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Entry into mitosis requires activation of cdc2 kinase brought on by its association with cyclin B, phosphor-
ylation of the conserved threonine (Thr-167 in Schizosaccharomyces pombe) in the T loop, and dephosphory-
lation of the tyrosine residue at position 15. Exit from mitosis, on the other hand, is induced by inactivation
of cdc2 activity via cyclin destruction. It has been suggested that in addition to cyclin degradation, dephos-
phorylation of Thr-167 may also be required for exit from the M phase. Here we show that Saccharomyces
cerevisiae cells expressing cdc28-E169 (a CDC28 allele in which the equivalent threonine, Thr-169, has been
replaced by glutamic acid) are able to degrade mitotic cyclin Clb2, inactivate the Cdc28/Clb2 kinase, and
disassemble the anaphase spindles, suggesting that they exit mitosis normally. The cdc28-E169 allele is active
with respect to its mitotic functions, since it complements the mitosis-defective cdc28-IN allele. Whereas
replacement of Thr-169 with serine affects neither Start nor the mitotic activity of Cdc28, replacement with
glutamic acid or alanine renders Cdc28 inactive for Start-related functions. Coimmunoprecipitation experi-
ments show that although Cdc28-E169 associates with mitotic cyclin CIb2, it fails to associate with the G, cyclin
CIn2. Thus, an unmodified threonine at position 169 in Cdc28 is important for interaction with G, cyclins. We
propose that in S. cerevisiae, dephosphorylation of Thr-169 is not required for exit from mitosis but may be

necessary for commitment to the subsequent division cycle.

Cell cycle progression in eukaryotic cells is, in part, regu-
lated by activation and inactivation of cyclin-dependent kinases
(CDKs), of which cdc2 is the most widely known prototype.
While animal cells need different CDKs to course through the
different phases of the division cycle (reviewed in references
36, 37, 42, and 53), the fission yeast Schizosaccharomyces
pombe requires cdc2 for both the G,-to-S and G,-to-M tran-
sitions (38). In the budding yeast Saccharomyces cerevisiae,
three CDKs have been identified, namely, Cdc28, Pho85, and
Kin28 (16, 17, 34, 55). Of these, Cdc28 is the main regulator of
progression through the cell cycle.

One of the most conserved features of the eukaryotic cell
cycle is the way in which the mitotic activity of cdc2 is regulated
(2,10, 25, 32). Monomeric cdc2 is inactive and requires binding
of cyclin B as the first step towards its activation as mitotic
kinase. The affinity of cyclin binding is further stabilized and
enhanced by phosphorylation of residue Thr-167 (Thr-167 in S.
pombe, Thr-161 in frogs and mammals, and Thr-169 in S.
cerevisiae) (10, 25, 32). However, phosphorylation of the con-
served tyrosine at position 15 (Tyr-15) by the weel and mik1
gene products prevents the kinase complex from becoming
active until cells are ready to enter mitosis (13, 20, 30). Thus,
dephosphorylation of Tyr-15 by a tyrosine phosphatase en-
coded by the cdc25 gene constitutes the final step in the acti-
vation of mitotic kinase. This event is critical for entry into
mitosis in that replacement of Tyr-15 by phenylalanine causes
fission yeast cells to attempt mitosis prematurely (23). In hu-
man cells, both threonine 14 (Thr-14) and Tyr-15 must be
dephosphorylated for full activation of cdc2 kinase (37). An-
other dimension to the regulation of CDK has been added by
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the discovery of CDK inhibitors that directly bind to and in-
hibit CDK-cyclin complexes (31, 39, 51, 54). However, the
mechanism by which they inhibit the kinase activity is not
known.

In S. cerevisiae, Cdc28 interacts with nine different cyclin
subunits, including three G, cyclins encoded by CLN genes and
four mitotic cyclins encoded by the CLB1, CLB2, CLB3, and
CLB4 genes, to regulate various aspects of the cell cycle tran-
sitions (15, 34, 49, 52, 59). Its mitotic form, like cdc2, is acti-
vated by the binding of mitotic cyclins and dephosphorylation
of Tyr-19 (equivalent to Tyr-15 of cdc2) (34). While Tyr-19
dephosphorylation appears to be necessary for the onset of
mitosis, this event alone is not sufficient in that replacement of
tyrosine with phenylalanine does not lead to premature mitosis
in S. cerevisiae (1, 57).

The crystal structures of nonphosphorylated Cdk2 (7, 41)
and the Cdk2-cyclin A complex (28, 43) have provided some
rationale for the activation of CDKs by cyclin binding and
phosphorylation-dephosphorylation of various amino acid res-
idues. The active site of Cdk2 resides in the cleft of a bilobed
structure. In the ATP-bound form, residues Thr-14 and Tyr-15
in the glycine-rich loop containing the ATP-binding site are
relatively close to the y-phosphate of ATP. Therefore, phos-
phorylation of Thr-14 is predicted to disrupt the conformation
of the ATP phosphates. This may explain why dephosphoryla-
tion of this residue, and perhaps also Tyr-15, is necessary for
complete activation. Cdk2 also has the so-called T loop which
contains Thr-160 (equivalent to Thr-167 of cdc2 in S. pombe
and Thr-169 of Cdc28 in S. cerevisiae). The T loop is poorly
accessible to the solvent and prevents substrate binding. It has
been predicted that the binding of cyclin changes the Cdk2
conformation, permitting phosphorylation of Thr-160, which in
turn may stabilize the association of cyclin with Cdk2.

