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The kinetochore is a macromolecular complex that controls chromosome segregation and cell cycle progression.
When sister kinetochores make bioriented attachments to microtubules from opposite poles, the spindle
checkpoint is silenced. Biorientation and the spindle checkpoint are regulated by a balance between the Ipll/
Aurora B protein kinase and the opposing activity of protein phosphatase I (PP1). However, little is known about
the regulation of PP1 localization and activity at the kinetochore. Here, we developed a method to purify
centromere-bound kinetochores and used quantitative proteomics to identify the Finl protein as a PP1 regulatory
subunit. The Finl/PP1 complex is regulated by phosphorylation and 14-3-3 protein binding. When Fin1 is
mislocalized, bipolar spindles fail to assemble but the spindle checkpoint is inappropriately silenced due to PP1
activity. These data suggest that Finl is a PP1 regulatory subunit whose spatial and temporal activity must be

precisely controlled to ensure genomic stability.
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Faithful chromosome segregation is essential to avoid the
aneuploidy that is associated with cancer and birth
defects (Kops et al. 2005). Segregation is directed by the
kinetochore, the macromolecular protein complex that
assembles onto centromeric chromatin. The simplest
kinetochore characterized to date is in budding yeast,
where 38 structural proteins in various subcomplexes
assemble onto the ~125-base-pair (bp) centromere to
form a single microtubule-binding site (for reviews, see
Westermann et al. 2007; Santaguida and Musacchio
2009). Inner kinetochore proteins assemble directly onto
centromeric DNA, while outer kinetochore proteins
mediate attachment to spindle microtubules. In all or-
ganisms, segregation requires sister kinetochores to bi-
orient and attach to spindle microtubules emanating from
opposite poles. Once all chromosomes biorient, segrega-
tion is initiated by the anaphase-promoting complex
(APC/C)-mediated destruction of the anaphase inhibitor
Pdsl/securin. Defects in kinetochore biorientation are
monitored by the spindle checkpoint that delays the
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onset of anaphase by inhibiting the APC/C (for reviews,
see Musacchio and Salmon 2007; Westermann et al. 2007;
Tanaka and Desai 2008).

Errors in kinetochore-microtubule attachment must be
corrected prior to anaphase. A variety of evidence suggests
that mono-oriented attachments are destabilized by the
phosphorylation of kinetochore proteins by the conserved
Ipl1/Aurora B protein kinase (for reviews, see Ruchaud
et al. 2007; Kelly and Funabiki 2009). Ipll/Aurora B
activity is also required for the spindle checkpoint, and
this may be coupled to its role in generating unattached
kinetochores in response to biorientation defects (Pinsky
et al. 2006b). Although a number of Ipll/Aurora B sub-
strates have been identified, it is not clear whether the
phosphorylation of these targets occurs specifically in re-
sponse to defective kinetochore-microtubule attachments
or whether additional substrates exist. To fully understand
the process of kinetochore biorientation, all of the Ipll/
Aurora B-mediated phosphorylation events that occur on
misoriented kinetochores must be identified. However,
the lack of a method to selectively purify chromatin-bound
kinetochore complexes has made it difficult to detect
phosphorylation specific to misoriented kinetochores.

It is also critical to understand the mechanisms that
counteract Ipll/Aurora B-dependent phosphorylation to
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stabilize proper attachments and silence the spindle
checkpoint. To date, the only activity known to oppose
Ipll/Aurora B is dephosphorylation by protein phospha-
tase I (PP1) (Francisco et al. 1994; Sassoon et al. 1999; Hsu
et al. 2000; Pinsky et al. 2006a; Emanuele et al. 2008). PP1
is a ubiquitous serine/threonine phosphatase that regu-
lates numerous cellular processes at various intracellular
locations (for review, see Cohen 2002). Because the
catalytic subunit of PP1 has little substrate specificity,
these processes are controlled by regulatory (or targeting)
subunits that direct PP1 localization and activity (Egloff
et al. 1997; Hendrickx et al. 2009). Although PP1 localizes
to kinetochores (Bloecher and Tatchell 2000; Trinkle-
Mulcahy et al. 2003) where it opposes Ipll/Aurora B
(Sassoon et al. 1999; Pinsky et al. 2006a), a regulatory
subunit that targets PP1 to kinetochores has not been
identified in any organism. It is therefore unclear how
PP1 activity is regulated to stabilize proper bioriented
attachments, yet still allow efficient phosphorylation of
inappropriately attached kinetochores.

To identify key proteins and post-translational modifi-
cations required for kinetochore biorientation, we estab-
lished a method to enrich for centromere-bound kineto-
chores by isolating centromeric minichromosomes from
budding yeast. Mass spectrometry (MS) on the purified
samples allowed us to identify the majority of known
kinetochore proteins as well as to detect novel phosphor-
ylation events on the centromere-bound kinetochores.
Strikingly, quantitative MS analysis of purified kineto-
chores identified Finl. Here, we show that Finl is a PP1
regulatory subunit that helps mediate PP1 binding to
kinetochore proteins. The activity of the Finl/PP1 com-
plex is tightly controlled by phosphorylation, 14-3-3
protein binding, and PP1 itself. When Finl is prematurely
targeted to microtubules, bipolar spindles do not form.
However, the balance between PP1 and Ipll/Aurora B
activity is lost and the spindle checkpoint is silenced. Our
results identify a Finl/PP1 complex that must be tightly
controlled to ensure that the Ipll/Aurora B kinase and
PP1 phosphatase activities are balanced.

