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In eukaryotes, mitosis requires the activation of cdc2 kinase via association with cyclin B and dephosphor-
ylation of the threonine 14 and tyrosine 15 residues. It is known that in the budding yeast Saccharomyces cere-
visiae, a homologous kinase, Cdc28, mediates the progression through M phase, but it is not clear what specific
mitotic function its activation by the dephosphorylation of an equivalent tyrosine (Tyr-19) serves. We report
here that cells expressing cdc28-E19 (in which Tyr-19 is replaced by glutamic acid) perform Start-related
functions, complete DNA synthesis, and exhibit high levels of Clb2-associated kinase activity but are unable to
form bipolar spindles. The failure of these cells to form mitotic spindles is due to their inability to segregate
duplicated spindle pole bodies (SPBs), a phenotype strikingly similar to that exhibited by a previously reported
mutant defective in both kinesin-like motor proteins Cin8 and Kipl. We also find that the overexpression of
SWEI, the budding-yeast homolog of weel, also leads to a failure to segregate SPBs. These results imply that
dephosphorylation of Tyr-19 is required for the segregation of SPBs. The requirement of Tyr-19 dephosphor-
ylation for spindle assembly is also observed under conditions in which spindle formation is independent of
mitosis, suggesting that the involvement of Cdc28/Clb kinase in SPB separation is direct. On the basis of these

results, we propose that one of the roles of Tyr-19 dephosphorylation is to promote SPB separation.

In budding (Saccharomyces cerevisiae) and fission (Schizo-
saccharomyces pombe) yeasts, passage through various cell cy-
cle transitions requires Cdc28/cdc2 kinase (also called CDKI1)
(37). The manner in which the mitotic form of the cdc2 kinase
is regulated is perhaps one of the most conserved and elabo-
rately studied aspects of the eukaryotic cell cycle. Monomeric
cdc2 is inactive as a kinase; its activation requires not only
association with cyclins but also a combination of phosphory-
lation and dephosphorylation of conserved residues such as
threonine in the T loop and tyrosine in the glycine-rich ATP
binding domain (Thr-167 and Tyr-15, respectively, in cdc2 of S.
pombe) (13, 36). On the basis of the structural analysis of Cdk2
and the Cdk2-cyclin A complex (12, 42), it is predicted that
while phosphorylation of T-loop threonine by Cdk-activating
kinase (6, 10, 19, 51) stabilizes cyclin binding, the phosphory-
lation of Thr-14 and Tyr-15 residues in the ATP binding do-
main exerts an inhibitory effect by hindering the phosphate
transfer from ATP to the substrates. Hence, the dephosphor-
ylation of Thr-14 and Tyr-15 constitutes the final step in the
activation of Cdk (29, 43).

The structural rationales provide explanations for many of
the genetic and biochemical observations concerning the mi-
totic activation of cdc2 kinase (3, 13, 14, 21). In S. pombe, as in
many other organisms, dephosphorylation of the Tyr-15 resi-
due of cdc2 plays an important role in the initiation of mitosis.
Phosphorylation of Tyr-15 by the tyrosine kinases weel and
mik1 impedes cdc? activity and thus prevents entry into mitosis
until this phosphorylation is reversed at the G,-M transition by
a tyrosine phosphatase encoded by the cdc25 gene (14, 21, 34).
These findings suggest that it is the balance among the weel,
mik1, and cdc25 activities that determines the timing of mito-
sis. As expected, the weel mikl double mutant attempts mitosis
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prematurely and as a result undergoes mitotic catastrophe
(34). Similarly, substituting Tyr-15 with phenylalanine, a resi-
due which can mimic constitutively dephosphorylated tyrosine,
results in the premature onset of mitosis (24). Thus, the state
of Tyr-15 phosphorylation is central in the decision to enter
mitosis. In addition, Tyr-15 phosphorylation also plays an im-
portant role in checkpoint controls which impose cell cycle
arrest in response to incomplete DNA synthesis (17).

The role of Cdc28 tyrosine 19 (equivalent to cdc2 Tyr-15)
phosphorylation in budding yeast cells is somewhat puzzling.
Like cdc2, Cdc28 also shows a marked loss of Tyr-19 phos-
phorylation in cells arrested in mitosis (2). Surprisingly, how-
ever, substitution of Tyr-19 by phenylalanine leads neither to
precocious mitosis nor to the abolition of checkpoint controls
induced by incomplete DNA replication (2, 52). This raises the
possibility that in budding yeast cells, Tyr-19 dephosphoryla-
tion is not the rate-limiting step for M-phase initiation. Other
pathways whose activation in conjunction with Cdc28 kinase is
necessary for triggering mitosis could exist. However, the reg-
ulation of Tyr-19 phosphorylation does seem to play a role in
a control mechanism that delays nuclear division in response to
the inhibition of bud formation (33).

Which mitotic events does cdc2 activation by Tyr-15 dephos-
phorylation initiate? In fission yeast cells, spindle pole body
(SPB) duplication, formation of a bipolar spindle, and chro-
mosome condensation occur after S phase but prior to nuclear
division (26). These cellular events are considered to be dis-
tinctive features of cells that have entered mitosis. cdc2 mu-
tants, which arrest in G, fail to initiate these processes, sug-
gesting that cdc2 activity is required for the execution of these
events. Similarly, in higher eukaryotes cdc2 kinase is thought to
trigger spindle assembly, chromosome condensation, and nu-
clear-membrane breakdown (39). The list of cellular proteins
known to be efficiently phosphorylated by cdc2/Cdc28 kinase is
long and includes members as diverse as the budding yeast
transcription factor Swi5 and the nuclear lamins of mammalian
cells (38). However, there is little clue as to how cdc2 causes
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the initiation of mitosis. It also remains unresolved whether
cdc2 kinase directly triggers the mitotic events.

In budding yeast cells, progression through M phase re-
quires Cdc28 and four mitotic cyclins encoded by CLB1, CLB2,
CLB3, and CLB4 genes (20, 22, 54). The identities of the pro-
teins that Cdc28/CIb kinase phosphorylates in order to initiate
mitosis remain unknown. The terms entry into mitosis and
initiation of mitosis, although widely in use, are ill-defined for
organisms such as budding yeasts (37). One of the hallmarks of
mitosis, chromosome condensation, is difficult to discern in
S. cerevisiae, though this problem is now partly alleviated by the
use of the fluorescent in situ hybridization technique (25). SPB
duplication also does not serve as a useful landmark for M-
phase initiation, since it occurs early in the cell cycle (8, 45).
The SPBs remain attached in a side-by-side configuration for a
substantial part of the cell cycle. When the bud grows to about
one-third of the size of the mother cell (which coincides with
the completion of the S phase), SPBs migrate away from one
another, eventually locating themselves on the opposite sides
of the nucleus separated by an interdigitated, antiparallel mi-
crotubule array constituting a bipolar spindle (reference 8 and
this study). Since spindle formation occurs well before nuclear
division but after the completion of DNA synthesis, it could be
considered a landmark event for the initiation of M phase in
budding yeast cells. However, this criterion is weakened by the
fact that under certain circumstances budding yeast cells can
assemble a bipolar spindle independently of S-phase comple-
tion and mitosis. For example, mutants which arrest at the
onset of S phase and do not progress into mitosis nevertheless
go on to form a short mitotic spindle (7).