The kinase that phosphorylates the threonine residue in the
T loop of Cdk2 is known as CDK-activating kinase (CAK or
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Cdk7) (4). It is a cdc2-related kinase encoded by the Xenopus
MOI5 gene (19, 45, 56). In both HeLa and fission yeast cells,
Thr-160-Thr-167 of Cdk2-cdc2 is phosphorylated during the S
phase (24, 25); whether this is because CAK activity is cell cycle
regulated is not clear. In Xenopus laevis, at least, CAK seems to
be constitutively active during the cleavage of fertilized eggs (3,
46).

While progression through mitosis requires activation of
cdc2/cyclin B kinase, its inactivation is a prerequisite for exit
from mitosis and entry into the subsequent division cycle. One
way cells can inactivate the mitotic kinase is by reversing the
steps involved in its activation. Indeed, mitotic cyclins are rap-
idly destroyed by proteolytic degradation at the end of mitosis
by a ubiquitin-dependent pathway (22), matching a concomi-
tant reduction in the kinase activity. That the inactivation of
mitotic kinase is necessary for exit is suggested by the obser-
vation that expression of nondestructible cyclin B causes late-
anaphase arrest in S. cerevisiae (58). Studies of Xenopus egg
extracts concluded that both cyclin destruction and dephos-
phorylation of Thr-161 are required to inactivate the cdc2-
cyclin B complex (29). In S. pombe, cells overexpressing the
cdc2 allele in which Thr-167 has been replaced by glutamic
acid accumulate multiple nuclei, become multiseptated, and
eventually arrest with short mitotic spindles (24). These find-
ings have led to the suggestion that dephosphorylation of Thr-
161-Thr-167 may also be required, in addition to cyclin B
destruction, for exit from mitosis (24, 29).

In this report, we describe experiments that suggest that in S.
cerevisiae, dephosphorylation of Thr-169 in Cdc28 is not re-
quired for exit from mitosis. We also show that replacement of
threonine with glutamic acid or alanine (approximating either
the phosphorylated or the dephosphorylated form of threo-
nine, respectively) renders Cdc28 inactive for Start-related
functions. This suggests that an unmodified threonine at posi-
tion 169 is important for Start. Therefore, the purpose of
Thr-169 dephosphorylation at the mitotic exit may be to trans-
form Cdc28 from a mitotically active form into a Start-efficient
form.

MATERIALS AND METHODS

Strains and growth media. All of the strains used in this study were derived
from wild-type strain W303. The cdc28-4, cdc28-1N, and cdc15 mutants had been
made isogenic by backcrossing at least three times to the wild-type strain. Cells
were routinely grown in yeast extract-peptone (YEP) medium containing ade-
nine (50 mg/liter) supplemented with either glucose or galactose. Raffinose was
also added to the galactose medium. In experiments in which expression of the
CDC28 gene or its mutant allele was driven by the GALI promoter, cells were
first grown in medium containing raffinose as the sole carbon source before
induction by galactose.

Synchronization procedures. For experiments requiring both synchronous re-
lease from anaphase and induction of gene expression from the GALI promoter,
cdcl5 cells were used. To obtain a culture synchronized in anaphase, cells were
first grown for 3 to 4 days on YEP-raffinose plates at 24°C. When >90% of the
cells had reached the stationary phase, they were suspended in either raffinose or
raffinose-galactose medium at 37°C. After 4 h of growth at 37°C, >80% of the
cells showed the late-anaphase arrest phenotype. For release, cells were filtered
and allowed to resume cell cycle progression by resuspension in YEP supple-
mented with raffinose at 24°C. Samples collected at 20-min intervals were used
for RNA isolation, preparation of cell extracts, flow cytometric analysis, in situ
immunofluorescence, and Western blot (immunoblot) analysis.

In experiments in which an arrest prior to nuclear division was required,
cdc28-4 cells expressing either GAL-cdc28-E169myc or GAL-cdc28-A169myc
were grown to the exponential phase in raffinose medium at 24°C before they
were treated with nocodazole (15 wg/ml). After 2 h, one-half of the culture was
induced by addition of galactose (2%) for a further 2 h. Cells were harvested, and
extracts were prepared for kinase activity measurements.

Cell extracts, imnmunoprecipitations, and kinase assays. For determination of
Cdc28-CIb2 kinase, cells were harvested by centrifugation at 4°C and washed
with ice-cold stop mix (59). The pellet was resuspended in an appropriate
amount 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
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and cell debris were removed, and cell extracts were cleared by centrifugation for
15 min in a microcentrifuge. The resulting supernatant was used to assay mitotic
kinase activity. Immunoprecipitation with polyclonal antibodies against Clb2 and
kinase assays were performed as described by Surana et al. (58). For immuno-
precipitation with a c-myc monoclonal antibody (100 wg/ml; clone Ab-1 from
Oncogene Science), a 1:4 dilution was used and kinase assays were performed as
described above. Kinase activity was quantitated with a PhosphorImager (Mo-
lecular Dynamics).

