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ABSTRACT The conserved chromosomal passenger complex (CPC) consists of Ipl1Aurera-B,
SIi15/NCENP BjpqSurvivin and Nbl1Beredlin and |ocalizes at the kinetochore/centromere to correct
kinetochore attachment errors and to prevent checkpoint silencing. After anaphase entry,
the CPC moves from the kinetochore/centromere to the spindle. In budding yeast, CPC sub-
unit Sli15 is phosphorylated by both cyclin-dependent kinase (CDK) and Ipl1 kinase. Follow-
ing anaphase onset, activated Cdc14 phosphatase reverses Sli15 phosphorylation imposed
by CDK to promote CPC translocation. Although abolished Sli15 phosphorylation imposed
by Ipl1 also causes CPC translocation, the regulation of Ipl1-imposed Sli15 phosphorylation
remains unclear. In addition to Sli15, Cdc14 also dephosphorylates Fin1, a regulatory subunit
of protein phosphatase 1 (PP1), to enable kinetochore localization of Fin1-PP1. Here, we
present evidence supporting the notion that kinetochore-localized Fin1-PP1 likely reverses
Ipl1-imposed Sli15 phosphorylation to promote CPC translocation from the kinetochore/cen-
tromere to the spindle. Importantly, premature Fin1 kinetochore localization or phospho-
deficient sli15 mutation causes checkpoint defects in response to tensionless attachments,
resulting in chromosome missegregation. In addition, our data indicate that reversion of
CDK- and Ipl1-imposed Sli15 phosphorylation shows an additive effect on CPC translocation.
Together, these results reveal a previously unidentified pathway to regulate CPC transloca-
tion, which is important for accurate chromosome segregation.
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INTRODUCTION

Before mitosis, microtubules (MTs) polymerize from spindle pole
bodies for the capture of the kinetochores (KTs) of chromosomes.
Bipolar attachment is established when sister KTs are attached by
MTs from opposite spindle poles. This attachment generates ten-
sion, which is essential for sister chromatid segregation. Defective or
tensionless KT attachments activate the spindle assembly check-
point (SAC), which delays anaphase entry. The SAC consists of mul-
tiple proteins that congregate at the KT to monitor KT attachment;
among them are Bub1, Bub3, Mad1, Mad2, and Mps1 kinase (Hoyt
etal., 1991; Li and Murray, 1991; Hardwick et al., 1996). The activity

of SAC proteins relies on a balance of phosphorylation and dephos-
phorylation at the KT (Sherwin and Wang, 2019). In budding yeast,
Ipl1 kinase, the homologue of Aurora B in mammalian cells, to-
gether with Sli15NCENP - BjrfSuvivin - gnd Nbl1Berealin - constitutes the
chromosomal passenger complex (CPC), which localizes at the KT
and centromere before anaphase entry to regulate KT-MT interac-
tion and SAC activity (Wang et al., 2014).

Previous work from our lab showed that Ipl1 kinase prevents SAC
silencing in the presence of tensionless attachments through the
phosphorylation of KT protein Dam1 (Jin and Wang, 2013). Ipl1 and
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FIGURE 1: Fin1-PP1 promotes Sli15 phosphorylation. (A) Sli15 is phosphorylated in vivo. Asynchronous WT cells
(781-2-2) containing Sli15-13myc were grown in YPD medium at 25°C to log phase. Protein samples were collected and
half of the protein sample was treated with calf intestinal alkaline phosphatase (CIP). Western blotting was performed
with anti-myc antibody. Pgk1, loading control. (B) Sli15 is phosphorylated by Ipl1 kinase. WT (781-2-2) and ipl1-321
(4175-1-1) cells with Sli15-13myc were grown in YPD medium at 25°C to log phase then shifted to 37°C for 3 h. Protein
samples were collected before and after temperature shift. Western blotting was performed with anti-myc antibody.
Pgk1, loading control. (C) Sli15 phosphorylation during cell cycle. Gy-arrested SLI15-13myc (781-2-2) and PDS1-18myc
(JBY649) cells were released into 30°C YPD medium. a-factor was added back after 40-min release to block the

following cell cycle. Cells were collected every 20 min to prepare protein samples and to count budding index (N

=100

cells). Phos-tag SDS-PAGE was performed to visualize the bandshift of Sli15 during cell cycle using anti-myc antibody.
Regular SDS-PAGE was used to examine Pds1 protein level during cell cycle. Pgk1, loading control. (D) Analyze Sli15

phosphorylation in WT and ipl1-321 cells arrested at metaphase using Phos-tag SDS-PAGE. Asynchronous SLI15-13myc
PsaCDC20 (4595-2-1) and ipl1-321 SLI15-13myc P CDC20 (4600-2-2) cells were grown overnight in galactose media
at 25°C. Glucose was added for Cdc20 depletion and cells were shifted to 37°C at the same time. Cells were collected
before and after temperature shift (2 h) to prepare protein samples and to count budding index (N = 100 cells). Phos-tag
SDS-PAGE was performed with anti-myc antibody. Pgk1, loading control. Quantifications of the Sli15 protein band-shift
(phosphorylation) from the western blot were performed using ImageJ. GLU: glucose; GAL: galactose. (E) Examination
of Sli15 dephosphorylation in different fin1 mutants using Phos-tag SDS-PAGE. Asynchronous SLI15-13myc P, CDC20
(4595-2-1) cells with either FIN1 (pSB1252), phospho-deficient fin1-5A (pSB1359), or phospho- and PP1 binding-deficient

fin1-5A-AA (pSB1361) plasmids were grown overnight in galactose media at 30°C. Glucose was added for Cdc20
depletion and metaphase arrest. After 2 h, cells were collected to prepare protein samples and Phos-tag SDS-PAGE
was performed to detect Sli15 bandshift with anti-myc antibody. Pgk1, loading control. Quantifications of the Sli15
protein bandshift (phosphorylation) from the Western blot were performed using ImageJ. (F) Premature Fin1-PP1 KT
localization promotes Sli15 dephosphorylation in cdc14-2 cells. Gq-arrested cdc14-2 SLI15-13myc (4048-1-3) cells
containing either FINT (pMB®) or fin1-5A (pMB7) plasmids were released into YPD at 37°C. Samples were collected
=100 cells) (top). Regular western blotting was
performed to examine Sli15 band shift. Pgk1, loading control. The samples from the indicated time points were also
subjected to Phos-tag SDS-PAGE to show Sli15 phosphorylation (bottom). Pgk1, loading control.

