were then transferred into
sporulation media at a density of ODggg = 2.

Microscopy

Widefield microscopy was performed using a Zeiss Axioskop Mot2
equipped with XCite 120 LED excitation and o Plan-FLUAR 100x
objective (NA = 1.45). Images were captured with an Orca-ER
cooled CCD camera (Hammamatsu), controlled by iVision (BioVision
Technologies), and processed in ImageJ (Schindelin et al., 2012).
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Confocal imaging was performed on a Zeiss LSM880 using the
Airyscan detector and Plan-APOCHROMAT 100x objective (NA =
1.46). Images were captured and Airyscan deconvolution performed
using Zen Black; all other image processing was done using ImageJ
(Schindelin et al., 2012).

Quantitation of spindle disassembly phenotypes

Spindle disassembly phenotypes were determined by using ImageJ
to measure spindles and spindle fragments. Images used for quan-
tification were maximum intensity projections of z-stacks taken of
cells at the appropriate phase of sporulation (anaphase Il or just af-
ter). Biological replicates were performed on different days and ana-
lyzed independently.

Cells were determined to be in meiosis Il by the presence of
PSMs and two spindles; cells were determined to be in anaphase I
when spindles and PSMs were elongated. Spindle disassembly was
assessed for all cells exhibiting elongated or closed PSMs, but which
no longer contained two intact spindles. For cells with hyperelon-
gated PSMs (ama A, sps1A, and amaT sps1A cells), cells were con-
sidered to be post-anaphase Il when they no longer had two intact
spindles that went from pole to pole.

To determine the length of elongated anaphase Il spindles, all
spindles were measured from the intersection of the tubulin signal
and the PSM (where the spindle pole bodies should be; see [Figure
1]) using freehand lines in ImageJ to trace the curve of the elon-
gated spindle. For wild type (LH1146), 64 cells met these criteria on
day 1, 51 cells on day 2, and 41 cells on day 3. For sps1A (LH1147),
56 cells were analyzed on day 1, 82 on day 2, and 44 on day 3. For
amaTlA (LH1148), 46 cells were analyzed on day 1, 40 on day 2, and
41 on day 3. And for spsTA amaTA double mutants (LH1149), 52
cells were analyzed on day 1, 70 on day 2, and 65 on day 3.

To assess the number of spindle fragments, the number of dis-
tinct tubulin foci in cells exhibiting elongated or closed PSM that did
not contain two intact, elongated spindles were counted. Indepen-
dent biological replicates were performed on each of the three
days, and only cells that had progressed beyond anaphase Il, as
described above, were analyzed. To measure the length of spindle
fragments in these cells, distinct tubulin foci were classified as linear
or punctate. For linear fragments, the length was measured for all
fragments with both ends distinctly resolved. Because variations in
brightness made it impossible to determine an accurate diameter of
punctate signals, the approximate median diameter of 0.5 um was
assigned to all punctate signals. For these counts, wild type (LH1146)
fragments were counted and measured in 117 cells on day 1, 83
cells on day 2, and 93 cells on day 3. For sps1A (LH1147), 43 cells
were analyzed on day 1, 46 on day 2, and 49 on day 3. For amalA
(LH1148), 54 cells were analyzed on day 1, 52 on day 2, and 53 on
day 3. And for spsTA ama1A double mutants (LH1149), 70 cells were
analyzed on day 1, 38 on day 2, and 59 on day 3.

Drug treatment of sporulating cells

Cells were sporulated as described above and monitored for mei-
otic progression. When the majority of cells exhibited elongated
anaphase Il spindles and elongated PSM morphology, benomyl, a
fungal-specific microtubule-depolymerizing drug (100 upg/ml,
Sigma; Hochwagen et al., 2005) and nocodazole, a drug that
depolymerizes microtubules in many organisms (20 pg/ml, Acros;
Amberg et al., 2006) were added to the media. After 5 min, 15 pl of
cells were placed on a slide for confocal imaging. Cells were se-
lected for imaging that exhibited intact anaphase Il spindles and
elongated PSMs. Five 4 um z-stacks were captured of each cell
every 10 min for a total of 40 min. Cells were considered closed
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when PSMs were no longer elongated and become rounded, as in
Paulissen et al., (2016).

Spindle and PSM morphology were assessed in cells that still
exhibited distinct PSMs at the end of 40 min. The experiment was
performed on five separate days — with independent biological rep-
licates each day — with wild-type cells (LH1146): four cells met crite-
ria for analysis on day 1, four cells on day 2, five cells on day 3, three
cells on day 4, and 10 cells on day 5. spsTA mutants (LH1147) were
analyzed on four days, each an independent biological replicate:
nine cells were analyzed on day 1, six cells on day 2, nine cells on
day 3, and eight cells on day 4. ama 1A mutants (LH1148) were ana-
lyzed on four days, each an independent biological replicate: nine
cells were analyzed on day 1, five cells on day 2, eight cells on day
3, and six cells on day 4.