Results

Yeast kinetochores can be purified by isolating
centromeric minichromosomes

We sought to establish a method to comprehensively
characterize the composition and post-translational mod-
ification status of intact kinetochores. Because chromo-
somes contain a single kinetochore relative to an abun-
dance of other chromosomal proteins (e.g., histones and
transcription factors), we anticipated that it would be
difficult to obtain sufficiently pure kinetochores for MS
analysis. In addition, although stable kinetochore sub-
complexes have been isolated, the properties of an intact
kinetochore are unknown (De Wulf et al. 2003). We
therefore chose to purify circular minichromosomes from
budding yeast for a number of reasons. First, minichro-
mosomes containing the yeast centromere assemble
kinetochores and segregate faithfully during cell division
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(Clarke and Carbon 1980). Second, the small size of a
minichromosome (~2 kb) ensures a high ratio of kineto-
chore proteins relative to other chromatin-associated
proteins. Third, minichromosomes have previously aided
studies of other chromatin-based processes (Ducker and
Simpson 2000; Ivanov and Nasmyth 2005). We therefore
optimized a lactose operon purification system (Lacl-
LacO) to isolate minichromosomes containing kineto-
chores (Ducker and Simpson 2000; A Unnikrishnan, PR
Gafken, and T Tsukiyama, in prep.). The key elements of
the minichromosome include a selectable marker (TRP1),
an origin of replication (ARS1), tandem repeats of lactose
operators (LacO), and the centromere from Chromosome
III (CENS3) (Fig. 1A). We introduced the minichromosome
into a host strain expressing high levels of a Lacl-Flag
fusion protein from a constitutive promoter. To isolate
the minichromosomes, we lysed cells and captured the
minichromosomes with beads conjugated to anti-Flag
antibodies in a buffer containing a physiological concen-
tration of salt (150 mM KCl). Under these conditions, the
majority of Lacl-Flag from the extract was immunopre-
cipitated (data not shown), and Southern blot analysis
confirmed that the minichromosome copurified with
Lacl-Flag (Fig. 1B).

We next tested whether kinetochore proteins remain
associated with the minichromosomes by performing im-
munoblots. As a control, we purified minichromosomes
that cannot assemble kinetochores due to mutations in
the conserved centromere domain CDEII (Ortiz et al.
1999). Because these mutant minichromosomes lack
kinetochores, the intracellular copy number is ~20-fold
higher than the wild-type (WT) centromeric minichro-
mosome (Tschumper and Carbon 1983; data not shown).
Despite this copy number difference, the centromeric
histone H3 variant (Cse4) and Ndc80 outer kinetochore
component specifically copurified with minichromo-
somes containing functional centromeres (Fig. 1C). Be-
cause Ndc80 depends on other inner kinetochore proteins
for its kinetochore association (Westermann et al. 2003),
this result suggests that the majority of kinetochore pro-
teins stay bound to minichromosomes. Indeed, Ndcl0,
Mif2, and Ctf19 also copurified with centromeric mini-
chromosomes (Supplemental Fig. S1).

We next determined the stability of the kinetochore
structure under more stringent wash conditions. Neither
inner nor outer kinetochore proteins copurified with
minichromosomes in the presence of 300 mM KCl,
suggesting that the kinetochore structure is disrupted
(Fig. 1D). Because we used mild wash conditions (150 mM
KCl) to maintain the kinetochore structure, we analyzed
the level of nonspecific binding by comparing Lacl-Flag
purifications from strains containing minichromosomes
with or without LacO repeats. Although kinetochore
proteins copurified specifically with LacO-containing
minichromosomes (data not shown), both purifications
exhibited similar amounts and patterns of proteins on
a silver-stained SDS-PAGE gel, indicating a high level of
nonspecific binding (Fig. 1E). The majority of these pro-
teins were not detected when the purification was per-
formed from cells lacking LacI-Flag (data not shown),



indicating that they are Lacl-Flag-binding proteins. Be-
cause Lacl has affinity for DNA (Lin and Riggs 1975), we
assume that the majority of these proteins are associated
with chromatin in the extract (see below).

Our ability to detect kinetochore proteins specifically
in the centromeric minichromosome sample prompted
us to test whether they could be identified by MS. We
purified minichromosomes with wild-type or mutant
centromeres from 10 L of mitotic cells. As expected due
to the higher copy number, we isolated more mutant
centromeric minichromosomes than wild type (data not
shown). Consistent with this, histone bands were detect-
able in the mutant centromere sample by silver-stained
SDS-PAGE, although the overall protein amounts in the
two samples were relatively similar due to the nonspe-
cific Lacl-Flag-binding proteins (Fig. 1F). The purified
samples were digested with site-specific proteases, and
the resulting peptides were separated by strong cation
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Purification of yeast kinetochores

exchange (SCX) chromatography. Fractionated samples
were analyzed by reverse-phase liquid chromatography
electrospray ionization tandem MS (LC-MS/MS). Sequence
database searching identified 329 proteins in the wild-
type centromeric minichromosome sample (Supplemental
Table S1), and 249 proteins in the mutant centromere
sample (Supplemental Table S2). As expected from our
observation that the bulk of purified proteins nonspecifi-
cally associate with Lacl-Flag, the majority of proteins
identified in both purifications interact with DNA (e.g.,
histones and chromatin remodeling factors). However, the
majority (35 out of 38) of known constitutive kinetochore
components were detected specifically in the wild-type
centromeric minichromosome sample (Supplemental
Table S3); only one kinetochore protein (two peptides
derived from Mif2) was detected in the mutant centromere
sample. These results suggest that kinetochore proteins
are below the limit of detection unless wild-type centro-
meric minichromosomes are purified. This is consistent
with the low abundance of kinetochore proteins in the cell,
and their specific association with centromeric DNA. In
agreement with estimates of multiple copies of the KMN
(KNL1-Mis12-Ndc80 complex) network at the kineto-
chore (Joglekar et al. 2006), the percentage of sequence
coverage of proteins in the Nde80, Misl2, and Spcl05
subcomplexes was generally higher than other kineto-
chore proteins (Supplemental Table S3). There are also
likely to be kinetochore proteins that we did not detect
due to their weak association throughout the purification
and/or difficulty in detecting solely by MS techniques.

