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We have investigated the role of protein phosphorylation in regulation of Saccharomyces cerevisiae
kinetochores. By use of phosphatase inhibitors and a type 1 protein phosphatase mutant (glc7-10), we show
that the microtubule binding activity, but not the centromeric DNA-binding activity, of the kinetochore
complex is regulated by a balance between a protein kinase and the type 1 protein phosphatase (PP1) encoded
by the GLC7 gene. glc7-10 mutant cells exhibit low kinetochore-microtubule binding activity in vitro and a
high frequency of chromosome loss in vivo. Specifically, the Ndc10p component of the centromere
DNA-binding CBF3 complex is altered by the glc7-10 mutation; Ndc10p is hyperphosphorylated in glc7-10
extracts. Furthermore, addition of recombinant Ndc10p reconstitutes the microtubule-binding activity of a
glc7-10 extract to wild-type levels. Finally, the glc7-10-induced mitotic arrest is abolished in spindle
checkpoint mutants, suggesting that defects in kinetochore–microtubule interactions caused by
hyperphosphorylation of kinetochore proteins activate the spindle checkpoint.

[Key Words: Checkpoint; kinetochore; mitosis; type 1 protein phosphatase]

Received October 2, 1998; revised version accepted January 13, 1999.

One of the most important events in eukaryotic cell di-
vision is the faithful segregation of chromosomes to the
two daughter cells. Chromosome segregation is medi-
ated in large part by kinetochores, DNA–protein com-
plexes that assemble on centromeric DNA and bind to
microtubules of the mitotic spindle. Sister chromatid
pairs make bipolar attachments to the spindle, with one
chromatid bound to microtubules from one pole and the
other chromatid bound to microtubules from the oppo-
site pole. Once both kinetochores of each chromosome
have established proper microtubule attachment, ana-
phase is triggered: Sister chromatids disjoin and move
toward opposite spindle poles. Ensuring the faithful ex-
ecution of this process requires tight regulation of the
assembly, microtubule-binding properties, and motility
of kinetochores. As yet, little is known about the mecha-
nisms that control these important processes.

Evidence from several organisms suggests that type 1
protein phosphatases (PP1) are required for chromosome
segregation. In Saccharomyces cerevisiae, the catalytic
subunit of PP1 is encoded by a single essential gene
GLC7. Glc7p mutants arrest before anaphase onset with
replicated DNA, short spindles, and high levels of

Cdc28p kinase activity (Hisamoto et al. 1994; Black et al.
1995; MacKelvie et al. 1995). In the distantly related fis-
sion yeast Schizosaccharomyces pombe, sds21 dis2
double mutant cells carrying loss-of-function mutations
in both of the genes encoding catalytic PP1 subunits,
also arrest in mitosis at the restrictive temperature, and
have short metaphase spindles and condensed and un-
separated chromosomes (Ohkura et al. 1988, 1989; Ishii
et al. 1996). Similarly, in Aspergillus nidulans, BimG
(PP1) mutants at the restrictive temperature are blocked
in mitosis with condensed chromosomes and short met-
aphase spindles (Doonan and Morris 1989). In Dro-
sophila melanogaster, mutations in one of the four genes
encoding PP1 isoenzymes result in overcondensed chro-
mosomes, and no elongated anaphase spindles (Axton et
al. 1990). Finally, experiments in mammalian cells have
shown that the microinjection of anti-PP1 antibodies
causes cells to arrest their division at metaphase (Fern-
andez et al. 1992). These data show that PP1 function is
essential for the onset of anaphase and for correct chro-
mosome segregation in a wide variety of eukaryotes. The
reasons for the mitotic arrest are unknown. One possi-
bility is that in the absence of PP1, kinetochores are
incorrectly assembled or regulated, thereby triggering
the spindle checkpoint that monitors the attachment of
kinetochores to microtubules and prevents cell cycle
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progression to anaphase when attachment is defective
(for review, see Wells 1996; Hardwick 1998).

In S. cerevisiae, centromeric sequences are well con-
served among all 16 chromosomes and are composed of
three elements, CDEI, CDEII, and CDEIII (Clarke and
Carbon 1980; Fitzgerald et al. 1982; Hegemann and Fleig
1993). Point mutations in the highly conserved central
bases of CDEIII inactivate the centromere in vivo, show-
ing that CDEIII plays a critical role in kinetochore func-
tion (McGrew et al. 1986; Ng and Carbon 1987). CDEIII
is bound by CBF3, a complex consisting of four proteins,
Skp1p (23 kD), Ctf13p (58 kD), Cep3p (64 kD), and
Ndc10p (110 kD) all of which are necessary for DNA-
binding activity and for cell viability (for review, see Hy-
man and Sorger 1995; Clarke 1998). Previously, we de-
scribed a method to partially reassemble yeast kineto-
chores on centromeric DNA in vitro and measure the
binding of these centromere complexes to microtubules
(Sorger et al. 1994). This assay established that CBF3
plays an obligate, though not sufficient role in the mi-
crotubule-binding activity of kinetochores. However,
the molecular nature of this microtubule-binding activ-
ity and how it is regulated is unclear to date.

Here, we report that PP1 regulates the attachment of
kinetochores to microtubules in S. cerevisiae. Budding
yeast contain a single PP1 catalytic subunit, Glc7p. Ki-
netochores reconstituted in vitro from Glc7p mutant
cell extracts have reduced microtubule binding relative
to those reconstituted from wild-type extracts. CEN
DNA binding by the CBF3 protein complex is identical
in Glc7p mutant and wild-type extracts, suggesting that
Glc7p specifically regulates the microtubule-binding ac-
tivity of kinetochores. Kinetochore microtubule binding
in Glc7p mutant extracts is restored to wild-type levels
by addition of recombinant Ndc10p but not Cep3p or
Ctf13p–Skp1p, suggesting that Ndc10p is the target of
the Glc7p pathway in budding yeast. These results sug-
gest that the mitotic arrest of Glc7p mutants is triggered
by defective kinetochore–microtubules interactions.