every 20 min to prepare protein samples and to count budding index (N

detected. After treating the protein samples with calf-intestinal alka-
line phosphatase, the slow-migrating forms largely disappeared
(Figure 1A), indicating that the bandshift is a result of phosphoryla-
tion. Ipl1 kinase phosphorylates Sli15 on 17 consensus sites located
within the MT-binding domain to prevent its translocation to the
spindle (Nakajima et al., 2011). To visualize Ipl1-dependent Sli15
phosphorylation, we observed a strong decrease in slow-migrating
forms of Sli15 in temperature-sensitive ipl1-321 mutants compared
with wild-type (WT) cells after 3 h incubation at 37°C (Figure 1B).
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Decreased Sli15 phosphorylation was also observed in ipl1-321 cells
at 25°C, indicating comprised Ipl1 kinase activity at permissive tem-
perature (Biggins and Murray, 2001; Jin et al., 2012). To clearly visu-
alize Sli15 phosphorylation, we used Phos-tag SDS-PAGE (Bokros
et al., 2021). We first measured Sli15 phosphorylation in synchro-
nized cells, and 18myc-tagged Pds1 was used as a cell cycle marker
for anaphase entry (Cohen-Fix et al., 1996). Figure 1C shows an
increase in Sli15 phosphorylation beginning at 40 min as indicated
by the band shift. However, Sli15 dephosphorylation was detected
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at 80 min, which concurs with Pds1 degradation, indicating that
Sli15 dephosphorylation happens after anaphase entry. We further
used Phos-tag to compare Sli15 phosphorylation in WT and ipl1-
321 cells arrested in metaphase using Pgs CDC20 strains (Figure
1D). After 2-h incubation in glucose for Cdc20 depletion, we no-
ticed a significant decrease in phosphorylated species of Sli15 in
ipl1-321 mutants at both 25°C and 37°C. This is likely attributed to
reduced enzyme activity of Ipl1 even at the permissive temperature
as mentioned above. Overall, these results suggest the significant
contribution of Ipl1 kinase to Sli15 phosphorylation.

PP1 regulatory subunit Fin1 is a KT-associated protein, and its KT
localization is cell cycle regulated. Cdc14 phosphatase, upon release
from the nucleolus triggered by active FEAR, reverses CDK-depen-
dent phosphorylation of Fin1 to allow its KT binding (Woodbury and
Morgan, 2007a; Akiyoshi et al., 2009; Bremmer et al., 2012). Because
PP1 is responsible for the reversal of Ipl1-mediated phosphorylation
and CPC localizes at the KT before anaphase entry, we suspected
that KT recruitment of Fin1-PP1 might contribute to the dephosphor-
ylation of Ipl1 sites on Sli15. To test this idea, we first followed Sli15
phosphorylation kinetics in synchronous WT and fin1A mutant cells.
Surprisingly, fin1A cells did not show noticeable delay in Sli15 de-
phosphorylation and exhibited a relatively normal cell cycle progres-
sion (Supplemental Figure S1). We reasoned that this is likely be-
cause the contribution of Fin1-PP1 to Sli15 dephosphorylation is
minor in the presence of active Cdc14 phosphatase. However, target-
ing Fin1-PP1 to the KT before Cdc14 activation may provide more
insight into the extent of Sli15 dephosphorylation by Fin1-PP1 alone.
To test this idea, we utilized a phospho-deficient mutant of Fin1, in
which the five CDK consensus sites (S36A, S54A, T68A, S117A, and
S148A) in Fin1 were mutated to alanine to generate a fin1-5A mutant
(Woodbury and Morgan, 20073, b). Fin1-5A protein exhibits prema-
ture KT localization even during metaphase, before Cdc14 activation
(Bokros et al., 2021). Pga CDC20 strains were used to achieve meta-
phase arrest. After growing cells in glucose for 2 h for Cdc20 deple-
tion and metaphase arrest, we examined Sli15 phosphorylation using
Phos-tag gel in WT and fin1-5A cells. Hyper-phosphorylated SIi15
species were detected in WT cells (Figure 1E), but fin1-5A cells
showed a clear reduction in phosphorylated Sli15 species. If prema-
turely targeting Fin1-PP1 to the KT is responsible for Sli15 dephos-
phorylation, the effect could be reversed by abrogating the PP1-
binding motifs in a fin1-5A-AA mutant (Akiyoshi et al., 2009). Indeed,
Sli15 hyper-phosphorylation was restored in fin1-5A-AA cells.

We further examined whether Fin1-PP1 KT localization was suf-
ficient to induce Sli15 dephosphorylation in cells with inactive
Cdc14. To this end, we utilized temperature-sensitive cdc14-2 mu-
tant and monitored Sli15 phosphorylation in FINT and fin1-5A cells
after G, release into the nonpermissive temperature. Interestingly,
we found decreased Sli15 phosphorylation in fin1-5A cells using
regular SDS-PAGE (Figure 1F, top), as the majority of Sli15 protein
was concentrated to the bottom band. Additionally, we utilized
Phos-tag SDS-PAGE to examine Sli15 phosphorylation in the same
strains following Gy release (Figure 1F, bottom). As expected, fin1-
5A cells showed much slower migrating Sli15 bands than cells with
FINT after G1 release for 40 min, indicating increased Sli15 dephos-
phorylation in fin1-5A mutants even when Cdc14 is inactive. There-
fore, we concluded that premature Fin1 KT localization partially de-
phosphorylates Sli15, which is independent of Cdc14.

Fin1-PP1 KT localization and Sli15 dephosphorylation cause
premature CPC removal from the KT

If premature KT localization of Fin1-PP1 promotes Sli15 dephos-
phorylation, then this might lead to untimely CPC's KT delocalization
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and/or spindle binding. To test this idea, we analyzed the KT local-
ization of CPC in FINT and fin1-5A cells with Ipl1-3GFP to mark the
CPC and Nuf2-mCherry to mark KTs in a temperature-sensitive
cdc26A background. Cdc26 is a subunit of the anaphase promoting
complex and yeast cells lacking Cdc26 arrest at metaphase at high
temperature (Zachariae et al., 1996; Hwang and Murray, 1997). After
2-h incubation at 36°C, we found that 72% of WT cells showed clear
KT localization of Ipl1 (Figure 2A), as indicated by two distinct Ipl1
foci colocalizing with the two Nuf2-mCherry dots (Janke et al., 2001).
However, in fin1-5A cells, the frequency of KT colocalization of Ipl1
was reduced to 30%, and the difference between FINT and fin1-5A
cells is significant. In contrast, we observed a significant increase of
fin1-5A cells with no detectable KT localization of Ipl1 (60%) com-
pared with WT (30%), and many fin1-5A cells showed faint Ipl1-GFP
signal throughout the entire nucleus. Furthermore, the overall inten-
sity of Ipl1-GFP relative to 100 KTs (Nuf2-mCherry) was reduced in
fin1-5A mutants compared with WT cells, and the reduction is signifi-
cant. We further reasoned that the effects caused by premature KT
localization of Fin1 could be reversed by a PP1-binding deficient
fin1-5A-AA mutant. Indeed, Ipl1 KT localization was restored in
cdc26A cells expressing fin1-5A-AA after G release at 36°C (Supple-
mental Figure S2A). Similar to WT cells (72%), we found that 73% of
fin1-5A-AA cells showed clear Ipl1 KT localization (Supplemental
Figure S2B). Additionally, no significant difference was detected for
the intensity of Ipl1-GFP signal colocalizing with Nuf2-mCherry in
WT and fin1-5A-AA cells (Supplemental Figure S2C), supporting the
notion that KT recruitment of PP1 by Fin1 is required to dissociate
CPC from the KT. Therefore, we conclude that premature KT local-
ization of Fin1-PP1 is sufficient to dissociate CPC from the KT in
metaphase, possibly through Sli15 dephosphorylation.