Figure 1. Yeast kinetochores can be purified by isolating
centromeric minichromosomes. (A) Minichromosome purifica-
tion scheme. Centromeric minichromosomes containing LacO
repeats are captured by Lacl-Flag affinity purification. (B) Puri-
fied minichromosome DNA (SBY5218) was detected by South-
ern blot analysis using a probe specific to CEN3. Note that the
immunoprecipitation (IP) lane contains 30 times more sample
equivalent than input and flow-through (FT). (C) Kinetochore
proteins remain associated with purified minichromosomes.
Wild-type (SBY5218) or mutant (SBY5248) CEN3 minichromo-
somes were purified from strains expressing Ndc80-Myc. Im-
munoblots were performed using anti-Cse4 (asterisk indicates
background band) and anti-Myc antibodies. (D) Kinetochores
dissociate from CEN minichromosomes in the presence of
300 mM KCl. Minichromosomes (SBY5218) were washed with
buffer containing 150 or 300 mM KCIl. Purified samples were
analyzed by immunoblots using antibodies to the indicated
kinetochore proteins and by Southern blot analysis using
a CEN3 probe to detect minichromosome DNA. (E) The Lacl-
Flag-purified samples have high levels of proteins that copurify
independently of the lacO sequence. Proteins that copurified
with minichromosomes that contained LacO repeats (SBY6107)
or lacked the repeats (SBY6037) were analyzed by SDS-PAGE
followed by silver staining to compare the sample purity. (F) The
higher cellular copy number of mutant CEN minichromosomes
increases the yield of mutant minichromosomes. Proteins that
copurified with minichromosomes containing a wild-type
(SBY6107) or a mutant (SBY6114) CEN were analyzed as in E.
Note that histone bands were easily detected in the mutant
CEN minichromosome purification.
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Various post-translational modifications play impor-
tant roles in chromosome segregation (Kotwaliwale and
Biggins 2008), and phosphorylation is critical because
many essential protein kinases and phosphatases regulate
segregation (Taylor and Peters 2008; De Wulf et al. 2009).
However, the identification of phosphorylation sites by
MS remains a challenge, in part due to their low stoichio-
metry and the labile nature of some phospho-modifica-
tions during MS analysis. We searched the MS data for
phosphorylated peptides and identified 10 phosphoryla-
tion events (four novel phosphorylations) on seven kinet-
ochore proteins (Supplemental Table S4). Taken together,
these data show that the minichromosome purification
substantially enriches kinetochore proteins to allow
phosphorylation on centromere-bound kinetochore pro-
teins to be detected.

Quantitative MS analysis identifies Finl
as a kinetochore protein

To identify previously undetected kinetochore proteins,
we employed a quantitative proteomics approach that is

based on the use of the stable isotope labeling by amino
acids in cell culture (SILAC) technique (Mann 2006) to
compare the relative enrichment of proteins derived from
a specific complex purification versus nonspecific purifi-
cation (Ranish et al. 2003). Because it is beneficial for
samples to have similar levels of protein, we compared
proteins that copurified with mitotic centromeric mini-
chromosomes with or without LacO repeats (Fig. 1E). The
proteins in the test strain (with LacO) were labeled with
isotopically heavy lysine and arginine during cell growth,
and then minichromosomes were purified and subse-
quently mixed with proteins purified from a reference
strain (without LacO) grown in the presence of isotopi-
cally normal lysine and arginine (Fig. 2A). The protein
mixture was processed and analyzed by LC-MS/MS as
above, except that the high-resolution linear ion trap-
Orbitrap (LTQ-Orbitrap) instrument was used to facilitate
high-throughput peptide identification and improved
quantification of peptide abundances (Hu et al. 2005).
The enrichment ratios were determined by comparing
the relative ion intensities of peptide pairs derived from
the two samples (Han et al. 2001).
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Five-hundred-eighteen proteins were identified and
quantified (Supplemental Table S5). Most proteins showed
an enrichment ratio close to 1 since the bulk of them
copurify with Lacl-Flag (Fig. 2B). However, 44 proteins
were highly enriched (greater than fourfold) in the mini-
chromosome sample containing LacO repeats, and the
majority were kinetochore proteins (Supplemental Table
S5). Strikingly, all detected constitutive kinetochore (35
out of 38) proteins exhibited enrichment ratios >2.7-fold
(Fig. 2C). Replication factors (MCM2-7 complex) and
other DNA-binding factors (Gal4 and Gen4) also showed
a high enrichment ratio, consistent with the presence of
ARS1 and other chromosomal elements on the minichro-
mosome (Supplemental Table S5). Unexpectedly, the Finl
protein that has no known role in chromosome function
also showed a high enrichment ratio (13.7-fold). Finl is
a cell cycle-regulated protein that accumulates during S
phase and is degraded at the end of anaphase (van Hemert
et al. 2002; Woodbury and Morgan 2007). During meta-
phase, Finl is diffusely nuclear, and then it translocates
onto spindles and spindle poles at anaphase, where it
stabilizes the spindle. To determine whether Finl also
associates with the kinetochore, we purified wild-type
and mutant centromeric minichromosomes from cells
containing Myc epitope-tagged Finl. Finl-Myc copurified
with minichromosomes in a centromere-dependent man-
ner, suggesting that Finl is a kinetochore protein (Fig.
2D). Consistent with this, Finl no longer associated with
centromeric minichromosomes purified from ndc10-1
mutant cells that disrupt kinetochore function at the
restrictive temperature (Fig. 2E; Goh and Kilmartin 1993).
To test for cell cycle regulation of Finl localization to
kinetochores, we also purified minichromosomes from
cells arrested in metaphase versus anaphase and found
that Finl is associated at both cell cycle stages (Supple-
mental Fig. S2). To ensure that Finl is present on endog-
enous kinetochores, we performed chromosome spreads to
remove soluble nuclear material and allow kinetochore
visualization by immunofluorescence microscopy. Spreads
prepared from nocodazole-arrested cells showed that Finl-
Myc colocalizes with the centromeric histone variant
Csed (Fig. 2F). Taken together, these results show that
Finl is a previously unidentified kinetochore protein.