Results

Microtubule binding by kinetochore complexes is
regulated by phosphorylation

To investigate the role of phosphorylation and dephos-
phorylation in the regulation of kinetochore activity, we
added ATP to the in vitro microtubule binding assay for
reconstituted yeast kinetochores (Sorger et al. 1994).
This assay consists of reassembling kinetochore com-
plexes on centromeric DNA linked to fluorescent latex
beads by incubation in a yeast extract. Then, the beads
are incubated with taxol-stabilized microtubules and
bead–microtubule interactions are monitored by fluores-
cence microscopy. In extracts from wild-type cells, we
observed high levels of bead binding, corresponding to
reconstitution of ∼10%–20% of the kinetochores present
in the starting culture. Using a luciferase assay, we de-
termined that the concentration of ATP in these reac-
tions was <0.1 µM, a concentration insufficient for ki-

nases to phosphorylate their substrates. When ATP was
added to extracts to a final concentration of 1 mM, the
number of beads bound to microtubules decreased ap-
proximately threefold (Fig. 1A). When apyrase was added
after having incubated the extract in the presence of
ATP, microtubule-binding activity returned to wild-type
levels. Thus, kinetochore–microtubule binding activity
was reduced by the addition of ATP and restored by
depletion of the added ATP by apyrase. This may reflect
the presence of both a kinase activity that is inhibitory
for microtubule binding in the presence of ATP, as well
as an opposing phosphatase activity that activates ki-
netochore–microtubule attachment, as suggested by the

Figure 1. (A) Microtubule-binding activity (number of beads
bound per field) of extracts coming from wild-type exponential
cultures grown at 30°C. ATP, and/or phosphatase inhibitors
were added to the extract as described. Apyrase was added 40
min after ATP and/or phosphatase inhibitors and microtubule-
binding activity was measured soon thereafter. The background
level of binding typically observed with beads carrying nonfunc-
tional CEN-DNA was around two per field. Microtubule bind-
ing was normalized to 106 beads/µl and a field size of 25,000
µm2. (Solid bars) No apyrase added; (shaded bars) apyrase added.
(B) DNA-binding activity of extracts coming from a wild-type
exponential culture grown at 30°C, in the presence of ATP and/
or phosphatase inhibitors. The ATP concentration in both mi-
crotubule-binding and band-shift reactions was 1 mM, the oka-
daic acid concentration was 0.1 µM, the microcystin-LR concen-
tration was 1 µM, and the apyrase concentration was 1 U/µl.
(OA) Okadaic acid; (MC) microcystin; (Ap) Apyrase; (C) control
(no additions).
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restoration of microtubule-binding activity after apyrase
addition.

To determine the type of phosphatase involved in the
ATP-dependent regulation of microtubule-binding activ-
ity, we added two different phosphatase inhibitors. Mi-
crocystin-LR (Runnegar et al. 1995) is a potent inhibitor
of PP1 and PP2A, whereas okadaic acid at low concen-
tration is a selective inhibitor of PP2A (Zhang et al.
1994). When microcystin-LR and ATP were added simul-
taneously to reactions, microtubule-binding activity was
reduced 15-fold relative to untreated reactions. The sub-
sequent addition of apyrase to the microcystin and ATP-
treated reactions did not restore activity (Fig. 1A). These
data suggest that microcystin is inhibiting the function
of a phosphatase that normally stimulates microtubule
binding. To determine whether this is a type 1 or type 2A
phosphatase, we repeated the experiment using okadaic
acid at the PP2A-selective concentration of 0.1 µM. In
ATP and okadaic acid-treated reactions, microtubule
binding was sixfold lower than in untreated reactions
but, significantly, binding could be restored by the addi-
tion of apyrase (Fig. 1A). As a control, when microcystin-
LR or okadaic acid alone was added to extracts, no de-
crease in kinetochore–microtubule binding activity was
observed. This suggests that without ATP, endogenous
kinase activity is negligible and substrates are not phos-
phorylated. These findings strongly indicate that PP1 ac-
tivates microtubule binding. In microcystin-treated re-
actions, the PP1 is inactivated, and thus, following the
addition of ATP, inhibitory kinases are able to down-
regulate microtubule binding.

Next, we asked whether ATP was regulating the
DNA-binding activity of CBF3 or some other aspect of
kinetochore formation. The binding of CBF3 to DNA
was measured by incubation of extracts with radiola-
beled CDEIII–DNA (Sorger et al. 1995) and then testing
of CBF3–CDEIII complex formation with a bandshift as-
say. We observed that the addition of ATP to CDEIII-
binding reactions, with or without either microcystin or
okadaic acid, did not alter the amount of DNA-bound
CBF3 (Fig. 1B). Thus, ATP did not appear to be altering
the ability of CBF3 to bind to DNA. Instead, it must
regulate another step in the formation of a microtubule-
attachment site.