For determination of Cdc28-Cln2-hemagglutinin (HA) kinase activity, cells
were harvested and treated as described above. A 4-pg sample of an anti-HA
mouse monoclonal antibody (clone 12CAS from Boehringer Mannheim) was
used to immunoprecipitate the Cdc28-Cln2-HA complex from a cell extract
containing 1 mg of total protein. Immunoprecipitations were performed as de-
scribed by Surana et al. (58) with the following modifications. After the immune
complexes were bound to protein A-Sepharose beads, they were washed a total
of eight times with lysis buffer and then twice with 25 mM morpholinepropane-
sulfonic acid (MOPS, pH 7). The composition of the reaction mixture was
modified as follows. A final volume of 100 pl was made by mixing 20 ul of 4 mg
of histone H1 per ml, 10 wl of 250 mM MOPS, 10 ul of [y->?P]ATP, and 60 pl
of sterile water. A 10-pl volume of this mixture was used for each kinase reaction.

For detection of Cdc28 protein in Cdc28-CIn2-HA and Cdc28-Clb2 com-
plexes, cells were harvested and treated as described by Tyers et al. (60). From
5 to 8 mg of protein was used for immunoprecipitation. The lysate was incubated
with a mouse anti-HA monoclonal antibody (clone 12CAS5; 0.4 pg/ml) at a 1:10
dilution on ice for 1 h and then incubated with protein A-Sepharose beads on a
rotatory wheel at 4°C for 1 to 2 h. The beads were collected by gentle centrifu-
gation and washed five times with buffer 3. The samples were run on 10%
acrylamide gels, blotted onto Hybond C-extra (Amersham), and probed with
polyclonal anti-Cdc28 antibodies. Western blot analysis was performed with an
Enhanced Chemical Luminescence kit (Amersham) in accordance with the man-
ufacturer’s instructions.

Genetic manipulations. All DNA manipulations were performed as described
by Sambrook et al. (50). Thr-169—Glu, Ala, and Ser mutations in the CDC28
sequence were generated by PCR amplification with PCR primers containing
specific mutations (a, b, and c, respectively, below). The top strand 5° CGTTA
GACTTAAGACCTGGCCAA 3’ (the Afll1 site is in boldface at ~478 bp) was used
in combination with the following bottom strands (mutated sites are underlined, and
the SstI site at ~933 bp is in boldface): a, 5 TACCTCCGGAGCTCTATACCAT
AGAGTAACAATTTCATGTTCGT 3'; b, 5 TACCTCCGGAGCTCTATAC
CATAGAGTAACAATTTCATG(A/G)GCGT; ¢, 5 TACCTCCGGAGCTCTAT
ACCATAGAGTAACAATTTCATG(A/G)GAGT. The 455-bp AflII-SstI PCR
fragments thus obtained were subcloned into the correspondingsites in the CDC28
sequence. The resulting mutated CDC28 alleles were isolated as 1.2-kb Asull-
Drall sequences and blunt end ligated to the GALI promoter in a URA3-
selectable CEN vector. The clones were sequenced in both orientations over the
PCR-amplified region to ensure the absence of other mutations.

For tagging of CDC28 mutant alleles (cdc28-A169 and cdc28-E169) with
TRP1, a 1.6-kb Xhol-Drall fragment containing the mutant allele was first cloned
into the Bluescript vector. By PCR, a BamHI site was introduced close to the
Bsgl site in the 3" untranslated region. The TRPI gene was cloned into this newly
created BamHI site. A 2.4-kb fragment containing the tagged mutant allele was
used to transform a wild-type diploid strain to obtain Trp™ transformants. The
heterozygous, Trp™ transformants (confirmed by Southern blotting) were sporu-
lated and dissected.

For tagging of CDC28 mutant alleles (cdc28-4169 and cdc28-E169 with a triple
c-myc epitope (GSSRGEQKLISEEDLNGEQKLISEEDLN
GEQKLISEEDLN), a 1.6-kb XholI-Drall fragment containing the mutant
allele was first cloned into a Bluescript vector. By PCR, a BamHI site was
introduced prior to the termination codon. The triple c-myc tag (BamHI frag-
ment) was cloned into the newly created BamHI site. The resulting tagged
mutant CDC28 alleles (cdc28-A169myc and cdc28-E169myc) were isolated as
1.3-kb Asull-Drall fragments and blunt end ligated to the GAL! promoter in a
URA3-selectable CEN vector. Both DNA strands of the PCR-amplified region
were sequenced to ensure the absence of other mutations.

Other techniques. Yeast transformation was done by the lithium acetate
method. Total RNA was isolated as described by Cross and Tinkelenberg (6),
and Northern (RNA) blot analyses were performed as described by Price et al.
(47). The method described by Nasmyth et al. (35) was used for immunofluo-
rescence 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 a
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 fluo-
rescence-activated cell sorter analysis.