Purification of yeast kinetochores

Finl associates with 14-3-3 proteins, outer
kinetochore proteins, and PP1

To gain insight into a potential kinetochore function for
Finl, we identified interacting proteins by purifying Finl-
Flag protein from asynchronously growing cells. Silver
staining of the sample detected two major bands (34 kDa
and 36 kDa) in addition to Finl-Flag and commonly found
contaminants (Fig. 3A; data not shown). We performed
LC-MS/MS analysis on the sample and detected a number
of kinetochore proteins (Fig. 3B; Supplemental Table S6).
The majority are outer kinetochore proteins, suggesting
that Finl may localize to the outer kinetochore. In
addition, the budding yeast 14-3-3 proteins (Bmhl and
Bmh2) that were shown previously to interact with Finl
(Mayordomo and Sanz 2002; van Hemert et al. 2003) were
detected with the highest sequence coverage (Fig. 3B).
We confirmed that the 36-kDa protein is Bmh2 (Supple-
mental Fig. S3), so the 34-kDa protein is likely Bmhl.
Although it was reported previously that Finl interacts
with Glc7 (Mayordomo and Sanz 2002), the sole budding
yeast PP1 catalytic subunit (Stark 1996), we did not detect
Glc7 by MS. The inability to detect Glc7 by MS may be
due to substoichiometric association with Finl, so we
tested whether Gle7 copurifies with Finl by immunopre-
cipitating Finl-Flag from cells that contained Glc7-HA.
In addition to verifying that Glc7 associates with Finl, we
confirmed that Bmh2 and the outer kinetochore protein
Ndc80 also copurify (Fig. 3C).

Finl mediates PP1 binding to kinetochore components

Because Finl binds to Glc7, we considered the possibility
that it might be a PP1 regulatory subunit that recruits
Glc7 onto kinetochores. However, the global localization
of Glc7 to chromatin (Hsu et al. 2000) prevented us from
using the minichromosome purification technique, chro-
matin immunoprecipitation, or chromosome spread as-
says to analyze Glc7 association specifically with kinet-
ochores (data not shown). We therefore asked whether
Glc7 copurifies with kinetochore proteins in a Finl-
dependent manner. Using mild immunoprecipitation con-
ditions (150 mM KClJ), we detected an interaction be-
tween two kinetochore proteins (Ndc80 and Dsnl) and

Figure 3. Finl associates with 14-3-3,
IP (¢-FLAG) outer kinetochore proteins, and PP1. (A,B)

o MS analysis identified Fin1-binding proteins.
\5(\5’ Finl-Flag protein was purified from 5 L of
asynchronously growing cells (SBY5962). (A)
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ments confirmed that Finl specifically asso-
ciates with 14-3-3, Ndc80, and the Glc7

phosphatase. Proteins were purified with anti-Flag antibodies from cells containing Bmh2-Myc and Glc7-HA that express either Finl-
Flag (SBY6368) or untagged Finl (SBY6370). Samples were analyzed by immunoblots with the corresponding antibodies.
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Glc7 (Fig. 4). Although we cannot determine how much
of the interaction we detect is occurring on centromere-
bound kinetochores, the bulk of the interaction depended
on Finl. Therefore, Finl helps to mediate the association
between Glc7 and kinetochore proteins. However, the
interaction was not completely disrupted in the absence
of Finl, indicating that additional factors recruit Glc7 to
bind to kinetochore proteins. This may explain why fin14
cells do not exhibit any strong defect in chromosome
segregation (Woodbury and Morgan 2007) or major ge-
netic interactions with ipl1-321 (Supplemental Fig. S4).

Mislocalization of Fin1 silences the checkpoint via PP1

Although fin1A cells do not exhibit significant growth
defects or sensitivity to the microtubule-destabilizing
drug benomyl (data not shown), Finl mislocalization is
lethal (Woodbury and Morgan 2007). Cdkl-dependent
phosphorylation of Finl prevents its premature localiza-
tion to the spindle and poles, and the overexpression of
a Finl-5A phospho-deficient mutant is toxic (Woodbury
and Morgan 2007). We analyzed the corresponding phe-
notype by arresting cells containing GFP-tubulin and
galactose-inducible FINI-WT or fin1-5A in G1 and then
releasing them into galactose media to induce Finl
expression. Although both strains exhibited similar ki-
netics of bud emergence, the cells expressing Finl assem-
bled bipolar spindles, while most Finl-5A cells had
monopolar spindles (Fig. 5A,B). Consistent with this,
94% of wild-type cells eventually segregated DNA to
opposite poles, compared with 29% of Finl-5A cells
(Supplemental Fig. S5). Instead, the majority of Finl-5A-
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Figure 4. Finl partially mediates the interaction between Glc7
and kinetochore proteins. (Top) Ndc80-Myc was immunopre-
cipitated from finIA (SBY7895) and FINI (SBY7897) cells
expressing Glc7-HA. Purified samples were analyzed by immu-
noblots using anti-Myc and anti-HA antibodies. Gle7-HA cells
with untagged Ndc80 (SBY625) were used as negative control.
(Bottom) Dsnl1-Flag was purified with anti-Flag antibodies from
fin1A (SBY7899) and FIN1 (SBY7900) cells expressing Glc7-HA.
Purified samples were analyzed by immunoblots using anti-Flag
and anti-HA antibodies. Note that the Dsn1-Flag band overlaps
with a background signal in the input.
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overexpressing cells moved the entire nucleus into the
bud without segregating chromosomes (Supplemental
Fig. S5). Because we rarely detected bipolar spindles in
the Finl-5A cells, we do not know whether spindle pole
body duplication or spindle assembly is defective. Al-
though monopolar spindles were not detected previously
within the first cell cycle in a similar experiment (possi-
bly due to differences in Finl-5A protein levels), Finl-5A
overexpression in metaphase-arrested cells caused spin-
dles to collapse (Woodbury and Morgan 2007). Taken
together, these data suggest that high levels of Finl-5A
destabilize bipolar spindles.

The spindle checkpoint halts the cell cycle in response
to defects in spindle assembly (Weiss and Winey 1996),
but it was reported previously that cells overexpressing
Finl-5A do not exhibit any cell cycle arrest (Woodbury
and Morgan 2007). We therefore examined the levels of
the anaphase inhibitor Pds1 as cells overexpressing Finl-
WT or Finl-5A were released from G1. Despite the lack of
bipolar spindle formation, Pdsl cycled normally in cells
expressing Finl-5A (Fig. 5C). These data suggested that
the spindle checkpoint may not be functional, so we
tested this by releasing Finl-WT or Finl-5A cells from
GI into nocodazole to depolymerize the microtubules and
create unattached kinetochores. Pdsl levels were stabi-
lized in both strains (Fig. 5D), indicating that Finl-5A
cells are capable of activating the checkpoint in response
to unattached kinetochores. Although there is a slight
decrease in Pdsl levels in Finl-5A cells at later time
points, we did not detect a corresponding increase in sister
chromatid separation when we monitored a fluorescently
marked chromosome (Supplemental Fig. S6). Therefore,
the checkpoint appears to be functional in response to
unattached kinetochores in cells overexpressing Finl-5A.