The movement of SPBs away from each other requires the
activity of kinesin-like motor proteins (48). Cells deficient in
the plus-end motors Cin8 and Kipl1 fail to assemble a bipolar
spindle and arrest with a pair of unseparated SPBs (28, 46, 49).
The deletion of a gene encoding a minus-end motor, KAR3
(16, 35), partially restores the capacity of the cin8 kipl double
mutant to form a mitotic spindle, suggesting that antagonistic
forces are operative in the formation of a bipolar spindle (49).
Similar kinesin-related proteins such as bimC in Aspergillus
nidulans (18) and cut7 in S. pombe (27) are required for spindle
assembly. The formation of a bipolar spindle also appears to
require Cdc28/Clb kinase. This notion is based on the obser-
vation that a quadruple mutant deficient in CLBI, CLB2,
CLB3, and CLB4 undergoes DNA replication but fails to as-
semble a mitotic spindle and arrests after S phase with an
undivided nucleus (20). Electron microscopic examination re-
vealed a pair of SPBs in a side-by-side configuration, suggest-
ing that this mutant, like the cin8 kip1 double mutant, is unable
to segregate the SPBs. However, it is not clear if the incapacity
to form a spindle is a direct consequence of the lack of mitotic
kinase or an indirect effect of this mutant’s failure to initiate
mitosis. It is interesting that both the deficiency of motor
proteins and that of Cdc28/Clb kinase lead to an inability to
assemble a mitotic spindle.

In this work, we explore the physiological consequences of a
mutant allele of CDC28 (cdc28-E19) in which Tyr-19 has been
replaced by glutamic acid, a residue that can mimic an irre-
versibly phosphorylated tyrosine. We find that, although able
to traverse the Start and S phases, cells expressing cdc28-E19
arrest with an undivided nucleus, indicating that Tyr-19 de-
phosphorylation is required for mitosis in S. cerevisiae. These
cells are unable to form bipolar spindles because of their in-
ability to segregate SPBs. The failure of the mutant allele to
promote SPB separation is also observed under conditions
under which spindle assembly is no longer dependent on the
initiation of mitosis, indicating a direct dependence of SPB
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segregation on the dephosphorylation of Tyr-19. The pheno-
type caused by the overexpression of a weel homolog in wild-
type cells is consistent with this notion. On the basis of these
results, we suggest that SPB segregation in S. cerevisiae re-
quires dephosphorylation of the Tyr-19 residue of Cdc28.

MATERIALS AND METHODS

Strains and growth media. All strains used in this study were derived from the
wild-type strain W303. The cdc28-4 mutant had been made isogenic by back-
crossing at least three times to the wild-type strain. Cells were routinely grown in
yeast extract-peptone (YEP) medium containing adenine (50 mg/liter) supple-
mented with either glucose or galactose. Raffinose was also added to the galac-
tose medium.

Synchronization procedures. In many experiments involving the cdc28-4 mu-
tant, cells were synchronized by nutrition starvation since this mutant does not
release efficiently from pheromone-induced G, arrest. To obtain stationary-
phase cultures, cells were plated on YEP-raffinose and incubated at 24°C for 60
to 72 h. The cells were scraped from the plates and inoculated directly into
YEP-glucose or YEP-raffinose and YEP-raffinose-galactose media at a starting
optical density at 600 nm (ODgq) of 0.2 to 0.3. Samples collected at various
times were used for the preparation of total RNA and cell extracts. The syn-
chrony was determined by immunofluorescence staining of the spindle, and the
DNA content was measured by flow cytometry.

For pheromone-induced G, arrest, barIA cells from overnight cultures were
diluted to a starting ODy, of 0.1. They were allowed to grow at 24°C to an ODy,
of 0.3, at which point a-factor was added to a final concentration of 0.8 pg/ml.
When >95% cells had arrested in Gy, the cultures were filtered and washed
extensively to remove a-factor and inoculated either into fresh YEP-glucose or
YEP-raffinose or YEP-raffinose-galactose medium. Samples were collected at
various times and analyzed.

Cell extracts, kinase assays, and Western blot (immunoblot) analysis. For the
determination of Cdc28/CIb2 kinase, cells were harvested by centrifugation at
4°C and washed with ice-cold stop mix (54). The pellet was resuspended in
appropriate amounts of lysis buffer and mixed with an approximately equal
amount of acid-washed glass beads (0.5-mm diameter; Biospec). Cells were
broken by two bursts of vigorous vortexing (IKA-Vibrax-VXR), each lasting 3
min. The glass beads and cell debris were removed by centrifugation for 5 min in
a microcentrifuge. The cell extracts were further cleared by being centrifuged
twice (15 min each) at maximum speed in a microcentrifuge. The resulting
supernatant was used to assay mitotic kinase activity. Inmunoprecipitation using
polyclonal antibodies against Clb2 and kinase assays were performed as de-
scribed by Surana et al. (53). The kinase activity was quantitated with a
PhosphorImager (Molecular Dynamics).

For the detection of Cdc28 tyrosine phosphorylation, Cdc28 was first immu-
noprecipitated according to Tyers et al. (55), using anti-Cdc28 antibodies (1:20
dilution) from cell extract equivalent to 8 mg of total protein. The immunocom-
plexes were washed six times with buffer 3 (0.1% Nonidet P-40, 250 mM NaCl,
50 mM NaF, 5 mM EDTA, 50 mM Tris-HCl [pH 7.5]), resolved by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE), and trans-
ferred to nitrocellulose membrane. The membrane was first probed with anti-
Cdc28 antibodies (1:1,000 dilution) and then was stripped and reprobed with
antiphosphotyrosine antibodies [5 mg/ml; monoclonal immunoglobulin G2b(k);
Upstate Biotechnology, Inc.] All Western blot analyses were performed with an
enhanced chemiluminescence kit (Amersham) according to the manufacturer’s
instructions.

Electron microscopy. For electron microscopy, yeast cells were prepared ac-
cording to the method of Byers and Goetsch (9), with the exception of the
infiltration and embedding steps. Cells in 100% ethanol were transferred to
100% acetone, and an equal volume of Spurr resin (Polysciences Inc.) was added.
The samples were mixed well and left overnight at room temperature. After
another 24 h or more of infiltration in 100% resin with two to three changes, cells
were transferred into 0.5-ml Eppendorf tubes, pelleted by centrifugation at a low
speed, and incubated overnight at 80°C to allow the resin to harden.