If SIi15 dephosphorylation by Fin1-PP1 promotes CPC removal
from the KT, then the phospho-deficient mutant sli15-17A, in
which the Ipl1 phosphorylation sites in Sli15 are mutated to ala-
nine (Nakajima et al., 2011), should also exhibit CPC removal from
the KT in cells arrested at metaphase with cdc26A. As expected,
in sli15-17A cells, KT localization of Ipl1 was significantly lower
(23%) compared with WT (61%) (Figure 2B). Furthermore, the
overall intensity of Ipl1 in 50 cells (100 KT clusters) relative to
Nuf2-mCherry was significantly decreased in sli15-17A cells com-
pared with WT cells. Interestingly, not only did sli15-17A exhibit a
higher frequency of cells lacking KT localization of Ipl1 (47%) than
in WT (23%), but we also noticed a strong increase in premature
spindle association of Ipl1 (30% in sli15-17A vs. 12% in WT cells).
Spindle association was evidenced by even distribution of Ipl1-
GFP along a bar structure, indicative of the metaphase spindle
(Figure 2B, bottom). This is in clear contrast to WT cells at meta-
phase, which show two distinct Ipl1-GFP dots associating with
KTs. However, we cannot exclude the possibility that these mutant
cells show mixed KT and spindle association. We also examined
lpl1 KT localization in sli15-3 mutants to determine whether com-
promised Ipl1 activity causes CPC dissociation from the KT in
metaphase, because sli15-3 mutants show impaired Ipl1 activa-
tion. Following 80 min after G4 release at the restrictive tempera-
ture (36°C), the intensity of Ipl1-GFP relative to 100 KTs was re-
duced in sli15-3 cells, and this reduction was significant
(Supplemental Figure S3). We therefore conclude that abolish-
ment of Sli15 phosphorylation by Ipl1 is sufficient to remove CPC
from the KT in cells at metaphase.

In addition to Ipl1, Sli15 is also phosphorylated by CDK, which
is reversed by Cdc14 phosphatase. Because mutation of the Sli15
phosphorylation sites by CDK to alanine (sli15-6A) leads to
CPC spindle binding even in the absence of Cdc14 activity
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FIN1 (pMB6) or fin1-5A (pMB7) plasmids were grown to log phase in YPD at 25°C then shifted to 36°C for 2 h for
metaphase arrest. Samples were collected for imaging. Ipl1 localization was categorized as no KT localization, KT
localization, or spindle localization. A cell representing loss of Ipl1 KT localization is outlined with white dotted line.
Scale bar, 5 pm. The experiment was repeated three times (N = 3), and 100 cells were counted for each experiment. The
bars represent mean values + SD (top right). p values were obtained by using a two-tailed unpaired t test, with asterisks
indicating *p < 0.05, **p < 0.01, ***p < 0.001, and **** p < 0.0001. The intensity of Ipl1 relative to Nuf2 in 50 cells
(100 KTs) was quantified using ImageJ as described in the Materials and Methods (bottom right). Statistical significance
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intensity at KTs is the same as described in panel A. Representative cells for each of the three Ipl1 localization categories
in WT and sli15-17A strains were quantified and plotted using ImageJ (bottom). (C) Abolishment of CDK-dependent
phosphorylation in Sli15 reduces KT localization of CPC in metaphase cells. cdc26A IPL1-3GFP NUF2-mCherry (4421-3-
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A cell representing loss of Ipl1 KT localization was outlined with white dotted line. Scale bar, 5 um. The pictures are
representative of three experimental repeats. See above for the statistical analysis for the KT localization and intensity

of Ipl1.

(Pereira and Schiebel, 2003), we also examined CPC localization
in cdc26A sli15-6A cells (Figure 2C). Like sli15-17A mutants, sli15-
6A cells showed a significant drop in frequency of KT localization
of Ipl1 (35%) compared with WT (62%), and an increase in cells
with uniform nuclear Ipl1 distribution (47% in sli15-6A and 31% in
WT). Additionally, the average intensity of Ipl1 at 100 KTs was
also reduced in sli15-6A. sli15-6A cells also showed a slight in-
crease in Ipl1 spindle association (18%) compared with WT (6%),
although not as pronounced as sli15-17A mutant cells. Alto-
gether, these results support the conclusion that either prema-
ture Fin1-PP1 KT localization or abolished Sli15 phosphorylation
by CDK or Ipl1 kinase can promote CPC KT dissociation in
metaphase.
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Fin1-PP1 promotes CPC translocation in cells lacking active
Cdc14 phosphatase

During anaphase, CPC dissociates from the KT and binds to the
elongated spindle. Previous works indicate that Cdc14-dependent
dephosphorylation of Sli15 is required for CPC translocation to the
spindle (Pereira and Schiebel, 2003). In cdc14-2 mutant cells, mi-
totic exit is blocked, but spindle elongation still occurs, albeit
slowly (Visintin et al., 1998; Pereira and Schiebel, 2003; Yellman
and Roeder, 2015). Nevertheless, CPC shows no spindle associa-
tion in this mutant. Because Fin1-5A, but not Fin1, shows KT local-
ization in cdc14-2 mutant cells (Bokros et al., 2021), we tested
whether Fin1-PP1 KT localization was sufficient for CPC transloca-
tion to the spindle in the absence of Cdc14 activity. For this

Fin1-PP1 promotes CPC translocation | 5
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experiment. The bars represent mean values = SD. p values were obtained by using a two-tailed unpaired t test, with
asterisks indicating *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. (C) fin1-5A does not restore Ase1 midzone
localization in cdc14-2 cells. cdc14-2 ASE1-GFP TUB1-mCherry cells (4209-1-1) containing either FIN1 (pMB6) or fin1-5A
(pPMB?7) plasmids were subjected to the same experiment as in panel B. The percentage of Ase1 midzone localization
was quantified. The guide for counting midzone localization is shown in the schematic in panel B. Yellow arrows
represent Ase1 midzone localization in the cell outlined with white dotted line. Scale bar, 5 pm. The pictures are
representative of three experimental repeats. The statistical analysis was performed as described above.

purpose, we introduced WT FINT and phospho-deficient fin1-5A
plasmids into cdc14-2 cells with Ipl1-GFP and Tub1-mCherry (spin-
dle). As shown in Figure 3A, after 120 min incubation at 37°C, we
observed few FINT cells that showed Ipl1 spindle localization (3%).
However, 27% of cells with fin1-5A showed Ipl1 spindle localiza-
tion, and the difference between these two strains is significant.
This result indicates that the KT localization of Fin1-PP1 leads to
CPC translocation to the spindle, at least partially, in the absence
of Cdc14 activity.