The defect in spindle checkpoint activation in the fin1-
5A mutant cells was similar to our previous observations
that ipl1 kinase mutants can trigger the spindle check-
point in the absence of microtubules but not in their
presence (Biggins and Murray 2001). In addition, PP1
activity is required to silence the spindle checkpoint
(Pinsky et al. 2009; Vanoosthuyse and Hardwick 2009).
We therefore considered the possibility that Finl-5A
prevented checkpoint activation in response to spindle
defects by misregulating Glc7. To test this, we first de-
termined whether Finl-5A expression altered Glc7 local-
ization. As reported previously (Bloecher and Tatchell
2000), Glc7-GFP was localized throughout the nucleus as
well as to the bud neck in both wild-type cells and those
overexpressing Finl-WT at metaphase (Fig. 5E; data not
shown). In contrast, Glc7 localized to the spindle pole and
spindle microtubules in 89% of metaphase cells over-
expressing Finl-5A, confirming that Finl is a Glc7 regu-
latory subunit (Fig. 5E). The bud neck staining appeared
weaker in Finl-5A cells, consistent with the observation
that the overexpression of PP1 regulatory subunits can
alter its localization (Pinsky et al. 2006a).

To determine whether the defects in spindle assembly
and spindle checkpoint activation associated with Finl-
5A were due to Glc7 misregulation, we mutated the
five PP1 consensus binding motifs [R/K-(X)y.1-V/I-X-F/W]|
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possesses five potential Glec7-binding motifs. Residues that match the consensus PP1-binding sequence are highlighted in bold. (G)
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anti-GFP antibodies, and the samples were analyzed by immunoblots with anti-GFP and anti-HA antibodies. (H) Finl-5A8°"~
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(Egloff et al. 1997; Hendrickx et al. 2009) in Finl-5A to
create Fin1-5A8"~ (Fig. 5F). As expected, the control Finl
proteins copurified with Glc7, but the Finl-5A%"~ mu-
tant did not (Fig. 5G). We therefore characterized the
phenotypes associated with Fin1-5A%"~ and found that it
prematurely associated with spindle microtubules and
blocked spindle assembly in a manner comparable with
Finl-5A cells (Fig. 5H; data not shown). However, Glc7
localization was no longer altered in cells expressing
Finl-5A%"~ (Fig. 5E). Therefore, Finl-5A expression
blocks spindle assembly regardless of whether it can bind
to the Glc7 phosphatase, likely due to its premature
loading onto the spindle and poles.

We next tested whether the spindle assembly defect in
Finl-5A cells could trigger the checkpoint when Glc7 was
no longer bound to Finl. We released FIN1-WT, fin1-5A,
fin1-5A%7- or fin1-5A%~ mad?2A cells from Gl into
galactose and analyzed Pdsl levels (Fig. 5I). Although
Pdsl cycled in the Finl-WT and Finl-5A cells, it was
stabilized in Fin1-5A%"~ cells in a Mad2 spindle check-

point protein-dependent manner. Consistent with the
role of Glc7 in opposing Ipll, the checkpoint delay in
Finl-5A%"" cells requires Ipll kinase activity (Fig. 5]).
Taken together, these data strongly suggest that Finl-5A
expression silences the checkpoint by misregulating
Gle7, thus leading to an altered kinase/phosphatase
balance. However, we did not detect a defect in check-
point silencing in fin1A cells (data not shown), consistent
with the possibility that additional regulatory subunits
control PP1.

Mutations that lead to Glec7 hyperactivation should
exhibit genetic interactions with decreased Ipll activity,
so we expressed fin1-5A from its endogenous promoter
and tested interactions with the ipl1-321 mutant. Al-
though fin1-5A expressed from its endogenous promoter
did not cause any obvious growth or spindle assembly
defects (Supplemental Fig. S7; data not shown), fin1-5A
ipl1-321 cells exhibited a synthetic growth defect (Fig.
5K). Growth was restored when the Glc7-binding mo-
tif in Finl-5A was mutated, supporting the idea that a

GENES & DEVELOPMENT 2893



Akiyoshi et al.

Fin1-Glc7 complex can antagonize Ipll function when it
is misregulated.