Reduced microtubule-binding activity
in a PP1 mutant

To test directly whether PP1 regulates microtubule bind-
ing by kinetochore complexes, we assayed extracts from
cells carrying a mutation in the unique PP1 catalytic
subunit GLC7. One temperature-sensitive allele of
GLC7, glc7-10, exhibits a G2/M arrest at the restrictive
temperature (P.D. Andrews and M.J.R. Stark, in prep.).
Following the shift of glc7-10 to 37°C, the majority of
cells exhibit a large budded phenotype with an elongated
bud, show a short mitotic spindle with poor tubulin
staining, and have their nucleus positioned at the bud
neck. These phenotypes are consistent with a defect in
kinetochore function. We prepared extracts from glc7-10

mutant cells grown at the permissive temperature and at
the nonpermissive temperature, and observed three- to
sixfold lower microtubule-binding activity in both ex-
tracts compared with congenic wild-type extracts (Fig.
2A). We could not observe a significant difference be-
tween glc7-10 extracts from cells grown at 26°C and
37°C, due to the difficulty of making accurate quantifi-
cation of low numbers in the in vitro assay. Interest-
ingly, the three- to sixfold decrease in microtubule-bind-
ing activity of glc7-10 relative to wild type is similar to
that observed by treatment of extracts from wild-type
cells with ATP (Fig. 1A). We then assayed the effect of
ATP addition to glc7-10 and wild-type extracts prepared
from either cells grown at the permissive temperature
(Fig. 2B, glc7-10 26°C) or shifted to 37°C for 3 hr (Fig. 2B,
glc7-10 37°C). When ATP was added to these extracts,
microtubule-binding activity decreased, as observed pre-
viously (Fig. 1A). After ATP depletion by apyrase, the
microtubule-binding activity was restored in wild-type
extracts (Fig. 2C). In contrast, microtubule-binding ac-
tivity was not restored by apyrase addition in glc7-10
37°C extracts and marginally restored in glc7-10 26°C
extracts (Fig. 2B). This result suggests that at the restric-
tive temperature, Glc7-10p protein function is necessary
for re-establishing kinetochore–microtubule attachment
on ATP depletion.

To know whether the decrease in microtubule-binding
activity was specific for glc7-10 allele, we assayed the
kinetochore–microtubule binding activity of a glc7-1
mutant extract. glc7-1 cells are defective in glycogen
synthesis (Cannon et al. 1994). This extract does not
show any defect in our in vitro assay (data not shown),
suggesting that the lack of microtubule-binding activity
in glc7-10 mutant is likely to be specific for mitotic al-
leles of GLC7.

To determine whether microtubule binding was also
decreased in PP2A mutants, we examined cells carrying
temperature-sensitive mutations in PP2A genes (Evans
and Stark 1997). S. cerevisiae contains two PP2A cata-
lytic subunits encoded by the PPH21 and PPH22 genes.
Mutations in either pph21 or pph22 block cells in mito-
sis, although pph21 mutants eventually proceed through
a round of aberrant chromosome segregation (Evans and
Stark 1997). No significant differences in microtubule-
binding activity between wild-type and PP2A mutant
cells were observed (D.R.H. Evans, I. Sassoon, P.D. An-
drews, A.A. Hyman, and M.J.R. Stark, in prep.). Taken
together, these results suggest that Glc7p is part of a
kinase–phosphatase balance that regulates the microtu-
bule binding activity of kinetochores.

In vivo evidence for Glc7p function
in chromosome segregation

We wanted to relate the observation that glc7-10 cells
have reduced microtubule-binding activity in vitro with
their in vivo mitotic phenotype. To test this relation-
ship, we determined whether glc7-10 mutants had an
increased frequency of chromosome loss. We visualized
the mitotic stability of an artificial chromosome con-
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taining the SUP11 marker, using the red/white sector-
ing assay (see Materials and Methods) at permissive
and semipermissive temperature (Fig. 3A,B). Red
sectored colonies were already present at 26°C and

greatly increased in the glc7-10 mutant at 35.5°C.
Thus, the dramatic increase in chromosome loss in vivo
in the glc7-10 mutant indicates that Glc7p is required
for the fidelity of mitotic chromosome segregation
and is consistent with the reduction of microtubule–ki-
netochore interactions in glc7-10 cell extracts in our in
vitro assay at the permissive and nonpermissive tem-
peratures.

A defect in kinetochore–microtubule interaction has
been proposed to activate the spindle checkpoint and
delay the onset of anaphase (for review, see Wells 1996).
Thus, the G2/M arrest in a glc7-10 mutant could result
from kinetochore defects, triggering the spindle check-
point. To test this possibility, we generated double mu-
tants between glc7-10 and mutants preventing check-
point activation. First, we constructed a double mutant
containing glc7-10 and either ndc10-1 (Goh and Kilmar-
tin 1993) or ndc10-42 (Doheny et al. 1993). As mentioned
above, glc7-10 cells arrest in mid-mitosis. In contrast,
ndc10-1 cells do not arrest but exhibit polyploidy (Goh
and Kilmartin 1993). This later finding is surprising, as
one might expect that a cell with defective kinetochores
would arrest as a consequence of engaging the mitotic
checkpoint (Spencer and Hieter 1992; Pangilinan and
Spencer 1996; Wells and Murray 1996; Wang and Burke
1997). An attractive explanation is that in ndc10-1 mu-
tants, kinetochores are sufficiently impaired at the re-

Figure 3. (A) Chromosome loss phenotype of glc7-10 cells at
the semipermissive temperature. Chromosome loss was moni-
tored visually by red sectored colonies after growth of strains on
YPD medium at 35.5°C. (B) Chromosome loss quantitation:
Fraction of total colonies that were red or sectored at 26°C,
32°C, 34°C, and 35.5°C. (The number of total colonies counted
are in parentheses).