The spindle binding of CPC regulates the localization of spindle
midzone proteins. Slk19 was originally identified as a KT protein that
promotes KT capture and clustering in cells with disrupted spindles
(Richmond et al., 2013; Norell et al., 2021). However, in anaphase
SIk19 also localizes at spindle midzones for spindle stability (Sullivan
et al., 2001). Slk19 midzone localization is dependent on CPC spin-
dle association, which is triggered by Cdc14 activation. In support of
this notion, phospho-deficient sli15-6A mutant that lacks the CDK
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phosphorylation sites can restore SIk19 midzone localization in the
absence of Cdc14 activity (Pereira and Schiebel, 2003). To test
whether Fin1-PP1 mediated Sli15 dephosphorylation can also in-
duce Slk19 spindle midzone binding in the absence of Cdc14 activ-
ity, we constructed cdc14-2 strains containing Slk19-GFP and Tub1-
mCherry and introduced WT FINT and fin1-5A plasmids into these
strains. After 2-h incubation at 37°C to inactivate Cdc14 (Figure 3B),
we found that 7% of cells with WT FINT showed SIk19 midzone lo-
calization, but this number increased to 17% in fin1-5A cells, and the
difference is significant. Therefore, fin1-5A mutant partially restores
the spindle midzone localization of SIk19 in the absence of Cdc14
activity. It is likely that the KT localization of Fin1-PP1 in cdc14-2
cells promotes CPC spindle localization and the subsequent recruit-
ment of Sk19 to the spindle midzone.

SIk19 works with other midzone proteins to stabilize the
spindle during anaphase. Ase1 becomes dephosphorylated by
Cdc14 during early anaphase to allow its MT midzone binding

Molecular Biology of the Cell
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Loss of Fin1 impairs Slk19 spindle midzone localization and causes broken spindles in telophase. (A) SIk19

spindle midzone localization is reduced in fin1A cells. WT (4207-1-3) and fin1A (4207-4-1) cells containing SIk19-GFP and
Tub1-mCherry were cultured overnight at 25°C in YPD medium. Asynchronous cells were collected for fluorescence
microscopy. The percentage of cells with elongated spindles harboring Slk19 midzone localization was quantified. White
dotted boundary represents cell lacking Slk19 midzone localization. Scale bar, 5 pm. The pictures are representative of
three experimental repeats (N = 3) where 100 cells were counted for each experiment. The bars represent mean values

+ SD. p values were obtained by using a two-tailed unpaired t test, with asterisks indicating ***p < 0.001. (B) Ase1
spindle midzone localization does not change in fin1A mutant cells. WT (2567-2-1) and fin1A (4205-5-1) cells containing
Ase1-GFP and Tub1-mCherry were subjected to the same experiment as in panel A. White dotted boundary represents
Ase1 midzone localization in cells with elongated spindles. Scale bar, 5 pm. The pictures and graph represent the
quantification of counting 100 cells with elongated spindles for the WT and mutant, respectively. (C) Loss of SIk19
results in broken spindles in cells arrested at telophase. cdc15-2 (870-1-2) and cdc15-2 slk19A (870-2-2) cells containing
Tub1-GFP were grown to log phase in YPD at 25°C then shifted to 37°C for 3 h to inactivate Cdc15. The percentage of
cells with broken spindles was quantified. The yellow arrow points to a broken spindle in a representative cell outlined
with white dotted line. Scale bar, 5 um. The pictures are representative of three experimental repeats (N = 3) where
100 cells were counted for each experiment. The bars represent mean values + SD. p values were obtained by using a
two-tailed unpaired t test, with asterisks indicating **** p < 0.0001. (D) Loss of Fin1 results in broken spindles in cells
arrested at telophase. cdc15-2 (4370-4-3) and cdc15-2 fin1A (4370-1-2) cells containing Tub1-GFP were subjected to the
same experiment as in panel C. Yellow arrows point to broken spindles in representative cells outlined with white
dotted lines. Scale bar, 5 pm. The pictures are representative of three experimental repeats. The same method was used

for statistical analysis as described in panel C.

(Khmelinskii et al., 2007). However, mutated sli15-6A that lacks
CDK phosphorylation sites is unable to restore Asel midzone lo-
calization in the absence of Cdc14, indicating that the midzone
localization of Ase1 is controlled directly by Cdc14 and is indepen-
dent of CPC spindle interaction (Pereira and Schiebel, 2003;
Khmelinskii et al., 2007). Thus, we performed a similar experiment
to examine spindle midzone localization of Ase1-GFP in cdc14-2
cells expressing FINT or fin1-5A (Figure 3C). After 2-h incubation
at 37°C, similar numbers of cells showed spindle midzone localiza-
tion of Ase1 in cells expressing either FINT (26%) or fin1-5A (24%),
indicating that Fin1 KT association does not affect Ase1 midzone
location. Therefore, only CPC-dependent spindle midzone local-
ization of SIk19 is enhanced by the expression of fin1-5A.

Loss of Fin1 delocalizes Slk19 from the spindle midzone and
yields unstable spindles in cells arrested in telophase

If premature Fin1 KT association partially restores SIk19 midzone
localization when Cdc14 is absent, then SIk19 midzone localization
might be compromised in fin1A cells. We checked SIk19 spindle
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midzone localization in asynchronous WT and fin 1A cells. After scor-
ing large-budded cells with elongated spindles (Figure 4A), we
found that 89% of WT cells showed Slk19 midzone colocalization.
Interestingly, only 42% of fin 1A cells showed Slk19 midzone colocal-
ization, and the drop is significant. This is likely because of compro-
mised CPC spindle translocation in fin1A cells, although we failed to
detect obvious CPC translocation defect in fin1A cells. In contrast,
we did not detect significant difference in Ase1 midzone localization
in WT (63%) or fin1A cells (65%) with elongated spindles (Figure 4B).
Thus, the midzone localization of SIk19, but not Ase1, is regulated
by Fin1.

SIk19 midzone localization has been implicated in spindle stabil-
ity (Sullivan et al., 2001; Havens et al., 2010; Norell et al., 2021). We
previously showed broken spindles in slk19A cells arrested at telo-
phase by cdc15-2 (Jin et al., 2008). Although cdc15-2 single mutant
cells had very few broken spindles after 3 h at 37°C (7%), 88% of
cdc15-2 slk19A cells exhibited broken spindles (Figure 4C). Because
fin1A cells show reduced Slk19 midzone localization, fin1A cells may
also exhibit spindle instability in telophase. Strikingly, 82% of fin1A
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cdc15-2 cells showed broken spindles compared with cdc15-2 (8%)
after telophase arrest at 37°C (Figure 4D). This contradicts a previ-
ous report stating that cdc15-2 fin1A has no discernable spindle
defects (Woodbury and Morgan, 2007a). We confirmed this pheno-
type with more than one strain, and one possible explanation for
this difference is that strains with different genetic backgrounds
were used. Surprisingly, fin1A cells showed no obvious spindle de-
fects in normal cell cycle, so it is possible that the robust Cdc14 ac-
tivity during anaphase can bypass the requirement of Fin1 for spin-
dle stability, but the role of Fin1 becomes critical when Cdc14
activity is compromised in cdc15-2 mutants. Although we observed
strong spindle instability in telophase arrested fin1A cells, Fin1-de-
pendent CPC translocation may contribute only partially to this phe-
notype. Because Fin1 itself has been shown to localize to the spin-
dle in anaphase and fin1A ase 1A cells are synthetically lethal (Tong
et al., 2004), Fin1 may also regulate spindle stability directly.