Regulation of Finl by 14-3-3 proteins and PP1

Because Finl can cause severe mitotic defects when
misregulated, it is crucial to understand how its activity
is normally restrained. The identification of 14-3-3 pro-
teins as major Finl-binding partners suggested that
they could be key Finl regulators. Because 14-3-3 pro-
teins often interact via phosphorylation (for reviews, see
Dougherty and Morrison 2004; van Heusden and
Steensma 2006), we tested whether Finl can bind to
Bmh2 when the Cdk1 phosphorylation sites are mutated.
Finl-5A and Fin1-5A8"~ no longer interacted with Bmh?2
(Fig. 6A), suggesting that phosphorylation creates one or
more 14-3-3-binding sites. To confirm this, we also
tested whether they interact in anaphase-arrested cells
when the Cdkl sites on Finl are dephosphorylated
(Woodbury and Morgan 2007). Cells containing galac-
tose-inducible nondegradable Clb2 were arrested in either
metaphase with nocodazole treatment or anaphase by the
overexpression of nondegradable CIb2 (Surana et al.
1993). Finl no longer interacted with Bmh2 in anaphase,
supporting the role of Cdkl-dependent phosphorylation
in mediating the Finl/14-3-3 interaction (Fig. 6B). Be-
cause Cdkl-dependent phosphorylation also prevents
Finl from prematurely loading onto spindles at meta-
phase (Woodbury and Morgan 2007), it is likely that 14—
3-3 binding restrains the bulk of Finl from localizing to
spindles until it gets dephosphorylated at anaphase.
Although our results suggest that 14-3-3 binding in-
hibits Finl localization to spindle microtubules prior to
anaphase, we detected Finl at kinetochores in both
metaphase and anaphase (Supplemental Fig. S2). These
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data suggest that there is a pool of kinetochore-bound
Finl that is not bound to the 14-3-3 proteins, so we
wanted to understand how this population of Finl is
regulated. When we characterized Finl mutant proteins
that could not bind to Glc7, we found that they also could
not bind to Ndc80 (Fig. 6A). These data suggested that
Glc7 might be required for Finl to associate with the
kinetochore, so we tested whether Finl requires Glc7
activity to associate with kinetochore proteins. We used
a temperature-sensitive glc7 mutant that arrests in mi-
tosis (Hisamoto et al. 1994) and compared it with noco-
dazole-arrested mitotic cells as a control. The association
between Finl and Ndc80 was abolished in glc7-12 cells
(Fig. 6C), confirming that Finl requires Glc7 to interact
with Ndc80. To directly test whether Finl requires Glc7
to bind to kinetochores, we purified centromeric mini-
chromosomes from strains expressing Fin1-GFP proteins
containing intact or mutated Glc7-binding sites. Al-
though Finl proteins that retain Glc7-binding sites co-
purify in equivalent amounts with minichromosomes,
the Finl-5A8'"~ and Fin18"~ proteins that cannot bind
to Glc7 no longer copurified (Fig. 6D). These data strongly
support the idea that Finl requires Glc7 activity to
associate with kinetochores. Consistent with this, Finl
migrates more slowly in glc7 mutant cells (see Fig. 6C).
Therefore, the Glc7 phosphatase is required to promote
the binding of one of its regulatory subunits to kineto-
chores, thereby establishing an additional level of control
over PP1 activity at kinetochores.

Discussion

As a step toward understanding changes in kinetochore
composition and modification state associated with mi-
crotubule attachment state, we established a method to

Figure 6. Regulation of Finl by phosphorylation, 14—
3-3 proteins, and the PP1 phosphatase. (A) Phosphor-
ylation is required for the Finl interaction with 14-3-3
proteins, and Glc7 binding is required for Finl to bind
the Ndc80 kinetochore protein. Finl-GFP proteins

—-.—.‘il——-—— Fin1-GFP
H_ [ I omn2ve were immunoprecipitated with anti-GFP antibodies
R | — e, from cells containing Bmh2-Myc, Glc7-HA, and ei-
E— - Glci-HA issdi ther FINI-WT-GEP (SBY7609), fin1-5A-GFP (SBY7610),
e —— Ndca0 o [ o -; Ndc80 fin1-5A%7—_GFP (SBY7611), or fin1%”~-GFP (SBY7627)
expressed from the endogenous FINI promoter. The
D samples were analyzed by immunoblots with the
gl PG ELAG) Input IP (a-FLAG) indicated antibodies. (B) 14-3-3 proteins require phos-
871G Moor 970 MNog " » phorylation to bind to Finl. Cells containing Fin1-Flag,
L gl VEE__WESaCE L v o v Bmh2-Myc, Glc7-HA ,and galactose-inducible nonde-
— bd -""d Fin1-FLAG st\"'{l Q\é‘b Q\é‘yj 4\3 Qs\gis\b & ? ((\0"03 gradable cIb2 (SBY6452) were grown and then split into
prm——— | P—— N == ___| PR s tWO cultures that were treated with either nocodazole

———— — B mh2-Myc ‘——--—- —

(metaphase arrest) or galactose (late anaphase arrest)
for 2.5 h. Finl-Flag was immunoprecipitated, and sam-
ples were analyzed by immunoblots. (C) Gle7 is re-
quired for the Fin1-Ndc80 interaction. Finl-Flag was

Csed

purified from wild-type (SBY6373) or glc7-12 (SBY7841) strains that had been shifted to the restrictive temperature for 2.5 h, and
copurifying proteins were analyzed by immunoblots. As a metaphase arrest control, wild-type cells treated with nocodazole were
analyzed. (D) Glc7-binding mutants of Finl do not localize to kinetochores. Centromeric minichromosomes were purified from cells
containing FIN1-WT-GFP (SBY7590), fin1-5A-GFP (SBY7591), fin1-5A'7~_GFP (SBY7592), or fin1¢"’~-GEP (SBY7628) expressed from
the endogenous FIN1 promoter. Samples were analyzed by immunoblots with anti-GFP and anti-Cse4 (loading control) antibodies.
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purify and detect chromatin-bound kinetochores by iso-
lating centromeric minichromosomes. Using this ap-
proach, we found that Finl is a previously unidentified
kinetochore protein that regulates PP1. Finl is inhibited
by 14-3-3 binding via Cdk1-dependent phosphorylation,
and it requires PP1 for its kinetochore localization. When
Finl is misregulated, it leads to defects in spindle assem-
bly and causes premature silencing of the spindle check-
point. Taken together, our data identify a PP1 regulatory
subunit at kinetochores and demonstrate that its activity
must be carefully controlled to maintain proper kineto-
chore and spindle function.

A method to purify the kinetochore complex

The kinetochore plays essential roles in chromosome
segregation by mediating microtubule attachment and
signaling to the spindle checkpoint. It is therefore essen-
tial that the components and post-translational modifi-
cations that regulate kinetochore functions are eluci-
dated. Although substantial progress has been made in
isolating chromosomes (e.g., Mitchison and Kirschner
1985; Dejardin and Kingston 2009; Kulukian et al. 2009)
and partially assembling kinetochores in vitro (Sandall
et al. 2006), kinetochores have not been purified in
chromatin-bound form with sufficient purity for general
biochemical analyses. Previous studies have therefore
analyzed total soluble protein, making it unclear what
specific modifications occur on kinetochores throughout
the cell cycle and in response to various microtubule
attachments. We therefore modified a LacO-Lacl mini-
chromosome purification scheme (Ducker and Simpson
2000; Ivanov and Nasmyth 2005; A Unnikrishnan, PR
Gafken, and T Tsukiyama, in prep.) to enrich for centro-
mere-bound kinetochores, and obtained sufficient purity
to detect the majority of known kinetochore components
by MS. Although it was necessary to perform mild washes
to maintain kinetochore structure, more stringent washes
should allow similar studies on more stably bound pro-
teins such as histones or replication factors. Indeed, a
modified version of the purification method has success-
fully identified numerous modifications of minichromo-
some-bound histones (A Unnikrishnan, PR Gafken, and
T Tsukiyama, in prep.). This method should therefore be
readily adapted to study other chromatin-based processes,
as well as facilitate structural studies and other in vitro
assays that require purified kinetochores.