RESULTS

Kinase activity of cdc28-E169 and cdc28-A169 alleles. The
threonine residue that occupies amino acid position 167 in
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p344¢? of S. pombe is conserved in many other CDKs (5).
Phosphorylation of this residue is essential for the activation of
cdc2-cyclin B kinase. An equivalent threonine is present at
position 169 in Cdc28. To study the role of Thr-169 dephos-
phorylation in exit from mitosis, we first replaced Thr-169 with
either glutamic acid (E) or alanine (A), which mimics either
the constitutively phosphorylated or dephosphorylated state,
respectively. To determine the mitotic kinase activity specifi-
cally associated with the mutant proteins, both alleles were
tagged with a triple c-myc epitope. The tagged mutant alleles,
driven by the GALI promoter on a centromeric (CEN) vector,
were introduced into a cdc28-4 mutant which is defective in
Start-related functions and exhibits low mitotic kinase activity,
even at the permissive temperature (24°C). Log-phase cells
growing at 24°C in raffinose medium (in which GAL1 is inac-
tive) were first arrested in mitosis with nocodazole treatment,
and then one-half of the culture was induced by addition of
galactose for 2 h. These cells, arrested prior to nuclear division,
are expected to have Cdc28 predominantly in the form of
mitotic kinase. The mutant Cdc28 mitotic kinase was immu-
noprecipitated from these cells by using either c-myc-specific
antibodies or anti-Clb2 antibodies, and the kinase activities of
the immunoprecipitates were measured. Whereas Cdc28-A169
showed little kinase activity in the immune complexes obtained
with c-myc antibodies, Cdc28-E19 exhibited two- to threefold
higher activity after 2 h of induction (Fig. 1A). A similar pat-
tern was observed when total mitotic kinase activity was deter-
mined by using anti-Clb2 antibodies; there was no change in
the kinase activity in cells expressing cdc28-4169 after 2 h of
induction, but expression of cdc28-E169 caused a three- to
fourfold increase (Fig. 1B). Thus, while replacement of Thr-
169 with alanine renders Cdc28 inactive as a kinase, Cdc28-
E169 retains its capacity to phosphorylate histone H1, suggest-
ing that phosphorylation of Thr-169 is required for the activity
of Cdc28-CIb2 kinase in S. cerevisiae. Although Cdc28-E169
exhibited kinase activity, it was a weak kinase in comparison
with wild-type Cdc28 (Fig. 1C), implying that glutamic acid is
a less-than-perfect substitution for a phosphorylated threo-
nine.

Suppression of the cdc28-1IN mutation by cdc28-E169. To
determine if the cdc28-E169 allele is mitotically active in vivo,
we tested its ability to suppress the cdc28-IN mutation.
cdc28-1IN mutant cells, although normal with respect to Start,
fail to progress through mitosis. When grown at the restrictive
temperature, they arrest with a large bud, duplicated DNA,
and an undivided nucleus with a short mitotic spindle (40, 59).
Although unable to undergo nuclear division, these cells ex-
hibit high H1 kinase activity at their arrest point (59). The
cdc28-A169, cdc28-5169, and cdc28-E169 alleles, driven either
by the GALI promoter or by their native promoter, were
introduced into c¢dc28-1N mutants, and the resulting transfor-
mants were plated at 37°C. The growth of these cells was
compared with that of the parental cdc28-IN strain. While
expression of the cdc28-S169 allele allowed the cdc28-IN mu-
tant to grow almost as well as wild-type cells, mutant cells
expressing Cdc28-A169 failed to grow at the restrictive tem-
perature (Fig. 2A and B). Unlike Cdc28-A169, expression of
the cdc28-E169 allele from its native promoter was able to
suppress the mitotic defect of the cdc28-IN mutant (Fig. 2B).
However, suppression of the cdc28-IN mutation by cdc28-
E169 was partial since these cells, although able to divide and
form colonies, were bigger and elongated. The extent of sup-
pression was increased when the same allele was overexpressed
from the GALI promoter but was still somewhat poor com-
pared with that achieved with the cdc28-5§169 allele (Fig. 2A).
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Nevertheless, these results suggest that the cdc28-E169 allele is
mitotically active in vivo.

Exit from mitosis is not affected by the cdc28-E169 allele. It
has been suggested that in both S. pombe and Xenopus egg
extracts, exit from mitosis requires not only cyclin B destruc-
tion but also dephosphorylation of Thr-167-Thr-161 (24, 29).
In S. pombe, the cdc2 protein, in which Thr-167 has been
replaced with glutamic acid (cdc2-E167), behaves as a domi-
nant mutation, such that cells expressing both wild-type cdc2
and cdc2-E167 accumulate as multinucleated and multiply sep-
tated cells (24). We were prompted to look more closely into
the role of Thr-169 dephosphorylation in exit from mitosis by
our observation that overexpression of cdc28-E169 in other-
wise wild-type budding yeast cells did not result in inhibition of
growth. Although the cells expressing the mutant allele dis-
played moderately slower growth, no dramatic effect on either
overall growth or cell morphology was detected.