Abolishment of Ipl1-dependent phosphorylation in Sli15
results in sensitivity to syntelic attachments
We previously showed that premature targeting of Fin1-PP1 to KTs
in fin1-5A cells results in a defective checkpoint response to tension-
less syntelic attachment (Bokros et al., 2016; Bokros et al., 2021). We
speculated that premature KT localization of Fin1-5A-PP1 in fin1-5A
cells delocalizes CPC from the KT and compromises the checkpoint.
In that case, phospho-deficient sl/i15 mutants may also show a
checkpoint defect in response to tensionless attachment. Thus, we
examined the sensitivity of s/i15-17A mutant cells (Figure 5A), which
lack the Ipl1 phosphorylation sites, to the overexpression of the
coiled—coiled domain of CIK1 (CIK1-CC). CIK1-CC overexpression
disrupts the formation of kinesin dimer Cik1/Kar3 and induces ten-
sionless syntelic attachment (Jin et al., 2012). On galactose plates,
which induce CIK1-CC overexpression, WT cells showed mild slow
growth compared with control cells, as CIK1-CC overexpression de-
lays the cell cycle due to SAC activation by syntelic attachments (Jin
et al., 2012). Strikingly, sli15-17A mutant cells showed dramatic
growth defects on galactose plates. Consistently, sli15-17A mutants
exhibited significant viability loss after CIK1-CC overexpression
(Figure 5B). A high percentage (88%) of WT cells overexpressing
CIK1-CC remained viable after 6-h incubation in galactose medium,
whereas only 32% of sli15-17A cells were viable. The compromised
checkpoint in sli15-17A cells likely contributes to the viability loss.

To further examine the checkpoint response to CIK7-CC overex-
pression in sli15-17A mutants, we followed cell-cycle progression
and sister chromosome segregation using strains with CEN4-GFP
(GFP-marked centromere of chromosome V) and Spc110-mCherry
(marks spindle pole bodies; Sherwin et al., 2022). Gq-arrested WT
and sli15-17A cells carrying vector or Pga  CIK1-CC plasmids were
released into galactose media to overexpress CIK1-CC. WT cells
overexpressing CIKT1-CC presented with more large-budded cells at
later time points, indicating delayed cell cycle, which is consistent
with previous observations (Jin et al., 2012). However, this cell-cycle
delay was abolished in sli15-17A cells, indicating a defective check-
point response to tensionless attachments. After G release for 100
and 120 min, we examined the CEN4-GFP signal in cells with elon-
gated spindles (Figure 5C). WT cells showed no chromosome
missegregation with or without CIK71-CC overexpression, indicating
an intact checkpoint response. In contrast, sli15-17A displayed an
increased frequency of CEN4-GFP missegregation. At 100 and 120
min after CIK7-CC induction, 20% and 23% of cells showed CEN4-
GFP missegregation, respectively.

To further assess the checkpoint efficiency in sli15-17A cells, the
degradation kinetics of Pds1 were analyzed in cohesion-defective
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cells using med1-1 mutants. Lack of cohesion leads to tensionless
KT attachment that triggers Ipl1-dependent anaphase entry delay
(Biggins and Murray, 2001; Jin and Wang, 2013). The degradation
of anaphase inhibitor Pds1 marks anaphase entry (Cohen-Fix et al.,
1996). med1-1 SLIT5-13myc and mcd1-1 sli15-17A-13myc strains
expressing Pds1-18myc were used for this assay. Cells were syn-
chronized in G and released at 36°C to inactivate cohesin, resulting
in tensionless attachments. Pds1 levels were quantified by normal-
ization to the loading control and are relative to timepoint 80 min
following Gy release, where Pds1 levels peak (Figure 5D). med1-1
SLI15-13myc cells exhibited relatively persistent Pds1 level and de-
layed disappearance of large-budded cells. However, med1-1 sli15-
17A-13myc cells showed a clear drop in Pds1 level beginning at 100
min after G, release, and the number of large-budded cells also re-
duced faster compared with the control cells, suggesting a tension-
checkpoint defect. Taken together, we conclude that abolishment of
Ipl1-dependent Sli15 phosphorylation in sli15-17A cells causes de-
fective tension checkpoint as well as increased chromosome misseg-
regation in response to syntelic attachments, which is likely due to
premature CPC delocalization from KTs.

Abolishment of CDK-dependent phosphorylation in SIi15
also results in sensitivity to syntelic attachments

The sli15-6A mutant allele has six of the CDK consensus sites mu-
tated to alanine, and CPC prematurely binds the spindle in this mu-
tant (Pereira and Schiebel, 2003). We hypothesized that sli15-6A
mutant would have a similar checkpoint defect in response to syn-
telic attachment as sli15-17A. As expected, sli15-6A cells showed a
dramatic growth defect on galactose plates compared with WT cells
after CIK7-CC induction as shown in Figure 6A. Consistently, sli15-
6A mutant also showed more significant viability loss (35% viable
cells) after 6-h growth in galactose medium for CIK1-CC overexpres-
sion compared with WT cells (88% viable), indicating a compro-
mised checkpoint (Figure 6B). We also examined CEN4-GFP segre-
gation in these cells and found that s/i15-6A mutant exhibited 15%
chromosome missegregation after G4 release for 100 and 120 min
when CIK1-CC was overexpressed (Figure 6C), whereas less chro-
mosome missegregation was observed in WT cells. sli15-6A also
abolished the anaphase entry delay caused by CIK1-CC overexpres-
sion, as indicated by the drop in large-budded cells at later time
points. This result is comparable with that of sli15-17A mutant, sug-
gesting that premature Sli15 dephosphorylation by either Cdc14 or
PP1 is able to cause a checkpoint defect in response to tensionless
attachments.

Two distinct Sli15 dephosphorylation pathways have
additive effects on CPC translocation

Sli15 is phosphorylated by both CDK and Ipl1, whereas Cdc14 and
PP1 reverse the CDK and Ipl1-mediated phosphorylation, respec-
tively. Thus, we speculated that combined dephosphorylation by
both phosphatases could exacerbate viability loss in cells with syn-
telic attachment. We therefore introduced fin1-5A into sli15-6A and
sli15-17A strains containing CIK1-CC plasmid. Both fin1-5A sli15-6A
and fin1-5A sli15-17A double mutants showed dramatic growth de-
fect on galactose plates after CIKT-CC induction (Supplemental
Figure S4). After CIK1-CC overexpression for 6 h in galactose me-
dium, cells with either fin1-5A sli15-6A or fin1-5A sli15-17A exhib-
ited low viability (16% and 26%, respectively; Figure 7A). We also
compared the viability with sli15-6A and sli15-17A single mutants
after CIK1-CC overexpression (Figure 7B). We found that sli15-17A
(32%) and fin1-5A sli15-17A (26%) had no significant difference in
their viability loss in response to CIK1-CC overexpression. This is

Molecular Biology of the Cell



Bright

Glucose Galactose C

A WT+V k3
WT+CC wT |
+V
sli15-17A+V
sli15-17A+CC
2 days at 30°C
B DI WT+V [ sii15-17A+V
[ WT +CC W sli15-17A+CC
100 P
1]
o 80 sli15-17A
o
2 60 W
g
s 40
0 0 M sli15-17A
Time in galactose (hr) *CC

****p <0.0001 N=3

CEN4-GFP  Spc110-mCh

Merge

o
o

—O—WT+V
—o—WT+CC
——sli15-17A+V
sli15-17A+CC

% large-budded ells

0 60 80
G, release into galactose at 30°C (min)

100 120 140 160 180

507 O WT+V 3 sli15-17A+V

& 3 WT+CC B sli15-17A+CC

o= 40

35

T 30 s
o

o g

£ 520

£%

2g 1% s NS

[0

8 o . .