Our technique allowed us to identify phosphorylation
of centromere-bound kinetochore proteins by MS. In-
terestingly, six out of 10 phosphorylation sites identified
match the Cdkl consensus sequence. Because Cdkl
mutants have pleiotropic effects, it has been difficult to
study the role of Cdkl phosphorylation in kinetochore
function. Our data suggest that Cdkl directly regulates
kinetochores, and the precise functions may be eluci-
dated by studying these specific phosphorylation events.
We also identified unique modifications by isolating
minichromosomes under different cell cycle states
(Akiyoshi et al. 2009), so additional phosphopeptide
enrichment and analytical techniques as well as relevant

Purification of yeast kinetochores

inhibitors should allow the identification of other mod-
ifications associated with specific changes in kineto-
chore—microtubule attachment in the future.

Fin1 is a PP1 regulatory subunit

Our quantitative MS analysis of purified minichromo-
somes also identified Finl, a kinetochore protein that had
not been detected previously because it appears to be
diffuse throughout the nucleus at metaphase (van Hemert
et al. 2002; Woodbury and Morgan 2007). Finl is degraded
by APCC"!.dependent proteolysis in G1 (Woodbury and
Morgan 2007), and we found that it associates with
kinetochores in both metaphase and anaphase. Here, we
present evidence that Finl is a Glc7 regulatory subunit
that targets the phosphatase to spindles and kineto-
chores (for model, see Fig. 7). Finl binds to Glc7 via
consensus PPl-binding motifs and partially mediates
the interaction between Glc7 and kinetochore proteins.
The overexpression of Finl-WT causes Glc7 to redistrib-
ute from being diffusely nuclear to strongly spindle-
associated in anaphase cells (Supplemental Fig. S8), and
Finl-5A overexpression causes Glc7 to prematurely lo-
calize to spindles prior to anaphase. Strikingly, Finl-5A
expression prematurely silenced the checkpoint in a
Glc7-dependent manner, supporting recent data showing
that PP1 regulates spindle checkpoint exit (Pinsky et al.
2009; Vanoosthuyse and Hardwick 2009). However, due
to technical issues, we do not know if Finl-5A expression
recruits additional Glc7 onto kinetochores at metaphase.
Therefore, we cannot determine whether the premature
silencing of the checkpoint is due to Glc7 binding to
kinetochores, spindles, or both structures. Regardless,
these results establish Finl as a PP1 regulatory subunit
on kinetochores and spindles that can silence the check-
point when misregulated. Because Glc7 overexpression
bypasses a nocodazole arrest but Finl-5A overexpression
does not, Finl misregulation may lead to Glc7 hyper-
activation toward a subset of targets. It is also possible
that microtubules are required for Finl-5A to direct Glc7
activity to silence the checkpoint, or that Fin1-5A cannot
hyperactivate Glc7 to the same level as overexpression of
the phosphatase alone.

We hypothesize that high levels of Finl-5A lead to an
increased local concentration of Glc7 on kinetochores
that can cause dephosphorylation of key Ipll targets.
Because Finl-5A prevented spindle assembly, we were
not able to determine whether Finl-5A silenced the
checkpoint by restoring microtubule attachments or
whether it led to biorientation defects. Consistent with
a role in opposing Ipll phosphorylation, endogenous
levels of Finl-5A are toxic to ipll mutants in a manner
that depends on the Glc7-binding sites in Finl. However,
Finl-5A expression did not alter the phosphorylation of
Daml, a known Ipll kinetochore target (data not shown),
indicating that the Finl/Glc7 complex silences the
checkpoint by dephosphorylating a subset of unidentified
targets. It will therefore be critical to identify the Glc7
substrates that lead to spindle checkpoint inactivation
and determine which ones are regulated by Finl.
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Figure 7. Models for wild-type and mu-
tant Finl protein function. (A) Wild-type
Finl protein: (Left) In metaphase, Cdkl-
dependent phosphorylation of Finl leads
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We presume that Finl is nonessential because there are
one or more redundant factors that recruit Gle7 to ki-
netochores, consistent with our data showing that some
Glc7 still associated with kinetochores in the absence of
Finl and that fin1A cells are not delayed in checkpoint
exit (data not shown). In addition, there is no apparent
Finl homolog, so additional proteins must contribute to
the regulation of PP1 at kinetochores in both budding
yeast and other organisms. The kinetochore protein
Spcl05 has a conserved PP1-binding motif (residues 74—
78: RRVSF) that is essential (data not shown), and Spc105
binds to PP1 in vitro (Hendrickx et al. 2009). It will
therefore be important to determine the relative contri-
butions of Spcl05, Finl, and other unidentified PP1 reg-
ulatory subunits in opposing Ipll function in the future.

Regulation of the Fin1/PP1 phosphatase complex

Although fin1A cells are viable, the misregulation of Finl
causes severe mitotic defects. The spindle defect caused
by Finl-5A is not due to Glc7 hyperactivation, because
we observed a similar defect with the Finl-5A8<7—
mutant that does not bind Glc7. Because both mutant
proteins load prematurely onto metaphase spindles, this
likely reflects a role for Finl in directly regulating
microtubules or altering the activity or binding of other
microtubule-associated proteins. Consistent with this,
we found that asel finl double mutants are inviable due
to defects in spindle assembly (data not shown). The Finl
purification suggested that the bulk of Finl is bound to
14-3-3 proteins via the Cdkl consensus sites. Because
the phosphorylation of these sites is also required to
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Fin1 is dephosphorylated by Cdc14 to
bring PP1 to anaphase spindles

Fin1-5A%"

Premature localization of Fin1-5A%°" protein leads to monopolar
spindles but Fin1-5A%°" fails to localize to kinetochores
and PP1 is no longer prematurely loaded on spindles
PP1 <Aurora B
Checkpoint ON