We used the cdcl5 mutant to ascertain the effect of cdc28-
E169 on exit from mitosis. When grown at the restrictive tem-
perature, cdcl5 mutant cells arrest in late anaphase with a
large bud and an elongated spindle stretching between the
well-separated nuclei (48). The failure of this mutant to
progress beyond telophase and enter the subsequent division
cycle is presumably due to its inability to inactivate the mitotic
kinase. Upon return to the permissive temperature (25°C),
these cells synchronously exit mitosis by destroying the mitotic
cyclins (58). cdcl5 cells carrying either GAL-cdc28-E169 or
GAL-cdc28-A169 tagged with a c-myc epitope were allowed to
enter the stationary phase by growth on raffinose medium for
72 h and then released in medium with or without galactose at
the nonpermissive temperature. After they had uniformly ar-
rested in telophase, cells were returned to the permissive tem-
perature to resume the cell cycle progression in raffinose me-
dium. The disappearances of anaphase spindles, mitotic cyclin
Clb2, and the activity of mutant Cdc28 kinase in immunopre-
cipitates obtained by using anti-c-myc antibodies were simul-
taneously monitored as indicators of exit from mitosis. As
expected, cdcl5 cells harboring the cdc28-4169 allele showed
no kinase activity throughout the course of the experiment
since cdc28-A169 is an inactive allele and is not anticipated to
exhibit kinase activity (Fig. 3A). The anaphase spindles in
these cells disappeared at the same rate in both raffinose and
galactose media (Fig. 3A). In raffinose-grown cells, the level of
CIb2 began to fall 20 min after the release and continued to fall
until the cells were well into the next cycle (~80 min). The
pattern was similar in galactose-induced cells, except that the
disappearance of Clb2 was somewhat less dramatic. The ap-
pearance of the RNRI transcript, which normally occurs in late
G, (14), at 40 min indicated that the cells had entered the next
cycle (Fig. 3B).

The level of kinase activity in cells carrying GAL-cdc28-E169
was high in galactose medium at 0 min but began to drop as the
cells exited mitosis, reaching its minimum at 60 min (Fig. 4A).
The fact that Cdc28-E169 mutant kinase activity was destroyed
fairly normally suggests that dephosphorylation of Thr-169 is
not necessary for inactivation of Cdc28 kinase activity. Despite
the presence of Cdc28-E169, the rates of spindle dissolution,
disappearance of Clb2, and reappearance of the RNRI tran-
script in these cells (Fig. 4A and B) were similar, if not iden-
tical, to those observed for cells either not expressing Cdc28-
E169 because of growth in raffinose medium or expressing
cdc28-A169 (Fig. 3A and B). This is also true of the DNA
distribution profile (data not shown). However, like overex-
pression of Cdc28-A169, expression of cdc28-E169 also
seemed to slightly delay the disassembly of the anaphase spin-
dles (Fig. 4A and B). Nevertheless, neither dissolution of the
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FIG. 1. Mitotic kinase activity of mutant proteins cdc28-A169 and cdc28-E169. A cdc28-4 strain carrying either the CDC28-myc, the cdc28-A169myc or the
cdc28-E169myc allele under the control of the GALI promoter was grown to the exponential phase in YEP-raffinose medium at 25°C and treated with nocodazole (15
pg/ml). After 2 h, one-half of the culture was induced for a further 2 h by addition of galactose. Extracts were prepared, and the mitotic kinase was immunoprecipitated
with either anti-c-myc (A) or anti-Clb2 (B) antibodies. The activities of the wild-type and mutant Cdc28 kinases expressed from the GALI promoter and immuno-
precipitated with anti-c-myc antibodies are shown for comparison (C). Histone H1 was used as the substrate to measure kinase activity, which was quantitated with a

PhosphorImager (Molecular Dynamics).

mitotic spindles nor inactivation of mitotic kinase and re-entry
into the next cycle was prevented by constitutive phosphoryla-
tion of Thr-169 as mimicked by Cdc28-E169. While alternative
explanations exist, one interpretation of these results is that
dephosphorylation of residue Thr-169 of Cdc28 is not a pre-

requisite for the destruction of kinase activity and, hence, exit
from mitosis.

Both cdc28-4169 and cdc28-E169 alleles are Start inactive.
Since our experiments showed that cdc28-E169 can rescue the
mitosis-defective cdc28-1N mutant, we wondered whether this
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Galactose

FIG. 2. Suppression of the cdc28-1N mutation by the cdc28-5169, cdc28-A169, and cdc28-E169 alleles. A mitosis-defective cdc28-1N mutant was transformed with
the mutant alleles driven either by the GALI promoter (A) or by the native CDC28 promoter (B). The transformants were plated on glucose- or galactose-containing

plates prewarmed to 37°C. The plates were photographed after 2 days at 37°C.