= 100 120

Time in galactose (min)
=% p < 0.0001, N=3

G, release for 100 min at 30°C

O

—&—mced1-1 sli15-17A-myc
100 , —O—med1-1 SLI15-myc

0 20 40 60 80 100 120 140

—a—mcd1-1 sli15-17A-myc
1.2 4 —o—mcd1-1 SLI15-myc

8

o

— " Sli15-13myc
Y L1 st

SLI15-13myc

[ = - ————— P gkl

4

I=)

% large budded
3

|
‘ med1-1
|
|
1

20 med1-1

— _ e e -Sli15-13myc
| . —i.-—— Pds1-18myc

Pds1/Pgk1 (AU)

0 sli15-17A-13myc
0 20 40 60 80 100 120 140

|-—-—-—|ng1

Time (min) after G, release at 36°C

Time (min) after G, release at 36°C

0 20 40 60 80 100 120 140
Time (min) after G, release at 36°C

FIGURE 5: Phospho-deficient sli15-17A mutant cells show defective checkpoint in response to syntelic attachment
induced by CIK1-CC overexpression. (A) Phospho-deficient sli15-17A cells show sick growth when CIK1-CCis

overexpressed. WT (Y300) and sli15-17A (4368-3-1) cells with either an empty vector control (V, p1218) or P, CIK1-CC
(CC, pHL002) were grown to saturation then 10fold serially diluted and spotted onto glucose and galactose plates. The
plates were incubated at 30°C for 2 d before imaging. (B) sli15-17A mutant cells show severe viability loss after CIK1-CC
overexpression. The same strains used in panel A were grown to log-phase in raffinose media at 25°C. Galactose was
added to a final concentration of 2% to induce CIK1-CC overexpression. Samples were taken at time 0 and after 6 h,
and then spread on a YPD plate. The plating efficiency (viability) was examined after overnight incubation at 25°C. The
experiment was repeated three times (N = 3) where 300 cells were counted for each experiment. The bars represent
mean values * SD. p values were obtained by using a two-tailed unpaired t test, with asterisks indicating

**x* p < 0.0001. (C) sli15-17A mutant cells show increased chromosome missegregation when syntelic attachment is
induced. WT (4379-3-3) and sli15-17A (4368-3-1) strains containing CEN4-GFP and Spc110-mCherry with either vector
control (V, p1218) or Pga CIK1-CC (CC, pHL002) were arrested in G in raffinose media at 30°C. Cells were released into
2% galactose media to induce CIK1-CC overexpression, and samples were collected for budding index (N = 100 cells,
top, right). Pictures were taken at 100 and 120 min to determine the rate of chromosome missegregation for 100 cells.
The yellow arrow points to chromosome missegregation in a representative cell with white dotted boundary. Scale bar,
5 pm. The pictures are representative of three experimental repeats (N = 3) where 100 cells were counted for each
experiment. The bars represent mean values + SD. p values were obtained by using a two-tailed unpaired t test, with
asterisks indicating **** p < 0.0001. (D) Abolishment of Ipl1-dependent Sli15 phosphorylation in sli15-17A cells causes a
tension checkpoint defect. med1-1 sli15-13myc (4517-1-2) and med1-1 sli15-17A-13myc (4505-4-3) cells with Pds1-18myc

were arrested in G in YPD medium at 25°C, and then released into the cell cycle at 36°C. Cells were collected every
20 min for budding index (N = 100 cells; left), and for the detection of Pds1 protein level with anti-myc antibody
(center). Pgk1, loading control. We used ImageJ to acquire the intensity of each Pds1 band from western blotting
images from three independent time courses and mean values + SD are plotted (right). Pds1 levels were normalized to
the loading control (Pgk1) and are shown relative to 80 min following G release, where Pds1 levels peak.

likely due to the fact that these two mutants act in the same pathway
to reverse Ipl1-dependent Sli15 phosphorylation. Contrastingly, in
response to CIK1-CC overexpression, fin1-5A sli15-6A suffered
more viability loss (16%) than sli15-6A alone (35%), a statistical dif-
ference (Figure 7C). We were unable to analyze CEN4-GFP segrega-
tion in these mutants because of strain-construction technicalities.
We further investigated whether the combined Sli15 dephos-
phorylation by both phosphatases, Cdc14 and PP1, would show an
enhanced CPC removal from the KT in cells arrested at metaphase
with cdc26A. Consistent with our previous experiments, introducing
fin1-5A significantly reduced KT localization of Ipl1 (24%) as com-
pared with cells expressing FINT (78%; Figures 7D). The KT localiza-
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tion of Ipl1 in sli15-17A (18%) and fin1-5A sli15-17A (16%) showed
no significant difference. In clear contrast, loss KT localization of Ipl1
in sli15-6A (37%) was significantly reduced when coupled with fin1-
5A (8%). Additionally, we observed a significantly higher proportion
of fin1-5A sli15-6A cells (43%) with premature spindle association of
Ipl1 compared with sli15-6A (14%). We next examined the effect of
Fin1-5A expression on the phosphorylation of WT and phospho-
deficient Sli15 mutants, Sli15-6A, and Sli15-17A. The WT and mu-
tated SLI15 genes were tagged with 13myc and we used Phos-tag
SDS-PAGE to visualize Sli15 protein phosphorylation in asynchro-
nized cells (Figure 7E). We noticed an appreciable decrease in Sli15-
6A phosphorylation in fin1-5A cells as compared with FINT cells, but
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overexpression. WT (4379-3-3) and sli15-6A (4388-1-1) cells with either vector control (V, p1218) or Pga CIK1-CC (CC,
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time 0 and after 6 h and spread on a YPD plate. Platting efficiency was counted for viability after overnight incubation at
25°C. The percentage of viable colonies was quantified from three independent experiments (N = 3) where 300 cells
were counted for each experiment. The bars represent mean values + SD. p values were obtained by using a two-tailed
unpaired t test, with asterisks indicating **p < 0.01. (C) sli15-6A mutant cells show increased chromosome
missegregation when syntelic attachment is induced. WT (4379-3-3) and sli15-6A (4388-1-1) strains containing CEN4-
GFP and Spc110-mCherry with either vector control (V, p1218) or Pga CIK1-CC (CC, pHL002) were arrested in G4 in
raffinose media at 30°C. Cells were released into 2% galactose media, and samples were collected for budding index
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for 100 cells. Yellow arrows point to chromosome missegregation in a representative cell with white dotted boundary.
Scale bar, 5 pm. The pictures are representative of three experimental repeats (N = 3) where 100 cells were counted for
each experiment. The bars represent mean values + SD. p values were obtained by using a two-tailed unpaired t test,

with asterisks indicating **** p < 0.0001.

no visible difference in Sli15-17A phosphorylation was detected in
fin1-5A and FINT cells. This result indicates that mutations of the
Ipl1 phosphorylation sites (Sli15-17A), but not the CDK sites (Sli15-
6A), in Sli15 abolishes its further dephosphorylation by Fin1-PP1.
Together, our results support the conclusion that the combination of
dephosphorylation of Sli15 by Cdc14 and PP1 contributes to the
additive defect on CPC translocation and the checkpoint response
to syntelic attachments (Figure 7F).