Figure 2. (A) Microtubule-binding activity (number of beads
bound per field) of glc7-10 mutant and wild-type extracts pre-
pared from cells grown at the permissive temperature. The
background level of binding typically observed with beads car-
rying nonfunctional CEN–DNA was around two per field. Mi-
crotubule binding was normalized to 106 beads/µl and a field
size of 25,000 µm2. (B) Microtubule-binding activity (number of
beads bound per field) of glc7-10 mutant extracts from cells
grown at the permissive temperature (glc7-10 26°C) or shifted
for 3 hr to the nonpermissive temperature (glc7-10 37°C) after
incubation of the extracts in the presence of ATP or after deple-
tion of ATP by apyrase. ATP was added at 1 mM, apyrase at 1
U/µl of the reaction volume after a 40-min incubation with
ATP. For better visualization of the differences in microtubule
binding activity, note the difference in the y-axis compared with
those in graphs A and C. (C) Microtubule-binding activity (num-
ber of beads bound per field) of wild-type extracts from cells
shifted for 3 hr to the nonpermissive temperature. ATP was
added at 1 mM, apyrase at 1 U/µl of the reaction volume after
incubation with ATP for 40 min.
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strictive temperature that they can neither bind micro-
tubules nor activate the checkpoint. We generated syn-
chronous cultures of the glc7-10 ndc10-1 double
mutants by releasing cells arrested at G1/G0 by nutri-
tional deprivation into fresh medium at 37°C and ana-
lyzed the DNA content of cells at different time points
using flow cytometry (FACS). As expected, glc7-10 cells
primarily contained 2C DNA, indicative of a G2/M ar-
rest (Fig. 4A,b). ndc10-1 cells (Fig. 4A,c) did not arrest but
went through an aberrant mitosis, resulting in the gen-
eration of polyploid cells (2C and 4C DNA at 4–7 hr)
consistent with earlier findings (Goh and Kilmartin
1993). Double mutant glc7-10 ndc10-1 cells were similar
in their phenotype to the ndc10-1 single mutant (Fig.
4A,d), a result that was also obtained with glc7-10
ndc10-42 cells (data not shown). These data show that
ndc10-1 is epistatic to glc7-10 and suggest that the mi-
totic arrest in the glc7-10 mutant phenotype is derived
from a kinetochore defect.

One of the genes required for the spindle checkpoint in
yeast is MAD2 (Li and Murray 1991). In the absence of
MAD2, the kinetochore-dependent arrest of cells con-
taining unattached chromosomes is abolished (Wang and
Burke 1997). Therefore, we tested whether deletions in
MAD2 would also bypass the glc7-10-dependent mitotic

arrest. We isolated glc7-10 mad2D double mutant G1

cells by centrifugal elutriation, released them at restric-
tive temperature, and analyzed their DNA content by
flow cytometry (Fig. 4B). The double mutant glc7-10
mad2D cells grown at the restrictive temperature (Fig.
4B,b) show a wild-type profile for several generations,
suggesting that they bypass the glc7-10 arrest. Tubulin
immunofluorescence analyses of glc7-10 mad2D cells at
the nonpermissive temperature confirmed that the
spindle was elongating like in wild-type cells at ana-
phase and that DNA segregated between the mother and
the daughter cell (Fig. 4C).

To confirm this result, we plated single G0 cells coming
from stationary phase and observed division patterns of
single cells at 37°C. In the glc7-10 mutant, 89% of the cells
arrested at the first mitosis and the other 11% arrested at
the next mitosis (Fig. 5). In mad2D mutant, cells continued
dividing although they showed a small percentage of cell
death after each division. In the glc7-10 mad2D mutant,
cells continued to divide at the nonpermissive tempera-
ture, although some fraction (14%) arrested at each divi-
sion. Similar results were obtained with glc7-10 bub2D
(data not shown), suggesting that spindle checkpoint pro-
teins such as Mad2p and Bub2p are required for glc7-10
cells to arrest at the restrictive temperature.

Figure 4. (A) DNA flow cytometry of wild-type (a), glc7-10 (b), ndc10-1 (c), and glc7-10 ndc10-1 (d) cultures synchronized by
starvation on plates for 2–3 days at the permissive temperature. Samples were taken at different time points of the incubation at the
restrictive temperature and processed for DNA content measurement (FACS). The arrows show whether cells have 1C, 2C, or 4C of
DNA mass, corresponding to an unreplicated, a replicated, or a re-replicated genome, respectively. (B) DNA flow cytometry of mad2D

(a) and glc7-10 mad2D (b) cultures synchronized by centrifugal elutriation and released in complete medium at 37°C. Samples were
taken at different time points and processed for DNA content measurements. (C) Tubulin immunofluorescence was performed on
wild-type, glc7-10, and glc7-10 mad2D double mutants shifted to the nonpermissive temperature for 4 hr. Three examples of glc7-10
mad2D anaphase elongated spindles are shown. (Left) DAPI staining; (middle) anti-tubulin staining; (right) merge of both stainings.
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Ndc10p is hyperphosphorylated in glc7-10 extracts