allele can support progression through the entire cell cycle. To
test this, we replaced one of the two copies of the CDC28 gene
in a diploid strain with either the cdc28-4169 or the cdc28-
E169 allele. To monitor segregation during meiosis, the mu-
tant alleles were marked by inserting the TRP1I gene into the 3’
flanking region. The resulting heterozygous strains containing
one wild-type copy and one mutated copy of CDC28 were
sporulated, and the haploid progeny were analyzed by tetrad
dissection. In 14 asci dissected from a +/cdc28-E169 heterozy-

gous diploid, only two spores in each tetrad grew normally; the
other two failed to give rise to colonies (data not shown). As all
of the surviving segregants were unable to grow on plates
lacking tryptophan, we inferred that the nonviable segregants
harbored the TRPI-marked cdc28-E169 allele. Identical results
were obtained by dissection of the +/cdc28-4169 diploid. It
was difficult to ascertain the cell cycle stage at which the non-
viable segregants arrested, since microscopic examination re-
vealed that they had undergone two or three divisions. This
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FIG. 3. Kinetics of exit from mitosis in cdcl5 cells expressing cdc28-A169myc from the GALI promoter. Stationary-phase cells of the cdcl5 mutant carrying
GAL-cdc28-A169myc were released into medium containing either raffinose or raffinose-galactose at 37°C. When >80% of the cells had arrested in late anaphase, they
were filtered and allowed to resume cell cycle progression by resuspension in raffinose medium at 24°C. Samples were collected at 20-min intervals and analyzed. (A)
Cdc28-A169myc kinase activity; amounts of Clb2, Cdc28, and Cdc28-A169myc proteins; and percentage of cells with late-anaphase spindles (graph). (B) RNRI
transcript measured by Northern blotting in the same samples. A 30-ug sample of total RNA was loaded per well. Both kinase activity and the RNRI transcript were

quantitated with a PhosphorImager (Molecular Dynamics).

might have been due to the residual wild-type Cdc28 protein
inherited from the heterozygous diploid parent. Nevertheless,
these results show that neither of the mutant alleles can sup-
port progression through the entire cell cycle.

We further tested the ability of the cdc28-4169 and cdc28-
E169 alleles to complement the Start-defective cdc28-4 mu-
tant. The mutant alleles, either under the control of the GALI
promoter or driven by the CDC28 promoter, were introduced
into cdc28-4 mutant cells, and the transformants were plated at
37°C. As shown in Fig. 5, while cells carrying the cdc28-5169
allele grew normally at 37°C, both c¢dc28-4169 and cdc28-E169,
irrespective of the promoter they were expressed from, were
unable to complement the cdc28-4 mutant. Microscopic exam-
ination showed that these cells had arrested as unbudded cells,
suggesting that mutant alleles cdc28-4169 and cdc28-E169 are
defective in performing Start-related functions.

To determine whether the failure of mutant alleles to com-
plement the cdc28-4 mutant is due to their inability to form
active G, kinase, a cdc28-4 mutant carrying the CLN2 gene
tagged with an HA epitope was transformed with either wild-
type CDC28, cdc28-E169, or cdc28-A169 driven either by the
native CDC28 promoter or the GALI promoter. The transfor-
mants were grown at either 24 or 37°C, and the Cln2-associ-
ated G, kinase was immunoprecipitated by using antibodies to
the HA epitope. The kinase activity of the immunoprecipitates
was measured by using histone H1 as the substrate. As ex-

pected, cells carrying the CDC28 wild-type gene and cdc28-
$169 continued to grow and showed G, kinase activity at both
temperatures, although the level of the activity was low at 37°C
(Fig. 6A). Cells expressing the cdc28-E169 and cdc28-A169
alleles, on the other hand, arrested as unbudded G, cells at
37°C; fluorescence-activated cell sorter analysis showed that
these cells had 1IN DNA content (data not shown). Consistent
with their arrest phenotype, the level of Cln2-associated G,
kinase activity in these cells was very low. Cells overexpressing
mutant alleles from the GALI promoter also arrested in G,
and showed very low levels of G, kinase activity (Fig. 6B).
Taken together, these results strongly suggest that both the
cdc28-E169 and cdc28-A169 alleles are defective in Start-re-
lated functions. It is surprising that both substitutions that
mimic either the dephosphorylated or the phosphorylated
form of Thr-169 are Start inactive. It is possible that threonine,
in the unmodified form, at position 169 is important for Start
execution. The fact that cdc28-S169 complements the cdc28-4
mutant well indicates that serine can serve the same function
as threonine in the activation of G, kinase.