To determine the structure of spindles in cells, an SPB was first located, and
the particular cell in which the SPB was located was followed through serial
sections on either side of that section until the second SPB was located.

Genetic manipulations. All DNA manipulations were performed according to
the method of Sambrook et al. (47). Tyr-19—Glu mutation in the CDC28 se-
quence was generated by means of PCR amplification. The nucleotide sequences
(5'=3") of the PCR primers containing the mutation are as follows: bottom
strand, TTGGCCAGGTCTTAAGTCTAACGCTTTATAAACAACACCTTCT
GTACCTT (the Af!11 site is in boldface type, and the mutated site is underlined;
position, ~478 bp); top strand, ATCGTTCTCGAGATAGTTT (the Xhol site is
in boldface type; position, ~60 bp). The 400-bp AfI1I-Xhol PCR fragment thus
obtained was subcloned into the corresponding sites in the CDC28 sequence.
The resulting mutated CDC28 allele was isolated as a 1.2-kb AsuII-Drall se-
quence and was blunt-end ligated to the GALI promoter in a URA3-selectable
CEN vector. The clone was sequenced in both orientations over the PCR-
amplified region to ensure the absence of other mutations.

The plasmid for SWEI gene disruption was constructed by first cloning a
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3.2-kb SspI-BamHI fragment containing the entire SWEI gene into a BlueScript
vector. An ~1.15-kb Bg/II-Clal fragment within the open reading frame was then
replaced by a 1.2-kb BamHI fragment containing the HIS3 gene. A wild-type
yeast strain was transformed with a 3.2-kb XholI-SaclI fragment from the disrup-
tion plasmid to obtain HIS™ transformants. The disruption of the SWET gene in
these clones was confirmed by Southern blot analysis. The GAL-SWE] strain was
constructed with an integrative vector carrying GAL-SWEI (a gift from R. N.
Booher).

Other techniques. Yeast transformation was carried out by the lithium acetate
method. Total RNA was isolated according to the method of Cross and
Tinkelenberg (11), and Northern (RNA) blot analyses were performed as de-
scribed by Price et al. (44). The method of Kilmartin and Adams (31) was used
for immunofluorescence and photomicroscopy. To analyze DNA distribution by
flow cytometry, cells were fixed in 70% ethanol overnight at 4°C, washed once
with 0.2 M Tris-HCI (pH 7.5) containing 20 mM EDTA, and resuspended in the
same buffer. Cells fixed in this way were treated with RNase (1 mg/ml) for 4 h at
37°C, washed once with phosphate-buffered saline (PBS), resuspended in 0.1 ml
of propidium iodide solution (50 pg/ml in PBS), and incubated overnight at 4°C.
The cell suspension was diluted 10 times with PBS and sonicated before analysis
by flow cytometry.

RESULTS

cdc28-E19 allele and cell cycle progression. A marked re-
duction in the Cdc28 phosphorylation on Tyr-19 in mitotic cells
is consistent with the role of tyrosine dephosphorylation in
M-phase progression (2). However, unlike in fission yeast cells,
replacing Tyr-19 with phenylalanine (cdc28-F19) does not re-
sult in precocious mitosis (2, 52), raising the possibility that the
state of Tyr-19 phosphorylation might not be critical for mito-
sis in budding yeast cells. To examine this, we constructed a
CDC28 allele in which Tyr-19 was replaced by glutamic acid
(cdc28-E19) and tested its ability to complement the Start-
defective cdc28-4 mutant. This substitution could approximate
the Cdc28 protein constitutively phosphorylated on tyrosine.
Centromere-based plasmids carrying either cdc28-F19 or cdc2§-
E19 alleles driven by their native promoters were introduced
into cdc28-4 mutant cells, and the resulting transformants
were incubated at 37°C for 36 h. While cdc28-F19 allowed the
cdc28-4 mutant to grow well, the cdc28-E19 allele failed to
complement the temperature-sensitive mutant, suggesting that
Cdc28 constitutively phosphorylated on Tyr-19 cannot support
progression through the cell cycle (Fig. 1A). The cdc28-E19
allele driven by the CDC28 native promoter was also intro-
duced into a wild-type strain to test whether this mutant allele
was recessive or dominant. The fact that the wild-type cells
expressing cdc28-E19 grow as well as the cells lacking it (Fig.
1B) suggests that it is a recessive allele.

Cdc28-E19 is defective in SPB separation. To determine the
cell cycle stage at which the cdc28-E19 allele is particularly
defective, stationary-phase cells of the cdc28-4 mutant harbor-
ing a CEN plasmid containing either cdc28-E19 or CDC28
(driven by the native promoter) were allowed to resume the
cell cycle in glucose medium at 37°C. The parental cdc28-4
strain was used as a control. Samples were withdrawn at reg-
ular intervals and analyzed for bud emergence, DNA replica-
tion, and spindle formation. As expected, while the strain ex-
pressing the wild-type CDC28 continued to progress through
the cell cycle and formed spindles normally, the cdc28-4 strain
arrested as unbudded cells (Fig. 2). In the case of the cdc28-
E19 strain, however, ~67% of the cells had arrested with large
buds, a single nucleus, and 2 N DNA content at 4 h after the
release (Fig. 2); the remaining cells failed to recover from the
stationary-phase arrest. Immunofluorescence staining by anti-
tubulin antibodies showed that 54% of the budded cells were
unable to assemble spindles and each contained a single
brightly stained spindle pole; in the remainder, each had a
short spindle. This phenotype suggests that although unable to
induce nuclear division, Cdc28-E19 is Start active and is capa-
ble of promoting DNA replication.
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cdc28-4

FIG. 1. cdc28-4 mutation is suppressed by the cdc28-F19 but not by the
cdc28-E19 allele. (A) The Start-defective cdc28-4 mutant was transformed with
the mutant alleles driven by the native CDC28 promoter or an empty plasmid
which served as a negative control (vector alone). The transformants were
streaked on glucose plates prewarmed to 37°C. The plates were photographed
after 2 days at 37°C. (B) Wild-type (WT) cells with or without the c¢dc28-E19
allele driven by the native promoter were plated on a glucose plate at 24°C and
photographed after 2 days.