Assaying localization of microtubule-associated proteins
Cells were sporulated as described above and monitored for mei-
otic progression. Quantification of Ase1, Bim1, and Cin8 on spin-
dles was performed by counting the number of cells with detectable
fluorescent signal from the protein of interest on maximum intensity
projections of widefield z-stack images. Cells were classified as in
anaphase Il based on the presence of two intact, elongated spin-
dles, and post-anaphase based on the presence of at least four dis-
tinct tubulin foci. For Bim1, cells were further classified by their PSM
morphology (open vs. closed PSMs).

To determine Ase localization in wild-type cells, all strains were
sporulated on three separate days, with each day constituting an
independent biological replicate. For the wild-type background
(LH1150) 134 cells were analyzed on day 1, 66 on day 2, and 105 on
day 3. For sps1A mutants (LH1151), 200 cells were analyzed on day
1, 139 on day 2, and 150 on day 3. For ama1A mutants (LH1152),
166 cells were analyzed on day 1, 188 on day 2, and 181 on day 3.
For sps1A ama1A double mutants (LH1153), 188 cells were analyzed
onday 1, 170 on day 2, and 169 on day 3.

To determine Cin8 localization in wild-type cells, all strains were
sporulated on three separate days, with each day constituting an
independent biological replicate. For the wild-type background
(LH1157) 108 cells were analyzed on day 1, 108 on day 2, and 103
on day 3. For sps1A mutants (LH1158), 100 cells were analyzed on
day 1,107 on day 2, and 114 on day 3. For ama1A mutants (LH1159),
100 cells were analyzed on day 1, 103 on day 2, and 109 on day 3.
For sps1A ama1A double mutants (LH1160), 109 cells were analyzed
on day 1, 108 on day 2, and 107 on day 3.

To determine Bim1 localization in wild-type cells, all strains were
sporulated on three separate days, with each day constituting an
independent biological replicate. For the wild-type background
(LH1154) 104 cells were analyzed on day 1, 100 on day 2, and 100
on day 3. For spsTA mutants (LH1155), 102 cells were analyzed on
day 1, 100 on day 2, and 114 on day 3. For ama 1A mutants (LH1156),
101 cells were analyzed on day 1, 102 on day 2, and 111 on day 3.

Immunoblotting

Cells were sporulated as described above and collected at the indi-
cated times. All strains were sporulated using YPA as the presporula-
tion media, except for the Cin8-myc containing strains, which were
sporulated using BYTA as the presporulation media. Cells were flash
frozen upon collection, and cell lysates were prepared using the tri-
chloroacetic acid (TCA) precipitation method (Philips and Herskow-
itz 1998), which involves addition of lysis buffer (1.85 N NaOH and
10% vol/vol B-mercaptoethanol) followed by precipitation of pro-
teins with 50% (wt/vol) TCA. Precipitated protein lysates were
washed with ice-cold acetone and resuspended in 100 pl of
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2x sample buffer neutralized with 5 pl of 1 M Tris base; samples were
heated for 2 min before loading. Protein lysates were separated on
SDS-PAGE gels.

Proteins from polyacrylamide gels were transferred onto Immob-
ilon low-fluorescence PVDF membranes, blocked with TBS block
(LI-COR), and incubated with the appropriate primary antibodies.
Bim1-Myc, Ase1-Myc, and Cin8-Myc were detected using 9E10
anti-myc antibodies (Invitrogen) at 1:1000; Pgk1 was detected by
using 22C5D8 anti-Pgk1 (Life Technologies) at 1:1000. Fluorescent
infrared-dye-conjugated CW800 donkey anti-mouse secondary an-
tibodies were used at 1:10000 (LI-COR). All membranes were im-
aged using an Odyssey Infrared Imaging System (LI-COR).

Immunoblots were quantitated using the LI-COR Odyssey Infra-
red Imaging System and Image Studio Software (LI-COR). Each
band was quantified by drawing identically sized boxes around each
band. Background was subsequently corrected for using the Image
Studio Lane method. All units are arbitrary units; the loading control
lanes were imaged on the same day as the experimental gels. All
Western blots were run at least three times with samples taken from
biological replicates that showed similar results; representative blots
are shown in the Figures 4, A, C, and E, 5C, 6C, and 7D.

Statistics

Quantitative analysis was performed in R version 3.6.3 “Holding the
Windsock”, and graphs were generated with ggplot2 (Wickham
etal., 2016). Statistical comparisons for Figures 5-7 were compared
by one-way ANOVA followed by Tukey's Honest Significant Differ-
ence (HSD) post hoc test. In those box plots, the box represents the
interquartile range (IQR); the midline represents the median and the
whiskers range to the lowest or highest data point within 1.5x the
IQR from the box edges.

Data and reagent availability

All plasmids and strains will be provided upon request. The yom-
Ruby3 C-terminal tagging vector (pFAéa-link-yomRuby3-SpHIS5)
and the mRuby3 o-tubulin plasmid (pHIS3p-yomRuby3-Tub 1+3’UTR-
LEU2) can also be obtained from Addgene.
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