Cdc28-E169 is defective in its interaction with G, cyclin
Cln2. It is puzzling that Cdc28-E169 exhibits detectable G,
kinase activity but a very low level of G, kinase activity. One
reason for this atypical characteristic may be that phosphory-
lation of Thr-169 (i.e., replacement of Thr-169 with glutamic
acid in the present context) affects the interaction of Cdc28
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FIG. 4. Kinetics of exit from mitosis by cdcl5 cells expressing cdc28-E169myc from the GALI promoter. cdcl5 mutant cells carrying GAL-cdc28-E169myc were
grown and analyzed as described in the legend to Fig. 3. (A) Cdc28-E169myc kinase activity (upper graph); amounts of the CIb2, Cdc28, and Cdc28-E169myc proteins;
and percentage of cells with late-anaphase spindles (lower graph). (B) RNRI transcript measured by Northern blotting in the same samples.

with G, cyclins but not with mitotic cyclins. To test this possi-
bility, a single-copy vector carrying either GAL-CDC28, GAL-
cdc28-E169, or GAL-cdc28-A169 was introduced into a
cdc28-4 strain expressing HA-tagged CIn2. Cell extracts were
prepared from strains grown in raffinose or galactose medium
at 24°C, and Cdc28-CIn2-HA and Cdc28-CIb2 kinase com-
plexes were immunoprecipitated by using anti-HA and anti-
CIb2 antibodies, respectively. To determine whether Cdc28,
Cdc28-E169, or Cdc28-A169 had coprecipitated with the G, or
G, cyclins, components of the immunoprecipitates were sepa-
rated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and probed with anti-Cdc28 antibodies. Very little
Cdc28 is detected in the G, or mitotic kinase complexes iso-
lated from cells grown in raffinose, suggesting that Cdc28-4
protein is defective in binding to both Cln2 and CIb2 cyclins
(Fig. 7, raffinose lanes). While substantial Cdc28 was detected
in the G, kinase complex isolated from cells expressing wild-

type Cdc28 (Fig. 7, top and middle), little was detected in the
immunoprecipitates from cells expressing Cdc28-E169 (Fig. 7,
top panel). However, in the G, kinase complexes obtained by
using anti-Clb2 antibodies, Cdc28 was coprecipitated from
cells expressing either Cdc28-E169 or wild-type Cdc28 (Fig. 7,
bottom). These data suggest that Cdc28-E169 is grossly defec-
tive in its interaction with Cln2 but not in its interaction with
mitotic cyclin CIb2. This is consistent with the observation that
Cdc28-E169 showed moderate mitotic kinase activity but no
Cln2-associated G; kinase activity. The fact that Cdc28-A169
mutant kinase can bind ClIn2 is also consistent with the notion
that Thr-169 phosphorylation may interfere with the binding of
Cdc28 to CIn2 (Fig. 7, middle). The ability of Cdc28-A169 to
bind CIb2 (Fig. 7, bottom) is unexpected, since phosphoryla-
tion of T-loop threonine is proposed to be necessary for the
association of CDKs with cyclins A and B (32, 43). Although
able to interact with CIb2 and Cln2, this mutant kinase fails to
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FIG. 5. Suppression of the cdc28-4 mutation by the cdc28-5169, cdc28-A169, and cdc28-E169 alleles. A Start-defective cdc28-4 mutant was transformed with the
mutant alleles driven either by the GALI (A) or by the native CDC28 (B) promoter. The transformants were plated on glucose- or galactose-containing plates

prewarmed to 37°C. The plates were photographed after 2 days at 37°C.

exhibit any kinase activity (Fig. 1 and 6), implying that in
addition to the physical association of Cdc28 with G, or mitotic
cyclins, the appropriate state of the threonine residue at posi-
tion 169 is critical for the kinase activity.

DISCUSSION

The monomeric form of cdc2, the prototype of CDKs, is
inactive as a protein kinase. Its activation requires cyclin bind-

ing, which is then stabilized by phosphorylation of Thr-167 by
CAK (9, 42). In the budding yeast S. cerevisiae, the role of
Thr-169 phosphorylation in the activation or inactivation of
Cdc28-Clb kinase has not been extensively examined. In one
study, it was shown that Cdc28 is phosphorylated on Thr-169 as
cells progress through the cell cycle but this phosphorylation is
not dependent on the activity of Kin28, a putative homolog of
the mammalian CAK (4). Since this residue in the T loop is
highly conserved, it has been generally assumed that Thr-169
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cdc28-E169, or cdc28-S169 allele. (A) cdc28-4 mutant expressing Cln2-HA trans-
formed with cdc28 mutant alleles driven by the native CDC28 promoter. The
cells were grown in YEP medium plus glucose (YEPD) at 25°C until the log
phase. One-half of the culture was then transferred to 37°C for 3 h, after which
cells were harvested for preparation of cell extracts. The Cdc28-CIn2-HA com-
plex was immunoprecipitated with anti-HA antibodies. Kinase assays were per-
formed as described in Materials and Methods. (B) cdc28-4 mutant expressing
CIn2-HA transformed with cdc28 mutant alleles driven by the GALI promoter.
The cells were grown in raffinose or galactose medium at 25°C until the log
phase. The cultures were then transferred to 37°C for 3 h, after which the cells
were harvested for preparation of cell extracts. Immunoprecipitation of the
Cdc28-CIn2-HA complex and kinase assays were performed as described in
Materials and Methods. The extracts from cells carrying the wild-type CDC28
gene under the control of either the native or the GALI promoter were used as
the positive control.
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phosphorylation serves the same function in Cdc28 as that
served by Thr-167 in cdc2 kinase. In this study, we investigated
the effect of replacing Thr-169 with either alanine or glutamic
acid on Cdc28 activity and exit from mitosis. Our data show
that replacing Thr-169 with alanine renders Cdc28 completely
inactive, since the cdc28-4169 allele neither exhibits histone
H1 kinase activity nor can it complement the cdc28-4 and
cdc28-1IN mutants at the nonpermissive temperature (Fig. 1, 2,
and 5). The cdc28-E169 allele, on the other hand, shows his-
tone H1 kinase activity and is capable of complementing a
mitosis-defective ¢dc28-IN mutant (Fig. 1, 2, and 5). Consis-
tent with the findings on S. pombe, these results imply that
Thr-169 phosphorylation is important for the mitotic activity of
Cdc28. It should be pointed out that although the cdc28-E169
allele complements the cdc28-IN mutant, it does so rather
poorly, suggesting that glutamic acid is not a perfect substitute
for a phosphorylated threonine.