DISCUSSION

The SAC becomes active in response to tensionless or incorrect KT—
MT attachments. The KT localized CPC corrects errors in KT-MT
attachment and prevents premature SAC silencing (Wang et al.,
2014). CPC component Sli15 is phosphorylated by both Ipl1 and
CDK, which retains CPC localization at the KT. At early anaphase, a
small amount of Cdc14 phosphatase is released from the nucleolus
via the FEAR pathway (Stegmeier et al., 2002). This release is re-
sponsible for reversing CDK-imposed phosphorylation on Sli15 as
well as CPC translocation (Pereira and Schiebel, 2003; Jin et al.,
2008). Although mutation of the Ipl1 sites in Sli15 to alanine is suf-
ficient for CPC translocation (Nakajima et al., 2011), it is currently
unclear which phosphatase is responsible for reversing Ipl1-depen-
dent Sli15 phosphorylation. Here we report that Cdc14-dependent
dephosphorylation of Fin1 triggers KT recruitment of Fin1-PP1 and
the subsequent reversal of Ipl1-imposed Sli15 phosphorylation,

10 | D. Sherwin etal.

which promotes CPC translocation from the KT to the spindle as
well. Therefore, our results uncovered a new layer of regulation for
CPC translocation.

Recent work from our lab revealed the role of Fin1-PP1 in ana-
phase progression. As a PP1 regulatory subunit, Fin1 is a CDK sub-
strate, and this phosphorylation prevents its KT localization. After
FEAR activation in early anaphase, Fin1 is dephosphorylated by
Cdc14 to enable the association of Fin1-PP1 with the KT (Akiyoshi
et al., 2009). In this study, we further show that KT-localized Fin1-
PP1 also promotes dephosphorylation of Ipl1 substrate Sli15, re-
sulting in CPC translocation even when Cdc14 is inactive. Consis-
tently, premature Fin1 KT localization in cdc14-2 mutant can
partially restore spindle midzone localization of SIk19, which de-
pends on CPC-spindle interaction. Moreover, premature Fin1 KT
localization or mutation of the Ipl1/CDK consensus sites in Sli15 not
only triggers CPC translocation but also sensitizes cells to syntelic
chromosome attachments, as indicated by increased viability loss
and chromosome missegregation. Notably, the combination of pre-
mature KT localization of Fin1 (fin1-5A) and mutation of CDK phos-
phorylation sites in Sli15 (sli15-6A) shows an additive effect on CPC
translocation and sensitivity to syntelic attachment. Although previ-
ous studies have demonstrated the role of Cdc14 in CPC transloca-
tion by reversing Sli15 phosphorylation imposed by CDK, this study
exposes Fin1-PP1 as a secondary layer of regulation for CPC trans-
location by reversing Sli15 phosphorylation imposed by Ipl1.
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Combined Sli15 dephosphorylation by Cdc14 and Fin1-PP1 has an additive effect on CPC translocation and
checkpoint response to syntelic attachment. (A) Viability loss in strains with the combination of phospho-deficient sli15
mutants (sli15-6A and sli15-17A) with fin1-5A after CIK1-CC overexpression. WT (Y300), sli15-6A (Y3594), and sli15-17A
(4053-4-1) cells containing fin1-5A (pMB7) plasmid with either vector control (V, p1218) or Pga CIK1-CC (CC, pHL002)
were grown to log-phase in raffinose media at 25°C. Galactose was added to a final concentration of 2% to induce
CIK1-CC overexpression. Samples were taken at time 0 and after 6 h and spread on a YPD plate for overnight
incubation at 25°C. The percentage of viable colonies was quantified. The experiments were repeated three times (N =
3) and 300 cells were counted for viability. The bars represent mean values + SD. p values were obtained by using a
two-tailed unpaired t test, with asterisks indicating **** p < 0.0001. (B) The combination of sli15-17A with fin1-5A does
not have an additive effect on the sensitivity to syntelic attachment. The same protocol was to analyze the effect of the

combination of sli1-17A with fin1-5A on the viability loss after syntelic attachment induction. Statistical analysis was
performed as described in panel A. (C) The combination of sli15-6A with fin1-5A shows an additive effect on the
sensitivity to syntelic attachment. The same method was used to determine the effect of the combination of sli15-6A
with fin1-5A on the viability loss after syntelic attachment induction. The experiments were repeated three times (N = 3)
and 300 cells were counted for each experiment. See above for statistical analysis. (D) The combination of sli15-6A with
fin1-5A shows an additive effect on CPC dissociation from KTs in metaphase cells. cdc26A IPL1-3GFP NUF2-mCherry
(4421-3-2, WT), sli15-17A cdc26A IPL1-3GFP NUF2-mCherry (4437-1-3), and sli15-6A cdc26A IPL1-3GFP NUF2-mCherry
(4426-5-3) cells containing either FINT (pMB6) or phospho-deficient fin1-5A (pMB7) plasmids were grown to log-phase
in YPD at 25°C then shifted to 36°C for 2 h to inactivate Cdc26 for metaphase arrest. Samples were collected for
imaging. Ipl1 localization was categorized as no KT localization, KT localization, or spindle-like localization. Cells
representing loss of Ipl1 KT localization are outlined with white dotted line. Scale bar, 5 pm. The pictures are
representative of three experimental repeats (N = 3) where 100 cells were counted for each experiment. The bars
represent mean values * SD. p values were obtained by using a two-tailed unpaired t test, with asterisks indicating
***%p < 0.0001. 17A: sli15-17A; 6A: sli15-6A; 5A: fin1-5A. (F) A schematic model describing two distinct pathways of
Sli15 dephosphorylation by Cdc14 and Fin1-PP1 that promote CPC translocation in anaphase.