However, from these results it is difficult to ascertain wheth-
er Cdc28-E19 is defective in spindle assembly. The spindle
formation seen in some of the cdc28-E19 cells could be due to
the fact either that Cdc28-E19 is partially active with regard to
spindle assembly or that Cdc28-4 protein, though defective in
Start functions, could be capable of mediating spindle forma-
tion to some extent. If Cdc28-E19 is indeed capable of partially
promoting the spindle assembly, then increased concentration
of the mutant protein would be expected to cause spindle
formation in a greater proportion of cells. To test this, station-
ary-phase cells of the cdc28-4 mutant carrying GALI promot-
er-driven cdc28-E19 were allowed to resume cell cycle progres-
sion in either glucose (in which GAL1 is inactive) or galactose
medium at 37°C. Samples withdrawn at regular intervals were
first analyzed for bud emergence and the expression of the
RNRI gene (15), both of which are Start-dependent events. As
expected, cells growing in glucose medium remained unbud-
ded and neither transcribed the RNRI gene (the slight accu-
mulation of RNR1 transcript in these cultures could be due to
the uneven loading of RNA) nor replicated their DNA
throughout the course of the experiment (Fig. 3A and B). Cells
expressing cdc28-E19 because of induction by galactose, on the
other hand, budded (>80% by 3.5 h) and showed accumula-
tion of RNRI transcript, indicating that the overexpression of
the cdc28-E19 allele too can promote Start-related events.
These cells had also completed S phase as indicated by flow
cytometry (Fig. 3B, lowermost panel) but eventually arrested
with 2 N DNA content and an undivided nucleus (Fig. 3B).
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FIG. 2. Phenotype of cdc28-4 cells expressing native promoter-driven cdc28-E19. Stationary-phase cells of the cdc28-4 strain either carrying no plasmid (left column)
or carrying a centromere-based plasmid containing native promoter-driven CDC28 (middle column) or cdc28-E19 (right column) were released into glucose medium
at 37°C. The 4-h samples stained with antitubulin antibodies (top row) and diamidinophenyl indole (DAPI) (middle row) are shown. The lowermost panels show

fluorescence-activated cell sorter profiles of the 0- and 4-h samples.

Staining with antitubulin antibodies showed that ~85% of the
budded cells lacked a bipolar spindle; instead, these cells con-
tained microtubules emanating from a single brightly stained
spot (Fig. 3B). The lack of a mitotic spindle in these cells is not
a transient but a terminal feature, in that this phenotype per-
sists even after prolonged incubation. Electron microscopic
examination revealed that in >95% of the cells examined, the
spindle poles had duplicated but remained in a side-by-side
configuration still attached by a bridge (Fig. 3C). Thus, in the
culture overexpressing Cdc28-E19, the proportion of cells de-
void of mitotic spindles is greater than that in the culture in
which the mutant allele is expressed from its native promoter.
These results imply that spindle formation observed in some of
the cells carrying native promoter-driven Cdc28-E19 might
have been due to the Cdc28-4 protein. When overexpressed,
Cdc28-E19 perhaps outcompeted the Cdc28-4 protein for the
mitotic cyclins (see below), precluding any spindle assembly.
We conclude therefore that Cdc28-E19, though active with
respect to Start and S-phase functions, is defective in promot-
ing SPB segregation.

Timing of bipolar spindle formation in wild-type cells. If
SPB separation is triggered only when cells have initiated mi-
tosis and not by activation of Cdc28/ClIb kinase per se, then the
failure of cdc28-E19 to cause SPB segregation would not be
surprising since cells expressing this allele do not progress into
mitosis. It has been previously shown that spindle poles mi-
grate away from one another when the bud attains one-third of
the size of the mother cell, a stage at which cells are expected
to have already completed DNA synthesis (8). Since the timing
of SPB migration is critical to the interpretation of our data, we
sought to determine the kinetics of spindle formation directly
in relation to S phase. To do this, wild-type cells were first
synchronized in G, by pheromone treatment and then allowed

to resume cell cycle progression at 24°C in pheromone-free
medium. The DNA contents of cells withdrawn at 10-min in-
tervals were analyzed by flow cytometry, and the presence of
bipolar spindles was determined by both electron microscopy
and indirect immunofluorescence staining. As shown in Fig. 4,
~80% of the cells duplicated their spindle poles within 50 min
of release from pheromone arrest. By 70 min, the majority of
the cells shows a 2 N DNA content and >95% of them contain
separated SPBs or spindles. Staining with antitubulin antibod-
ies confirmed that >75% of these cells possessed clearly dis-
cernible short mitotic spindles. Therefore, in the wild-type cells
mitotic spindle formation is concomitant with the completion
of S phase.

Dependence of bipolar spindle formation on dephosphory-
lation of Tyr-19. Given that wild-type cells assemble bipolar
spindles after S phase, it is possible that the absence of mitotic
spindles in cdc28-E19 cells is not due directly to a functional
defect of the cdc28-E19 allele but is rather a reflection of the
inability of these cells to initiate mitosis. To address this, we
examined the effect of the cdc28-E19 allele on spindle forma-
tion under conditions under which spindle assembly occurs
independently of mitosis. In S. cerevisiae, cells treated with
hydroxyurea (HU) arrest early in S phase and do not undergo
mitosis (i.e., nuclear division) but form short bipolar spindles.
Stationary-phase cells of the cdc28-4 mutant carrying either
GAL-CDC28 or GAL-cdc28-E19 on a CEN plasmid were al-
lowed to resume cell cycle progression at 37°C in galactose me-
dium containing HU. The cultures were monitored for their
ability to transcribe the RNRI gene, duplicate their DNA, and
assemble bipolar spindles. As expected, chromosome duplica-
tion does not occur in these cells, although the peak corre-
sponding to 1 N DNA content continues to broaden with time
(Fig. 5B). In cells expressing the wild-type CDC28 gene, RNRI
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FIG. 3. Phenotype of cdc28-4 cells expressing GAL-cdc28-E19. (A) Station-
ary-phase cdc28-4 mutant cells carrying GAL-cdc28-E19 were released into ei-
ther glucose or galactose medium prewarmed at 37°C. Samples were collected at
30-min intervals and analyzed. The upper and lower graphs show the budding
index and a quantitative estimation of the RNRI transcript level, respectively.
RNRI transcript (bottom panels) was analyzed by Northern blotting (~30 pg of
RNA per well) and quantitated with a PhosphorImager (Molecular Dynamics).
(B) Cell cycle arrest phenotype from the 4-h sample. From top to bottom are
shown phase-contrast photomicroscopy, microtubule staining with antitubulin
antibody, nuclear staining with DAPI, and DNA content, as measured by flow
cytometry, showing a 2 N peak in the galactose sample. (C) Electron micrograph
of a cell from the 4-h galactose sample at 37°C, showing two SPBs (arrowheads)
still attached to each other by a bridge structure (arrow). Scale, 5 mm = 0.1 mm.
The proportions of cells with paired or unpaired SPBs in the 4-h galactose
sample are also tabulated.