Next, we asked why glc7-10 extracts had low microtu-
bule binding activity compared with wild-type extracts.
One possibility was that the levels of CBF3 complex pro-
teins may be lower in glc7-10 cells than in wild-type
cells. Therefore, we compared the amounts of Ndc10p,
Skp1p, and Cep3p by immunoblotting in wild-type and
glc7-10 extracts (Fig. 6A). Currently available probes for
Ctf13p are not sensitive enough to detect this protein in
our extracts. Bands corresponding to Cep3p and Skp1p
were equal in intensity in wild-type and glc7-10 cells,
but the Ndc10p band appeared to be two- to threefold
weaker (Fig. 6B). The lower intensity of the Ndc10p sig-
nal might reflect lower levels of the Ndc10 protein, or it
might be a consequence of reduced blotting efficiency.
To distinguish between these possibilities, we inserted a
myc tag at the 38 end of the NDC10 ORF and repeated

the immunoblotting using anti-myc antibodies. In this
case, we observed equally intense Ndc10p bands in wild-
type and glc7-10 extracts. The rabbit anti-Ndc10p anti-
sera were raised against a 215-residue carboxy-terminal
fragment of Ndc10p that had been expressed in Esche-
richia coli, and that was therefore unphosphorylated. To
explain the lower blotting efficiency of Ndc10p in glc7-
10 extracts, we hypothesized that the antisera were less
efficient at recognizing phosphorylated Ndc10p than de-
phosphorylated Ndc10p. To test this hypothesis, we
treated wild-type and glc7-10 extracts with alkaline
phosphatase and then immunoblotted samples using the
rabbit anti-Ndc10p antisera (Fig. 6B). In this case, we
observed equal staining for Ndc10p in samples from

Figure 6. (A) Protein level comparison in glc7-10 and wild-type
extracts. Extracts from wild-type and glc7-10 cultures shifted to
37°C for 3 hr were prepared and run on a 10% SDS–polyacryl-
amide gel. Western blots were performed with Skp1p and Cep3p
purified antisera. (Arrows) Expected band: Cep3p (64 kD), Skp1p
(24 kD). The same blot performed with a purified antiserum
against Glc7p (37 kD) is shown as a loading control. Molecular
masses (kD) of protein standards are indicated. (B) Alkaline
phosphatase treatment of glc7-10 and wild-type crude extracts.
Both wild-type and glc7-10 strains used contained a c-myc-
tagged integrated version of NDC10. Both extracts were made
after shifting of the cultures to the restrictive temperature for 3
hr. Subsequently, they were treated with alkaline phosphatase
and blotted with Ndc10p and c-myc antisera. (*) Cross-reacting
bands unrelated to our study. Molecular masses (kD) of protein
standards are indicated.

Figure 5. Single cell analyses. Single G0 cells coming from sta-
tionary phase at the permissive temperature were isolated by
micromanipulation and grown at the nonpermissive tempera-
ture on complete solid medium. Single cells coming from wild-
type (a), glc7-10 (b), mad2D (c), or glc7-10 mad2D (d) cultures
were examined. We recorded the percentage of cells arresting at
the first division (1st), the second division (2nd), and the third
division (3rd), and after the third division (>3rd). Fifty individual
cells per cell type were analyzed.
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wild-type and mutant extracts (Fig. 6B). We conclude
from these experiments that rabbit antibodies that are
sensitive to the phosphorylation state of Ndc10p have
fortuitously been raised. Thus, although Ndc10p is pre-
sent at equal levels in wild-type and glc7-10 cells, it can-
not be recognized efficiently when Glc7p activity is re-
duced. We conclude that at least the carboxyl terminus
of Ndc10p is hyperphosphorylated in cells in which PP1
has been mutated.

Does Ndc10p hyperphosphorylation impair the bind-
ing of CBF3 to CEN-DNA? To address this question, we
measured the CDEIII-binding activity of CBF3 in wild-
type and glc7-10 extracts from cells grown at both per-
missive and restrictive temperatures and found that the
band shift intensities were similar (Fig. 7A). Thus, as
surmised previously from our analysis of ATP-treated
extracts (Fig. 1), increased phosphorylation of CBF3, spe-
cifically Ndc10p, does not impair its DNA-binding ac-
tivity.

The addition of Ndc10p to glc7-10 extracts
reconstitutes its microtubule-binding activity

To test directly whether Ndc10p hyperphosphorylation
is responsible for the low microtubule-binding activity
of glc7-10 extracts, we added fractionated lysates from
insect cells expressing recombinant Ndc10p, Cep3p, or
Ctf13p–Skp1p as described (Kaplan et al. 1997). It has
been shown previously that these four proteins are nec-
essary and sufficient to assemble functional CBF3 (Lech-
ner and Carbon 1991; Kaplan et al. 1997). The associa-
tion among CBF3 subunits is weak in the absence of
centromeric DNA: When recombinant CBF3 subunits
are added to yeast cell extracts, mixed complexes can
form that contain both recombinant and native subunits
(Grancell and Sorger, unpubl.). When recombinant CBF3
subunits were added to glc7-10 extracts, we observed
that Ndc10p, but not Cep3p or Ctf13p–Skp1p, restored
microtubule-binding activity to wild-type levels (Fig.
7B). To demonstrate that our preparations of Ndc10p,
Cep3p, and Ctf13p–Skp1p were active, we added them to
ndc10-1, cep3-2, or ctf13-30 extracts and showed that
microtubule binding was restored to wild-type levels
(data not shown). The amount of Ndc10p required to
reconstitute microtubule-binding activity in glc7-10 ex-
tracts was the same as that required in extracts from
ndc10-1 cells grown at the permissive temperature, in
which Ndc10p is completely inactive (Sorger et al. 1995).
From these data, we conclude that the low microtubule-
binding activity of glc7-10 extracts is a consequence of
Ndc10p hyperphosphorylation, which results in reduced
activity of CBF3 toward microtubule attachment.