Once all kinetochores biorient, the check-
point is satisfied and cells enter anaphase.
During anaphase, the bulk of Finl is
dephosphorylated by Cdcl4 phosphatase
to recruit Finl and PP1 to anaphase spin-
dles. (B) Mutant Finl proteins: The pre-
mature localization of the Finl-5A
proteins (Finl-5A and Finl-5A%°"") to mi-
crotubules results in monopolar spindles
in a PPl-independent manner. (Left) The
increased Finl-5A protein on spindles and
kinetochores inappropriately silences the
spindle checkpoint. (Right) The Finl-
5A%°"~ fails to bind PP1 and kinetochores,
so the spindle checkpoint remains active
due to monopolar spindle formation.

prevent Finl from localizing to spindles, we propose that
14-3-3 binding restrains Finl from hyperactivating Glc7
in metaphase. This may also explain why the overexpres-
sion of Fin1-WT does not affect the localization of Glc7 at
metaphase, but alters it at anaphase. We note that many
PP1 regulatory subunits copurify with 14-3-3 (Kakiuchi
et al. 2007), raising the possibility that 14-3-3 binding
may be another general mechanism that controls PP1
subunits.

We also found that Finl requires Glc7 activity to
associate with kinetochores, and Fin1 is hyperphosphory-
lated in a glc7 mutant, suggesting that Glc7-dependent
dephosphorylation of Finl increases its affinity toward
kinetochores. Finl may only bind to kinetochores when
it is bound to Glc7, although our MS data suggest that
Finl is stably bound to the kinetochore, while Glc7 may
associate in a dynamic fashion. We favor a positive feed-
back model in which Glc7 increases the affinity of Finl
for the kinetochore and therefore promotes the binding of
one of its regulatory subunits to kinetochores (for model,
see Supplemental Fig. S9). One possibility is that Glc7 can
reverse the Cdkl phosphorylation (Wu et al. 2009),
creating a small pool of active Finl. Glc7 could then bind
to this pool of Finl at kinetochores to promote spindle
checkpoint silencing at metaphase when Cdk1 activity is
high. During anaphase, the additional recruitment of
Glc7 to spindles may help to keep the spindle checkpoint
inactive. Interestingly, we also found that Finl is a sub-
strate of Ipll in vitro (Supplemental Fig. S10), raising the
possibility that Finl is regulated by Ipl1/Glc7 phosphor-
ylation and dephosphorylation to modulate the activity
of the phosphatase at kinetochores.



In summary, our work established a chromatin-bound
kinetochore enrichment method that should be generally
applicable to studying spatial and temporal regulation of
kinetochores in the future. Using this method, we iden-
tified a PP1 regulatory subunit at spindles and kineto-
chores that is subject to an exquisite level of control,
underscoring the critical nature of phosphatases in en-
suring faithful chromosome segregation. In the future, it
will be critical to identify additional regulatory subunits
that control PP1 function, as well as to isolate the key
substrates of the phosphatase that lead to checkpoint
silencing.

Materials and methods

Yeast strains, plasmids, and microbial techniques

Yeast strains and plasmids used in this study are listed in
Supplemental Tables S7 and S8 and were constructed by stan-
dard techniques (see the Supplemental Material). Media and
genetic and microbial techniques were essentially as described
(Rose et al. 1990). Plasmids were maintained by growing cells in
synthetic media lacking appropriate amino acids. Isotopically
heavy lysine ['*Cg '°N,] and arginine [**Cg °N,] (Sigma-Aldrich)
were used at 20 mg/L. All experiments in which cells were
released from Gl arrest were carried out by adding 1 pg/mL
a-factor for 2.5 h and releasing cells as described previously
(Biggins and Murray 2001). Nocodazole was used at 10 wg/mL for
3 h. For ndc10-1 experiments, cells were shifted for 3 h to 37°C.
Galactose induction was performed by growing cells in 2%
raffinose and adding galactose to a final concentration of 2%.

Protein purification, immunological, and Southern blot
techniques

Whole-cell extracts were made and immunoblotted as described
(Biggins et al. 1999). Commercial antibodies used for immuno-
blotting were 9E10 (Covance) at a 1:10,000 dilution for the Myc
tag, 12CA5 (Roche) at 1:10,000 for the HA tag, anti-Flag
antibodies (Sigma-Aldrich) at 1:3000, and anti-GFP (Roche)
antibodies at 1:1000. Anti-Cse4 antibodies were used at 1:500
(Pinsky et al. 2003). Anti-Ndc80 (OD4, 1:10,000), anti-Ndc10
(OD1, 1:5000), anti-Mif2 (OD2, 1:6000), and anti-Ctf19 (ODI0,
1:15,000) antibodies were kind gifts from Arshad Desai. For all
time-course experiments, equal protein loading was confirmed
by anti-tubulin immunoblotting (data not shown). Silver staining
was performed using a SilverQuest silver staining kit according
to instructions (Invitrogen). Southern blot analyses were per-
formed using a CEN3 probe as described (Furuyama and Biggins
2007). Ipll kinase assays were performed as described (Buvelot
et al. 2003).

The large-scale minichromosome purification technique and
associated MS preparation and data analysis are described in
depth in the Supplemental Material. For small-scale purification
experiments, immunoprecipitations were performed as de-
scribed in the Supplemental Material, except that cell extracts
were prepared with glass beads in a beater (Biospec Products,
Inc.) for 35 sec, three times, with 1 min on ice in between.
Copurifying proteins were eluted by boiling the beads in SDS
sample buffer. Mouse monoclonal anti-Flag antibodies and anti-
GFP antibodies (Roche) were conjugated to protein G dynabeads,
whereas rabbit polyclonal anti-Myc antibodies (Al4, Santa
Cruz Biotechnologies) were conjugated to protein A dynabeads
(Dynal).

Purification of yeast kinetochores

Microscopy

Analysis of GFP-Tubl, Glc7-GFP, and Finl-GFP in fixed cells as
well as chromosome spreads were performed as described
(Biggins et al. 1999). For spreads, 9E10 and Cse4 antibodies were
used at a 1:250 dilution. At least 100 cells were analyzed for all
reported experiments.
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