transcript appears at 1.5 h after the release and short spindles
can be seen in ~80% of the cells after 4.5 h (Fig. 5). The
cdc28-E19 cells, although slightly delayed, also activate RNRI
transcription (Fig. 5A). Bud emergence in these cells shows a
similar delay (data not shown), suggesting that they are slug-
gish in traversing Start. Remarkably, however, cdc28-E19 cells
fail to assemble bipolar spindles even 6 h after the release from
stationary phase. Electron microscopy revealed that at 4.5 h,
the spindle poles had duplicated in all of the 20 cells examined
but remained paired in a side-by-side configuration as in Fig.
3C (data not shown). In cells expressing CDC28, on the other
hand, 90% of the cells had formed spindles (20 cells exam-
ined). These observations strongly argue that the failure of
cdc28-E19 cells to assemble spindles is not a consequence of
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Separated SPBs
or spindles

0/30 (0%)

0/29 (0%)

6/30 (20.0%)

22/28 (78.6%)

29/30 (96.7%)
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No. spindies seen by Facs profile

immunofluorescence

0/200 (0%)

0/200 (0%)

4/204 (2.0%)

80/242 (33.1%) ]

216/282 (76.6%) ]

FIG. 4. The separation of spindle poles is correlated with the completion of DNA replication. Wild-type cells synchronized in G; by a-factor treatment were
released into glucose medium at 24°C. The state of the spindle poles in samples withdrawn at 10-min intervals (first column) was analyzed by electron microscopy. SPBs
in 28 to 30 different cells from each time point were followed through serial electron microscopic sections and classified as single SPB without or with satellite attached
(a), duplicated SPBs attached by a bridge structure (b), and separated SPBs or spindles (c). The fifth column tabulates the percentages of cells with short mitotic spindles
visualized by immunofluorescence microscopy, and the last column shows the distribution of DNA content as determined by flow cytometry. Scale, 4.7 mm = 0.1 mm.

Facs, fluorescence-activated cell sorter.

their inability to initiate mitosis but is specifically due to the
inability of the cdc28-E19 allele to promote SPB separation.
Overexpression of SWEI abolishes bipolar spindle forma-
tion. In S. pombe, cdc2 is inactivated by the phosphorylation of
Tyr-15 by weel kinase (14). Similarly, SWEI, a budding-yeast
homolog of weel ™, has been shown to phosphorylate Tyr-19 of
Cdc28, causing a drastic reduction in the activity of Cdc28/Clb2
kinase complex in vitro (5). If dephosphorylation of Tyr-19 is
indeed required for spindle formation, as our results suggest,

then overexpression of SWEI will be expected to render cells
incapable of assembling bipolar spindles. To test this hypoth-
esis, wild-type cells carrying the GAL-SWEI construct (inte-
grated at the SWEI locus) were first synchronized in G, by
a-factor treatment, induced by the addition of galactose for 2 h
while the cells were still arrested, and then allowed to resume
cell cycle progression at 24°C in galactose medium containing
HU. The control culture was grown in raffinose medium and
was not induced. Samples were withdrawn at various times and
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carrying either GAL-cdc28-E19 or GAL-CDC28 were released from stationary

phase into raffinose or galactose medium prewarmed at 37°C. At 15 min after the release, HU was added at a concentration of 15 mg/ml. Samples were collected at
half-hourly intervals and analyzed. (A) The graph shows the percentages of cells with short spindles for cells released into galactose medium. The gels show the RNR!
transcript in the galactose samples, measured by Northern blotting (~30 g of RNA per well). The data for raffinose samples are not shown. (B) Arrest phenotype
of cells from the 6-h galactose sample. From top to bottom are shown a differential interference contrast (Nomarski) micrograph, microtubule staining with antitubulin
antibody, nuclear staining with DAPI, and distribution of DNA content, as determined by flow cytometry.

analyzed for the presence of mitotic spindles. As expected,
cells bud normally in raffinose medium, form clearly discern-
ible short spindles, and eventually arrest with 1 N DNA con-
tent (Fig. 6A, left panels). In galactose medium, where Swel is
overexpressed, buds begin to emerge at about the same time as
in raffinose but they are noticeably elongated. Cells eventually
arrest with 1 N DNA content and monopolar spindles (Fig. 6A,
right panels). When analyzed by electron microscopy, SPBs in
all of the 20 cells examined were found in a side-by-side con-
figuration (Fig. 6B), as seen in cdc28-E19 cells, suggesting that
overexpression of Swel renders cells unable to segregate SPBs.

It is possible that the prevention of spindle assembly due to
an excess of Swel is independent of its capacity to phosphor-
ylate Tyr-19. To test this notion, we introduced a CEN plasmid
carrying GAL-cdc28-F19 into a wild-type strain containing an
integrated copy of GAL-SWEI. Cdc28-F19 cannot be phos-
phorylated by Swel because of the replacement of Tyr-19 by
phenylalanine. Cells of this strain were synchronized by pher-
omone treatment, released at 24°C into galactose medium
containing HU, and then stained with antitubulin antibodies at
various times. The cells, coexpressing SWE! and cdc28-F19
because of galactose induction, eventually arrested with large
buds and 1 N DNA content; approximately 65% of these cells
contain short mitotic spindles (Fig. 6C). This phenotype is

identical to that of wild-type cells growing in raffinose medium
containing HU (Fig. 6A, left panels). Thus, the phenotype
caused by Swel overexpression can be partially alleviated by
the presence of cdc28-F19. This suggests that the abolition of
bipolar spindle formation by an excess of Swel is largely due to
its ability to phosphorylate Tyr-19.

Clb2-associated kinase activity in cells overexpressing ei-
ther cdc28-E19 or SWEI. Since Swel diminishes Cdc28/CIb2
kinase activity in vitro by phosphorylating Tyr-19 (5), it is
conceivable that the absence of a bipolar spindle in cells ex-
pressing either c¢dc28-E19 or SWEI from the GALI promoter
is due to a complete lack of the mitotic cyclin-associated H1
kinase activity. To examine this possibility, stationary-phase
cells of the cdc28-4 strain carrying either GAL-cdc28-E19 or
GAL-CDC28 on a single-copy vector were released into either
glucose or galactose medium at 37°C. Cell extracts were made
from samples withdrawn at various times, Clb2-associated ki-
nase was immunoprecipitated with anti-CIb2 antibodies, and
the kinase activity was measured with histone H1 as a sub-
strate. As expected, cells released in glucose remain arrested in
G, and show barely detectable H1 kinase activity (Fig. 7A,
upper panel). In galactose, however, Clb2-associated H1 ki-
nase activity begins to rise 2 h after the release and continues
to increase throughout the course of the experiment. Since
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endogenous cdc28-4 allele encodes a temperature-sensitive
protein with little H1 kinase activity at 37°C, the kinase activity
measured in this experiment must be almost entirely due to
Cdc28-E19. Although it appears slightly later, the level of the
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r