Discussion

In this report we examine the role of protein phosphory-
lation in regulating the activity of S. cerevisiae kineto-
chores. Using an in vitro system in which kinetochore–
microtubule binding can be reconstituted in cell ex-

tracts, we show that this association is stimulated by a
type 1 protein phosphatase and inhibited by an opposing
kinase activity. We found that phosphorylation alters
the ability of the essential centromere-binding complex
CBF3 to mediate microtubule attachment, but that it
does not alter its ability to bind to DNA. The component
of CBF3 subject to regulation by the Glc7p phosphatase
pathway seems to be Ndc10p, because this protein is
hyperphosphorylated in the glc7-10 mutant. As glc7-10
arrest is mediated by the spindle checkpoint, it is pos-
sible that a change in Ndc10p phosphorylation is able to
generate a checkpoint-dependent arrest.

Figure 7. (A) Analysis of CDE III-binding activity in extracts
from glc7-10 (lanes 4,7) and wild-type cells (lanes 3,6) grown at
permissive and restrictive temperatures, respectively (Sorger et
al. 1995). The band-shift activity of a wild-type extract in the
presence of an excess of wild-type (lane 2) or mutant (lane 1)
CEN III DNA cold competitor is shown as a control, as well as
the band-shift activity of a ndc10-1 extract from cells grown at
26°C (lane 5) or 37°C (lane 8). (B) Reconstitution of the micro-
tubule-binding activity (number of beads bound per field) and
the DNA-binding activity of a glc7-10 extract from cells grown
at the permissive temperature by addition of baculovirus-pro-
duced Ndc10p, Cep3p, and Ctf13p–Skp1p. The reason for addi-
tion of Ctf13p–Skp1p as a complex rather than as separated
proteins is explained elsewhere (Kaplan et al. 1997). The micro-
tubule-binding activity has been normalized as described previ-
ously.
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Regulation of centromere–microtubule attachment
by Glc7p

We used ATP and apyrase additions to show that phos-
phorylation regulates the microtubule-binding activity
of yeast kinetochores in vitro. The use of microcystin at
a concentration sufficient to inhibit PP1 and PP2A, and
the use of okadaic acid at a concentration sufficient to
inhibit only PP2A allowed us to conclude that PP1 pro-
motes microtubule-binding activity of kinetochores in
our in vitro assay. Furthermore, PP1 mutant extracts but
not PP2A mutant extracts show low microtubule-bind-
ing activity in the same assay, supporting the hypothesis
that PP1 activates kinetochore–microtubule attach-
ment. Altogether, these findings can be explained by pos-
tulating that microtubule-binding activity is regulated
by phosphorylation and that the ratio of phosphorylated
and nonphosphorylated kinetochore proteins is con-
trolled by the competing actions of a protein kinase and
a type 1 protein phosphatase. The decrease in microtu-
bule-binding activity on ATP addition is in agreement
with previous experiments analyzing binding of mini-
chromosomes to taxol-stabilized microtubules (Kings-
bury and Koshland 1993).

Ndc10p is a downstream substrate
of the Glc7p phosphatase pathway

What substrate of Glc7p regulates kinetochore activity?
Our data show that the kinetochore protein Ndc10p is
hyperphosphorylated in the glc7-10 mutant extracts.
This hyperphosphorylation appears to be correlated with
the low microtubule-binding activity of kinetochore
complexes observed in glc7-10 extracts because the ad-
dition of recombinant Ndc10p, but not other CBF3 sub-
units, restores microtubule-binding activity to wild-type
levels. Although these data do not show that Ndc10p is
a direct target of Glc7p, they define a regulatory pathway
acting on kinetochores via Ndc10p. This pathway in-
cludes Glc7p and a kinase, both upstream from Ndc10p,
which regulate kinetochore–microtubule attachment by
phosphorylation. A potential kinase is the essential Ipl1
Ser/Thr protein kinase (Chan and Botstein 1993), which
genetically counteracts Glc7p (Francisco et al. 1994) and
has been shown to phosphorylate Ndc10p in vitro. Con-
sistent with Ipl1p counteracting the Glc7p pathway on
kinetochore activity, ipl1 mutant extracts are not sensi-
tive to ATP addition in our in vitro kinetochore–micro-
tubule-binding assay (Biggins et al. 1999).

Interestingly, Ndc10p hyperphosphorylation is delete-
rious for the microtubule-binding activity of kineto-
chores but does not impair the binding of CBF3 to cen-
tromeric DNA. Thus, Ndc10p has two independently
regulated functions in kinetochores: The first function is
to bind to centromeric DNA, the second function is to
participate in mediating the assembly of a microtubule
attachment site. Only the second function is regulated
by Glc7p. We know little about how CBF3 mediates mi-
crotubule attachment. CBF3 alone does not bind to mi-
crotubules (Sorger et al. 1994) but does associate with

additional cellular factors, at least one of which can be
purified from extracts (K.B. Kaplan, F.F. Severin, A.A.
Hyman, and P.K. Sorger, in prep.), to link centromeric
DNA to microtubules in vitro. Thus, it seems likely that
Glc7p acts to remove the phosphorylated epitopes of
Ndc10p that are inhibitory for its association with mi-
crotubule-binding proteins.

What is the role of phosphorylation of Ndc10p in the
wild-type cell? Previous experiments have shown that
the binding of CBF3 to CDEIII does not vary through the
vegetative cell cycle, but that microtubule-binding ac-
tivity is low in G1, higher in S phase and reaches maxi-
mal levels at mitosis (I. Sassoon and A.A. Hyman, un-
publ.). One explanation is that these changes in micro-
tubule binding are derived from cell-cycle dependent
changes in Ndc10p phosphorylation mediated, in part,
by Glc7p.