One open question is why cells require two separate pathways
to regulate CPC translocation. We showed that reversal of either
CDK- or Ipl1-mediated phosphorylation of Sli15 is sufficient for
CPC translocation even in cells arrested at metaphase. One expla-
nation is that two layers of dephosphorylation allow for robust CPC
translocation after anaphase entry. Once Cdc14 is activated, it not
only reverses CDK-mediated Sli15 phosphorylation but also de-
phosphorylates Fin1 and triggers KT recruitment of Fin1-PP1 to
reverse Ipl1-mediated Sli15 phosphorylation. This positive feed-
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back likely ensures robust CPC translocation after anaphase entry.
This also fits our current understanding that multiple dephosphory-
lation events promote SAC silencing during the metaphase-ana-
phase transition. First, dephosphorylation of Sli15 by Cdc14 and
Fin1-PP1 promotes the removal of CPC from the KT (Pereira and
Schiebel, 2003; Nakajima et al., 2011). Second, the dephosphory-
lation of Ipl1 KT substrate Dam1 by PP1 stabilizes KT-MT interac-
tion and facilitates SAC silencing (Jin and Wang, 2013). Moreover,
the reversal of Ipl1-imposed Ndc80 phosphorylation helps clear
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Bub1/Bub3 SAC proteins from the KT, which results in SAC disas-
sembly at the KT (Bokros et al., 2016; Bokros et al., 2021). Together,
these concurrent dephosphorylation events ensure timely ana-
phase entry by stabilizing KT-MT interaction and preventing SAC
reactivation.

Previous studies have uncovered how Sli15 dephosphorylation
promotes CPC spindle binding in anaphase. Dephosphorylation of
Sli15 within its MT-binding domain facilitates CPC MT binding (Pereira
and Schiebel, 2003; Nakajima et al., 2011; Makrantoni et al., 2014).
We showed that premature Fin1-PP1 KT localization as well as phos-
pho-deficient mutations, sli15-6A and sli15-17A, all promote CPC KT
delocalization in metaphase. However, only phospho-deficient Sli15
mutants but not fin1-5A mutants exhibited significant spindle-bound
CPCin cells arrested at metaphase (Figure 2). Our explanation is that
PP1-dependent dephosphorylation of Sli15 is likely partial in meta-
phase arrested cells expressing fin1-5A. This partial dephosphoryla-
tion may be sufficient for KT delocalization but not for spindle binding
of CPC. In support of this idea, we observed that the combination of
premature Fin1-PP1 KT localization and phospho-deficient mutant
sli15-6A promoted CPC spindle localization in metaphase-arrested
cells in Figure 7D. Furthermore, KT dissociation of CPC, but not spin-
dle binding, was observed in cdc14-2 arrested cells. It is likely that the
trace Cdc14 activity in cdc14-2 mutant cells is sufficient to induce
CPC KT delocalization but is insufficient for spindle binding (Figure 3).
In addition, recent works show several pools of Ipl1/Si15 that localize
to the centromere and KT-proximal regions (Fischbock-Halwachs
et al., 2019; Garcia-Rodriguez et al., 2019). More work is needed to
distinguish functions of Sli15 dephosphorylation by Cdc14 and PP1 in
the regulation of centromere and KT-localized CPC.

Altogether, our results uncovered an additional pathway that
regulates Sli15 dephosphorylation and CPC localization. The re-
cruitment of Fin1-PP1 to the KT after anaphase onset promotes CPC
translocation from the KT to the spindle during anaphase (Figure
7F). This translocation not only stabilizes KT-MT interaction and ana-
phase spindle structure but also facilitates SAC clearance from KTs.
Because we showed that dysregulation of this process causes chro-
mosome missegregation in response to tensionless chromosome
attachment, this pathway is therefore critical for genome integrity.

MATERIALS AND METHODS
Request a protocol through Bio-protocol.

Yeast strains, growth, and media

The relevant genotypes and sources of the yeast strains used in this
study are listed in Supplemental Table S1. All the strains listed are
isogenic to Y300, a W303 derivative, and they were constructed by
tetrad dissection. Yeast cell growth conditions and synchronization
were performed as described previously (Bokros et al., 2021). The
plasmids used in this study are listed in Supplemental Table S2.

Budding index

For the indicated time points, samples were taken from the culture
and fixed with 10% formaldehyde (3.7%). After sonication, cells
were counted and categorized as single cell, small budded, and
large budded cells based on the existence and size of the daughter
cell. A cell was counted as large budded when the diameter of the
daughter cell was greater than half of the diameter of the mother
cell. The percentage of large-budded cells over time was plotted.

Plating efficiency/viability
A small aliquot of cells was 10fold diluted and then spread onto a
YPD plate. After incubation at 25°C overnight, cell viability was
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examined under a microscope and cells were categorized as viable
and nonviable. Cells that formed mini colonies were counted as vi-
able, and nonviable cells were determined as single dead cells or a
small cluster of sick cells. For each strain, more than 300 cells or cell
colonies were counted to obtain the percentage of viable cells.

Western blotting

Yeast cells (1 ml) were collected by centrifugation and the cell pel-
lets were resuspended in 200 pl of 0.1-M NaOH. After incubation at
room temperature for 5 min, the sample was centrifuged, and the
pellets were resuspended in 100-ul 1 x SDS protein loading buffer.
The protein samples were boiled for 5 min and resolved by 8% SDS-
PAGE. After probing for anti-myc (?E10, Covance Research Prod-
ucts) and anti-Pgk1 antibodies (Molecular Probes, Eugene, OR) fol-
lowed by horseradish peroxidase-conjugated secondary antibody
(Cell Signaling Technology), the protein levels were detected with
enhanced chemiluminescence (ECL, PerkinElmer). A Bio-Rad
ChemiDoc imaging system was used to image blots.

Sli15 phosphorylation was detected using Phos-tag SDS-PAGE.
We added 28-uM Phos-tag and 150-uM MnCl, to SDS-PAGE gel,
which was run at 20 mA/gel for 120 min in the cold. The gel was
washed with transfer buffer containing 10-mM EDTA for 10 min and
then washed with transfer buffer alone for 10 min. The blots were
then prepared as described above.

Cytological techniques

For fluorescence microscopy, collected yeast cells at indicated time
points were resuspended in 1 x PBS (pH 7.2) for the examination of
fluorescence signals using a microscope with a 60 x objective (BZ-
X800 from Keyence). A Z-stack with 9-11 planes of 0.2 pm was ac-
quired for each field and converted to a maximum projection using
Keyence BZ-X800 software.

Statistical analysis

All statistical analyses were done using Graph Pad/Prism software.
Results from fluorescence microscopy experiments were deter-
mined by counting 100 cells for each yeast strain. Experiments re-
peated three times are indicated as such. The mean values were
calculated and shown with corresponding standard deviations. We
performed two-tailed unpaired t tests to determine *p < 0.05, **p <
0.01, ***p < 0.001, and ****p < 0.0001 and is denoted as such. For
individual Ipl1 intensity at KTs, a defined area was used to deter-
mine a ratio of the intensity of Ipl1-GFP (AU) over the intensity of the
Nuf2-mCherry signal (AU) for 100 KTs using ImageJ software and
final ratios were plotted. For respective Ipl1-GFP localization in indi-
vidual cells, a straight line of consistent length was drawn through
the Nuf2-mCherry and Ipl1-GFP signals and the intensity (AU) along
the line was plotted using ImageJ. For quantification of Sli15 protein
bandshift, a straight line of consistent length was drawn through the
Sli15 protein for the indicated timepoints and intensity of the pro-
tein signal (AU) across the line was plotted. When necessary, lines
were shifted to the edge of each protein sample because the signal
was often weaker in the middle of the sample due to western blot-
ting inconsistencies.
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