GAL-SWET strain No. of paired SPBs  No. of unpaired SPBs

galactose 20/20 (100%) 0/20 (0%)

raffinose 0/20 (0%) 20/20 (100%)

FIG. 6. Phenotype of cells overexpressing SWE1. (A) Wild-type cells carrying
GAL-SWEI were synchronized by a-factor treatment, induced for 2 h by addition
of galactose, and then released into galactose medium containing HU (15 mg/
ml). The control culture was similarly treated and was not induced. The arrest
phenotypes of cells from the 3-h samples (from top to bottom, microtubule
staining with antitubulin antibody, nucleus staining with DAPI, and cell mor-
phology as viewed under Nomarski optics, respectively) and the distribution of
DNA content (lowermost panels) are shown. (B) Electron micrograph of a cell
from the 3-h galactose sample, showing side-by-side SPBs (arrowheads) attached
by a bridge (arrow), similar to cells expressing cdc28-E19. The small arrow points
to cytoplasmic microtubules. The number of cells showing such a phenotype as
determined by serial electron micrographs is shown in the table. Scale, 5.4 mm =
0.1 mm. (C) Arrest phenotype of cells coexpressing SWEI and cdc28-F19 in
galactose medium. A culture synchronized in G; by a-factor treatment was
released into YEP-galactose medium containing 15 mg of HU per ml, and
samples were collected at hourly intervals. Cells from the 3-h sample are shown
as follows: (a) mitotic spindles stained with antitubulin antibody, (b) nuclear
staining with DAPI, (c) cell morphology under Nomarski optics, and (d) DNA
distribution profile. The proportion of cells that form short spindles at various
times after release from a-factor is shown in the graph at the top.

kinase activity in cells expressing Cdc28-E19 is comparable to
that in cells expressing the wild-type Cdc28 (Fig. 7A, lower
panel). Therefore, we conclude that Cdc28-E19, although un-
able to promote SPB separation and progression through mi-
tosis, is active as a histone H1 kinase.

To determine the effect of SWEI overexpression on Cdc28/
CIb2 kinase, wild-type cells harboring GAL-SWE1 were grown
in raffinose medium and synchronized in G, by a-factor treat-
ment. One half of the culture was then induced with the ad-
dition of galactose, while the other half continued to grow in
raffinose. After 2 h, both cultures were released into their
respective pheromone-free media. As cells growing in raffinose
do not express Swel, they continue their progression through
the cell cycle and show an expected oscillation in the Clb2-
associated kinase activity (Fig. 7B, upper panel). The kinase
activity in cells expressing Swel because of growth in galactose
is first detected 60 min after the release but continues to rise
through the entire course of the experiment (Fig. 7B, middle
panel). These cells are unable to form mitotic spindles and
eventually arrest with 2 N DNA content (data not shown). To
determine if the overexpression of SWEI indeed leads to in-
creased tyrosine phosphorylation of Cdc28 in this experiment,
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FIG. 7. Clb2-associated histone H1 kinase activity. (A) Stationary-phase cdc28-4 mutant cells carrying GAL-cdc28-E19 or GAL-CDC28 were released into either
glucose or galactose medium prewarmed at 37°C. Samples were collected every 30 min, and the cells were harvested for preparation of cell extracts. Inmunoprecipi-
tation of Cdc28/CIb2 complex and kinase assays were performed as described in Materials and Methods. The kinase activities at various times after release are shown.
(B) Wild-type cells carrying GAL-SWE1 were grown in raffinose medium and synchronized in G, with a-factor treatment. One half of the culture was then induced
with galactose for 2 h, while the other half remained in raffinose medium. Thereafter, both cultures were filtered and released into their respective pheromone-free
media. Samples were collected every 20 min and assayed for Clb2-associated histone H1 kinase activity (top and middle panels). Cdc28 was immunoprecipitated from
the 140-min samples, resolved by SDS-PAGE and probed with either antiphosphotyrosine antibodies or anti-Cdc28 antibodies (bottom panel).

Cdc28 was immunoprecipitated from the 140-min samples and
analyzed by Western blotting using either anti-Cdc28 antiserum
or antiphosphotyrosine antibodies. While Cdc28 antiserum can
detect Cdc28 in both raffinose- and galactose-grown cells, the
antiphosphotyrosine antibodies detect Cdc28 only in cells
grown in galactose (Fig. 7B, lower panel). These results show
that Cdc28, though phosphorylated on tyrosine by Swel, can
still associate with CIb2 and is active as an H1 kinase in vivo.

Transcription of various genes in cells expressing cdc28-
E19. Since it appears from our data that the cdc28-E19 allele is
capable of performing Start- and S-phase-related functions, we
tested whether cells expressing the cdc28-E19 allele were also
normal with regard to the transcription of genes that are
turned on in either late G, or G, phase of the cell cycle. We
chose HCS26, CLNI, and RNRI as genes whose transcription
in late G, is dependent on Start (32). Of these, HCS26 and
CLNI transcription is activated in late G, via an Swi4/6 cell
cycle box element (32). The transcription of CLBS5 (50) also
comes on in late G, but is driven by a promoter element called
the Mlul cell cycle box. SWI5 and CLB2, on the other hand, are
transcriptionally activated in S or G, phase by a promoter
element which requires binding of transcription factor Mcm1
(1). To determine the effect of cdc28-E19 on the transcription
of these genes, stationary-phase cells of the cdc28-4 strain,
carrying either wild-type CDC28 or the cdc28-E19 allele driven
by the GALI promoter, were allowed to resume cell cycle
progression at 37°C in either glucose or galactose medium.
Cells were harvested at various times, total RNA was prepared,
and the levels of various transcripts were determined by North-
ern blot analysis. As expected, cells growing in glucose arrested
in G, as unbudded cells and showed very low transcript levels
(Fig. 8). The detectable amount of RNRI and CLNI RNAs
present in the lanes corresponding to the latter time points in
cdc28-E19 samples could have been due either to loading dif-

ferences or to slight leakiness of the arrest. In galactose me-
dium, transcripts for all six genes are induced in both CDC28-
and cdc28-E19-expressing cells. There are, however, differ-
ences in the levels of various transcripts and in the timings of
their appearance in the two strains. It is difficult to interpret
such differences, because the release of these cultures from
stationary phase is not very synchronous. Nevertheless, these
results indicate that cells expressing the cdc28-E19 allele are
not defective with regard to the transcriptional activation of
the six genes we have tested.