Ndc10p, Glc7p, and the spindle checkpoint

We found that glc7-10 arrest at the G2/M transition is
mediated by the spindle checkpoint, because glc7-10
ndc10-1, glc7-10 mad2D, and glc7-10 bub2D do not ar-
rest at mitosis. Why do glc7-10 cells trigger the spindle
assembly checkpoint? One possibility is that Glc7p has a
role in control of spindle assembly, for instance by con-
trolling microtubule organization. Defects in microtu-
bule organization can trigger a spindle checkpoint-de-
pendent arrest. Another possibility is that the spindle
checkpoint proteins can sense the hyperphosphorylation
of Ndc10p and activate a signaling cascade to stop the
cell cycle at the metaphase–anaphase transition. Al-
though we understand some of the downstream path-
ways required for the spindle checkpoint, we have no
idea as to how kinetochores actually sense microtubule
attachment. Perhaps the Glc7p-dependent phosphoryla-
tion state of Ndc10p plays a role in sensing microtubule
attachment. We cannot yet distinguish between these
possibilities, which will require the mapping of the
Ndc10p phosphorylation sites, but it is interesting to
note that in a glc7-10 mad2D double mutant, the cells
can divide for several generations, suggesting that there
are no gross defects in spindle organization in glc7-10
mutants.

A general role for PP1 in mitosis

In all eukaryotes in which genetic analysis has been per-
formed, mutations in type 1 protein phosphatase gener-
ate a mitotic arrest, and as shown in this study and oth-
ers (Hisamoto et al. 1994), these mutations decrease the
fidelity of mitotic chromosome segregation at permis-
sive temperatures. However, the critical mitotic sub-
strates for PP1 have not been identified. In S. pombe, a
genetic interaction between PP1 and components of the
APC has been detected, suggesting that APC could be
activated by PP1 (Yamada et al. 1997). However, results
in Xenopus egg extracts do not support a role of PP1 in
the direct activation of APC (Vorlaufer and Peters 1998).
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Our results suggest that PP1 is required for correct ki-
netochore assembly in S. cerevisiae (see model in Fig. 8).
Impairment of kinetochore–microtubule interactions
may be contributing to the G2/M arrest mediated by the
spindle checkpoint proteins Mad2p and Bub2p. It is pos-
sible that the G2/M arrest seen in other organisms could
also be due to kinetochore defects.

Materials and methods

Yeast strains

All strains used in this study are summarized in Table 1. In all
cases, the background is W303A.

Reagents

BSA, nocodazole, a factor, propidium iodide, okadaic acid, mi-
crocystin, taxol, apyrase, and cytohelicase were purchased from
Sigma. PMSF, high concentration alkaline phosphatase, and
ATP were purchased from Boehringer Mannheim. Restriction
enzymes and buffers were purchased from New England Bio-
labs. Bovine brain tubulin was prepared in house (Ashford et al.

1998). ECL+ Kit and secondary antibody goat anti-rabbit or goat
anti-mouse IgGs conjugated with horse radish peroxidase were
purchased from Amersham.

General yeast methods and DNA manipulations

All yeast growth medium (rich medium, minimal medium, and
sporulation medium) and general yeast methods are described in
Rose et al. (1990). Yeast strains were transformed by the lithium
acetate procedure as described by Ito et al. (1983). General mo-
lecular biology methods were carried out as described by Sam-
brook et al. (1989). One-step gene disruption was performed by
the method of Langle-Rouault (Langle and Jacobs 1995). Verifi-
cation of the disruption was confirmed by PCR with appropriate
primers.

Chromosome loss assay

Yeast cells carrying ade2 ochre mutations accumulate a read
pigment, the appearance of which is suppressed by a single copy
of the ochre suppressor gene SUP11. The ade2 strain K5043
contains SUP11 on a nonessential chromosome fragment and
produces white colonies, allowing chromosome loss to be
scored by the appearance of red sectors during colony develop-
ment (Spencer et al. 1990). The SUP11 chromosome fragment
was transferred into the mutant glc7-10 and control GLC7 back-
grounds by crossing K5043 with PAY700-4 and PAY700-1, re-
spectively, identifying spores that germinated to give Trp+ Leu+

Ura+ colonies following sporulation and tetrad dissection. Loss
of the SUP11 chromosome fragment was monitored visually
after 7 days by the production of red sectors following growth of
the strains on YPD plates lacking supplementary adenine at
26°C and 35.5°C.

Yeast cultures and extracts preparation

Yeast temperature-sensitive cells were grown at 26°C (permis-
sive temperature) to a density of 2–5 × 107 cells/ml. Whole-cell
extracts were prepared by centrifugation of the culture 4 min at
4000 rpm and at 4°C in a J6-B centrifuge (Beckman) and washing
once in water at 4°C [in a 50-ml Falcon tube in a megafuge 10R
(Heraeus)]. The pellet was then weighed and resuspended in the
same weight of breakage buffer 2× [200 mM b-glycerophosphate,
100 mM bis-Tris-propane (pH 7.0), 400 mM KCl, 10 mM EDTA,
10 mM EGTA, 20% glycerol, 4°C] with protease inhibitors (final

Figure 8. Glc7p regulates the attachment of kinetochores to
microtubules in S. cerevisiae. The CEN–DNA binding activity
of the kinetochore complex is not regulated by the Glc7p type 1
phosphatase pathway. On the contrary, the Glc7p pathway spe-
cifically regulates the microtubule-binding activity of kineto-
chores, probably through phosphorylation of specific kineto-
chore proteins.