Deficiency of Swel does not alter timing of spindle assem-
bly. As noted before, wild-type cells begin to assemble bipolar
spindles after the completion of S phase, though the SPBs
duplicate prior to the initiation of DNA replication. What
prevents SPB separation during S phase? The fact that over-
production of Swel severely impairs the cells’ ability to segre-
gate spindle poles implies that Swel could play an important
role in determining the timing of spindle assembly. Therefore,
we first compared the kinetics of spindle formation with the
transcriptional activation of SWEI. Wild-type cells synchro-
nized in G, by a-factor treatment were released from the arrest
at 24°C in pheromone-free medium. Cell samples were with-
drawn at 10-min intervals and analyzed for the appearance
of SWEI transcript and short spindles. The amount of SWEI
RNA, detectable within 10 min of release from G,, peaks at 30
min and is lowest from 70 to 90 min. The proportion of cells
with short, bipolar spindles is maximum at 70 min (Fig. 9A), a
time when the abundance of SWEI transcript is at its mini-
mum. This pattern is repeated in the subsequent cycle.

The inverse correlation between spindle formation and the
appearance of SWEI RNA prompted us to examine whether
the deficiency of SWE! function causes alteration in the timing
of spindle assembly. Cells of the swelA strain were synchro-
nized in G, by pheromone treatment and then permitted to
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FIG. 8. Profile of various RNA transcripts from cdc28-4 mutant cells carrying
GAL-cdc28-E19 or GAL-CDC28. Stationary-phase cells were released into ei-
ther glucose or galactose medium prewarmed at 37°C. Samples were collected at
half-hourly intervals, and total RNA was isolated and analyzed by Northern blot
analysis. The amount of RNA (~30 pg per lane) loaded was visualized by
methylene blue staining of the rRNAs.

resume cell cycle progression at 24°C. Spindle formation was
monitored by immunofluorescence staining of cell samples
withdrawn at various times. As shown in Fig. 9B, the propor-
tion of cells without spindles in the swelA strain decreases
sharply after 60 min of release and reaches a minimum within
the next 30 min during the first cycle. This pattern is almost
identical to that for SWEI-proficient cells treated in a similar
manner. The kinetics of the appearance of bipolar spindles in
both strains are also similar during the second cycle. From
these data, we conclude that while overexpression of SWEI
affects SPB segregation, and therefore spindle formation, it is
not a limiting factor in determining the timing of spindle as-
sembly.

DISCUSSION

Chromosome separation or nuclear division is a clear indi-
cation that cells are well into M phase. However, mitotic events
such as chromosome condensation, bipolar spindle formation,
and nuclear-membrane breakdown occur before chromosome
segregation and are, therefore, considered to mark the initia-
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tion of mitosis. In many eukaryotes, these events are easily
discernible, while in others, there are only a few cytologically
visible signs of M-phase initiation (37). The problem of scarce
mitotic landmarks is particularly highlighted in organisms such
as the budding yeasts, in which the nuclear membrane remains
intact throughout the cell cycle and condensed chromosomes
are difficult to observe (25).

S. cerevisiae differs in yet another aspect. Unlike the fission
yeasts and some other eukaryotes, replacing the highly con-
served tyrosine 19 (equivalent to Tyr-15 in cdc2) with phenyl-
alanine in Cdc28 does not lead to precocious mitosis (2, 52),
raising the possibility that the dephosphorylation of Tyr-19
might not be critical for mitosis. However, it has been reported
that the delay in nuclear division in response to a transient
disruption of cell polarity involves phosphorylation of Cdc28
on Tyr-19 (33). This argues that the regulation of Tyr-19 phos-
phorylation is important for mitosis (33). Our finding that
cdc28-E19 cells arrest prior to nuclear division (Fig. 2) also
shows that Tyr-19 dephosphorylation is clearly necessary for
mitotic progression in budding yeast cells. A detailed charac-
terization of the arrest phenotype further reveals that cells
expressing cdc28-E19 undergo Start and DNA replication but
are incapable of assembling a bipolar spindle (Fig. 3A and B).
The inability of cdc28-E19 cells to form spindles appears to be
due to their failure to separate the spindle poles (Fig. 3C).
Since these cells exhibit high levels of Clb2-associated histone
HI1 kinase activity (Fig. 7A), the defect in spindle assembly is
not due to the inability of mutant Cdc28 to interact with mi-
totic cyclins. This is consistent with our observation that the
expression of the cdc28-E19 allele from the GALI promoter
severely retards the growth of wild-type cells (data not shown),
presumably because the mutant protein competes with the
wild-type Cdc28 for mitotic cyclins. It is noteworthy that the
phenotype of cdc28-E19 cells is similar to that of the cdc28-IN
mutant (41, 54) which also arrests with a large bud, 2 N DNA
content, and high-level Clb2-associated kinase activity. How-
ever, whereas cdc28-E19 cells are unable to promote spindle
assembly, the cdc28-IN mutant can assemble a short mitotic
spindle but fails to extend it at the nonpermissive temperature.
The involvement of a serine/threonine kinase in the biogenesis
of the mitotic spindle is not unprecedented. In Drosophila
melanogaster and S. pombe, serine/threonine kinases Aurora
and plol, respectively, have been implicated in centrosome
segregation (23, 40).

It is known that activation of cdc2 via Tyr-15 dephosphory-
lation is required for the initiation of mitosis-specific pro-
cesses. However, it is not clear if the triggering of these events
is directly caused by activated cdc2 or is a consequence of the
cells’ entry into mitosis. Although the absence of a bipolar
spindle in cdc28-E19 cells suggests that tyrosine 19 dephos-
phorylation is required for SPB separation, this dependence
may not be direct. A unique feature of S. cerevisiae has allowed
us to explore this further. When arrested in S phase, either
through certain cdc mutations or by treatment with HU, bud-
ding yeast cells do not progress into mitosis but nonetheless
assemble a bipolar spindle. We find that in the presence of
HU, where spindle assembly can be dissociated from the ini-
tiation of mitosis, spindle pole separation is still dependent on
the cells’ ability to dephosphorylate Tyr-19 (Fig. 5). This strong-
ly implies a direct dependence of SPB separation on Tyr-19
dephosphorylation.

The abolition of spindle assembly due to overexpression of
SWE1 in HU-treated cells is consistent with this conclusion
(Fig. 6A and B). In a previous report, it was suggested that an
excess of Swel interferes with the elongation of the mitotic
spindle but does not preclude its formation (5). These exper-
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FIG. 9. (A) SWEI expression during the cell cycle. Wild-type cells were
synchronized in G, by a-factor treatment (0.8 wg/ml) and released into glucose
medium. Samples were collected at 10-min intervals and analyzed. The top graph
shows the proportion of cells containing short spindles at various times. The
bottom graph is a quantitative representation of the level of SWEI transcript.
The amount of total RNA loaded (~30 pg per well) was visualized by methylene
blue staining of the rRNAs, and the same filter was used for Northern blot
analysis (lower panels). The transcript level was quantitated with a Phosphor-
Imager. (B) Wild-type and swelA cells were synchronized in G, with a-factor and
released into glucose medium. Cells were collected at 10-min intervals and
stained with antitubulin antibodies. The graph shows the percentages of cells
with no spindles as the cells release from G, arrest.
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iments were performed with asynchronous cultures in which
we found (data not shown) that SWEI overexpression resulted
in a mixed phenotype in which some cells contain short spin-
dles (~70%) and others do not (~30%). Therefore, we used
both immunofluorescence staining and electron microscopy to
analyze the effect of Swel overexpression in a synchronous
culture and found that 3 h after the release from G, phase, all
cells had arrested with a large bud and 2 N DNA content but
>70% of them lacked mitotic spindles and contained paired
SPBs (data not shown). Thus, an excess of Swel indeed impairs
the process of spindle pole segregation. One explanation for
the failure of the Swel-overexpressing cells to segregate SPBs
could be that the activity of CIb2/Cdc28 kinase in these cells is
inhibited because of phosphorylation of Tyr-19, causing a com-
plete lack of mitotic kinase activity akin to the strain deficient
in mitotic cyclins CIbl, -2, -3, and -4, which also fails to sepa-
rate SPBs (20). Tyrosine phosphorylation by Swel of the in
vitro-reconstituted Clb2/Cdc28 complex does indeed cause a
drastic reduction in its kinase activity (5). Surprisingly, how-
ever, our results show that the Clb2/Cdc28 kinase complex
immunoprecipitated from cells either overproducing Swel or
expressing cdc28-E19 is almost as active as the wild-type com-
plex when tested on the standard substrate histone H1 (Fig. 7).
Although we are unable to provide an adequate explanation
for this discrepancy, this finding suggests that the inability of
Swel-overexpressing cells to segregate SPB is not due to a
reduction in the overall kinase activity of Clb2/Cdc28 complex
but could be a result of a change in the substrate specificity of
this kinase complex elicited by Tyr-19 phosphorylation.

The observation that Tyr-19 dephosphorylation is required
for spindle pole separation has a number of interesting impli-
cations. Firstly, as we have confirmed, wild-type cells assemble
short mitotic spindles concomitant with the completion of S
phase. It follows, then, that during the normal course of cell
cycle progression, Cdc28 is not sufficiently dephosphorylated
on Tyr-19 to cause SPB separation until after DNA replication.
This could imply the existence of controls which negatively
regulate Tyr-19 dephosphorylation until the S phase is com-
pleted. However, the presence of short spindles in HU-ar-
rested cells clearly indicates that mitotic activation of Cdc28 by
Tyr-19 dephosphorylation can occur independently of DNA
synthesis. Secondly, though short spindles assemble in cells
incapable of completing S phase, they never go on to extend,
suggesting that in budding yeast cells, activation of Cdc28 by
Tyr-19 dephosphorylation is not sufficient to ensure either
elongation of the mitotic spindle or progression through mito-
sis; activation of other effectors may also be required. Thus,
unlike that in S. pombe, the initiation of mitotic progression in
S. cerevisiae could require additional regulatory processes (24).
And lastly, cells arrested because of DNA damage-induced
checkpoint controls are able to assemble short spindles but do
not extend them. This implies that the S-phase-checkpoint
controls, if they at all influence the microtubule dynamics,
could be affecting not the assembly but the elongation of the
mitotic spindle.

What keeps SPBs from separating during S phase? Since
Swel kinase efficiently phosphorylates Cdc28 on Tyr-19 in vitro
(5) and its overproduction can prevent spindle assembly, it is
possible that Swel plays an important role in determining the
rate of these processes. The inverse correlation between the
appearance of short spindles and SWEI transcript would be
consistent with this notion (Fig. 9). However, as our data in-
dicate, deficiency of Swel does not alter the kinetics of spindle
formation. It is, therefore, not a rate-limiting factor in deter-
mining the timing of SPB segregation in wild-type cells. This
could be due partly to the presence of other genes which
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compensate for SWE1 deficiency. Alternatively, it can also be
argued that the regulation of Tyr-19 phosphorylation by Swel,
and in turn the regulation of SPB segregation, is not critical
during the normal course of spindle biogenesis but becomes
important when nuclear division needs to be delayed in re-
sponse to disruption of certain cellular events. Such a context
has been provided by the work of Lew and Reed (33), which
showed that the nuclear division in S. cerevisiae is drastically
delayed when bud formation is transiently disrupted. It will be
of interest to determine whether this delay is a result of a pause
in SPB separation and whether it can be abrogated by the
deletion of the SWEI gene.

Some of the spindle pole components and their spatial ar-
rangements are known (30), but little about the regulation and
the mechanics of SPB separation is understood. It has been
shown that spindle pole separation requires activities of vari-
ous kinesin-like motor proteins (48). The loss of Cin8 and Kip1
motor functions results in a failure to separate SPBs (49). This
phenotype can be partially reversed by deletion of the KAR3
gene, which encodes a minus-end motor. Furthermore, both
Cin8 and Kipl1 are located along the entire length of the spin-
dle, including the spindle poles. These observations have led to
a simple model (49) according to which the motor proteins
preferentially cross-link the microtubules emanating from the
two poles. The sliding motion mediated by these motors aligns
the microtubules in an antiparallel fashion, eventually posi-
tioning the two poles in a face-to-face configuration. A similar
cross-linking and sliding role has been proposed for bimC
protein in A. nidulans (18). The fact that both cdc28-E19 cells
and the cells devoid of Cin8 and Kip1 functions are unable to
separate SPBs raises the possibility that the role of Cdc28
kinase in SPB separation is to modulate the activities of the
motor proteins. The activation of Cdc28/Clb kinase by Tyr-19
dephosphorylation could, via phosphorylation, either potenti-
ate Cin8 and Kipl motors or impede antagonistic motor pro-
tein Kar3. If this is true, then Cin8 and Kipl proteins should
show very low levels of motor activities in extracts prepared
from cdc28-E19 cells. This prediction has so far not been
tested. The question as to what aspect of the motor protein
function Cdc28/CIb kinase modulates, if at all, to promote
spindle pole separation remains to be resolved. It has been
reported that phosphorylation by p34°“? regulates the local-
ization of human Eg5, a kinesin-related motor, to the mitotic
spindle (4).

Structural analysis of the Cdk2-cyclin A complex predicts
that phosphorylation of Thr-14 and Tyr-15 hinders phosphate
transfer from ATP to the substrate. In this light, it is intriguing
that the inability to dephosphorylate Tyr-19 does not affect the
Start- and S-phase-related functions of Cdc28 in any drastic
way but causes loss of its ability to separate spindle poles. Is
spindle extension also dependent on Tyr-19 dephosphoryla-
tion? What makes the assembly of mitotic spindles cell cycle
stage dependent? Do any of the S-phase-related checkpoint
controls prevent nuclear division by modulating spindle dy-
namics? Answers to these questions will require a detailed
investigation of the regulatory aspects of spindle assembly.
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