Table 1. Yeast strains used in this study

Strains Relevant genotypes Sources/Reference

TH3 MATa, ctf13-30 Doheny et al. (1993)
TH269 MATa, cep3-2 Strunnikov et al. (1995)
TH113 MATa, ndc10-42 Doheny et al. (1993)
TH271 MATa, ndc10-1 Goh and Kilmartin (1993)
PAY700-4 MATa, glc7::LEU2, trpl::glc7-10::TRP1 P.D. Andrews and M.J.R. Stark (in prep.)
TH397 MATa, mad2::URA3 this study
TH548 MATa, bub2::HIS3 this study
TH523 MATa, glc7::LEU2, trp1::glc7-10::TRP1, mad2::URA3 this study
TH545 MATa, glc7::LEU2, trp1::glc7-10::TRP1, bub2::HIS3 this study
TH539 MATa, glc7::LEU2, trp1::glc7-10::TRP1, ndc10-1 this study
TH496 MATa, glc7:LEU2, trp1::glc7-10::TRP1, NDC10 myc6 Cterm::TRP1 this study
TH411 NDC10 myc6 Cterm::TRP1 S. Piatti (unpubl.)
TH549 MATa, glc7::LEU2, trp1::glc7-10::TRP1, ndc10-42 this study
PAY704-1 MATa, glc7::LEU2, trp1::GLC7::TRP1 P.D. Andrews and M.J.R. Stark (in prep.)
K5043 MATa, ura3-52 lys2-801 ade2-101, his3D200, leu2D1, TRP1, CFIII

(CEN3.L.YPH278) URA3 SUP11
K. Nasmyth (IMP, Vienna, Austria)
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concentrations: 1 mM PMSF and 10 µg/ml each pepstatin, leu-
peptin, and chymostatin). The cell paste obtained was then
dripped in a 50-ml Falcon tube filled with liquid nitrogen. The
frozen paste was pulverized with a porcelain mortar (Coors
60322, 13.5 cm O.D.) and pestle cooled in liquid nitrogen (∼300
strokes are required to obtain a very fine powder and to frag-
ment >50% of the cells). The efficiency of breakage was moni-
tored by examination of the cells by phase-contrast microscopy.
The powder was then thawed on ice and cell debris was re-
moved by centrifugation at 12,000 rpm for 10 min at 4°C. Typi-
cal protein concentrations in the extracts were 10–40 mg/ml. In
extracts prepared in this manner, the ATP concentration (deter-
mined by luciferase luciferin) was <1 µM for an extract prepared
at 20 mg/ml. The extracts were frozen in liquid nitrogen and
stored at −70°C for several months. Alkaline phosphatase treat-
ment of extracts was performed with Boehringer Mannheim
high concentration alkaline phosphatase (1 U/µl) and incuba-
tion at 37°C for 15 min.

Band-shift assay

The DNA probe used for this experiment consisted of 89 bp
derived from the centromeric sequence of chromosome III of S.
cerevisiae (Espelin et al. 1997). The probe was radiolabeled
(Sorger et al. 1995), gels were prepared (Lechner and Carbon
1991), and band-shift reactions were performed (Sorger et al.
1995) essentially as described.

Microtubule-binding assay

The microtubule-binding assay has been described previously
(Sorger et al. 1994). Typically, we use a 30-µl reaction contain-
ing 50–80 µg of extract with 3 × 107 beads and 10 µg of sonicated
salmon sperm DNA in kinetochore buffer [10 mM HEPES (pH 8),
6 mM MgCl2, 10% glycerol] and adjusted to a final KCl concen-
tration of 140 mM. For the experiment involving inhibitors of
phosphatases, ATP was added at 1 mM, microcystin was added
at 1 µM, okadaic acid was added at 0.1 µM (parallel experiments
involving okadaic acid titration confirmed that 0.1 µM was suf-
ficient to inhibit only type 2A protein phosphatases), and apy-
rase was added for 5 min at 1 U/µl after the 40-min incubation.
Microtubule-bound beads were counted manually, 10–20 fields
were averaged, and standard deviations and the mean calcu-
lated.

Flow cytometry analysis

Small unbudded G1 cells were isolated by centrifugal elutria-
tion, performed as described previously (Schwob and Nasmyth
1993). Cells were grown overnight on YPRaffinose and small G1

cells were released into YPD at 37°C. Samples were processed
for flow cytometry analysis as described previously (Schwob and
Nasmyth 1993).

Production of yeast proteins in baculovirus

CBF3 subunits were produced in baculovirus insect cells as de-
scribed previously (Kaplan et al. 1997). Each protein was puri-
fied and was able to complement its corresponding extract for
DNA binding and microtubule-binding activity (Espelin et al.
1997; Kaplan et al. 1997). Ndc10p produced in insect cells is
extensively phosphorylated as measured by in vivo 32P labeling.
Bacterially produced Ndc10p, or alkaline phosphatase-treated
baculovirus-produced Ndc10p are incapable of CBF3 complex
formation (K.B. Kaplan, unpubl.).

Antibody production

The plasmid pGEX–GST–NDC10 was kindly provided by J. Kil-
martin (Medical Research Council, Cambridge, UK). It contains
the carboxy-terminal part of the NDC10 gene (amino-acids 679–
894). It was transformed into BL21 bacteria and the GST–
Ndc10p was renatured, purified over a GST column, and in-
jected into rabbits. The sera obtained were subsequently puri-
fied over a GST–Ndc10p column and stored in 50% glycerol at
−20°C. Small peptides suitable for raising antisera were chosen
by computer analysis of the sequences of the Cep3p, Skp1p, and
Glc7p proteins, synthesized, conjugated to carrier proteins (Im-
ject Activated Immunogen Conjugation kits, Pierce, 77107-8)
and injected into rabbits. The sera obtained were purified with
the peptides coupled to a column (Sulfolink coupling gel, Pierce
20401-2). The purified antibodies were stored at −20°C in 50%
glycerol.
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