While activation of cdc2 by cyclin binding and Thr-167 phos-
phorylation promotes cell entry into and progression through
the M phase, its inactivation is a prerequisite for exit from
mitosis. One way cells inactivate mitotic kinase at the end of
mitosis is by inducing rapid proteolytic destruction of cyclins
associated with cdc2 (11, 18, 21, 26, 33). Studies on S. pombe
and Xenopus egg extracts raised the possibility that in addition
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FIG. 7. Coimmunoprecipitation (IP) of Cdc28, Cdc28-E169, and Cdc28-
A169 with CIn2-HA and CIb2 cyclins. cdc28-4 cells expressing CLN2-HA and
carrying either GAL-CDC28, GAL-cdc28-E169, or GAL-cdc28-A169 were grown
in raffinose (Raff) medium at 25°C until the log phase. One-half of the culture
was then induced for 4 h by addition of galactose (Gal) (2%), and cell extracts
were prepared. G, and mitotic kinase complexes were immunoprecipitated by
using anti-HA (top and middle) and anti-Clb2 (bottom) antibodies (Ab), respec-
tively. The immunoprecipitates were resolved by sodium dodecyl sulfate-poly-
acrylamide gel electrophoresis. The separated proteins were transferred to a
nitrocellulose membrane and probed with anti-Cdc28 antibodies. The bands
corresponding to Cdc28 are shown.

to cyclin degradation, dephosphorylation of Thr-167-Thr-161
may also be required for exit from mitosis (24, 29). For S.
pombe, this conclusion was based on two separate observa-
tions: (i) that cdc2 undergoes Thr-167 dephosphorylation as
cells progress through mitosis and (ii) that expression of the
cdc2-E167 allele, which mimics the cdc2 protein constitutively
phosphorylated on the Thr-167 residue, leads to elongated,
multiseptated, and multinucleated cells which eventually arrest
with short spindles. Fission yeast cells expressing the human
cdc2-E161 allele also formed multiple septa (12). The chromo-
somes segregated abnormally and remained condensed in
these cells. In X. laevis, it was demonstrated that cdc2 under-
goes Thr-161 dephosphorylation following cyclin degradation.
It was also shown that prevention of dephosphorylation by
inhibition of type 1 and 2A phosphatases did not prevent cyclin
destruction but interfered with the inactivation of maturation-
promoting factor (29). The notion that both cyclin destruction
and dephosphorylation of Thr-167-Thr-161 are required for
exit from mitosis seems logical, as reversing the activation steps
would be an effective way to inactivate the mitotic kinase.
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However, in this report, we describe experiments which
show that budding yeast cells expressing the cdc28-E169 allele
inactivate mitotic kinase, exit mitosis, and re-enter the subse-
quent cycle normally. cdc28-E169, although mitotically active,
is deficient in Start-related functions, such as formation of G,
kinase and bud emergence. The fact that the Cdc28-E169 ki-
nase can be inactivated fairly normally suggests that dephos-
phorylation of Thr-169 is not a prerequisite for the destruction
of mitotic kinase activity. In light of the studies on S. pombe
and Xenopus egg extracts, our observation that the inability to
dephosphorylate Thr-169 does not interfere with exit from
mitosis in S. cerevisiae is intriguing. One explanation for this
discrepancy could be that while major mitotic controls are well
conserved in various organisms, S. cerevisiae may differ in some
aspects. Such differences are exemplified by the behavior of the
constitutively active cdc28-F19 allele which, unlike in S. pombe,
does not lead to premature mitosis in S. cerevisiae (1, 57).

On the other hand, this apparent disparity may stem from
the criteria we used to monitor exit from mitosis. Since S.
cerevisiae cells can proceed to a new division cycle prior to the
completion of cytokinesis (48), we used the kinetics of Clb2
degradation, loss of Cdc28-Clb2 kinase activity, and disappear-
ance of anaphase spindles as indicators of exit from mitosis.
Reappearance of the RNRI transcript was taken to indicate
entry into the subsequent cycle. The multinucleated phenotype
of S. pombe cells expressing cdc2-E167 (24) suggests that these
cells had undergone multiple cell cycle rounds without cytoki-
nesis. The presence of short spindles when these cells finally
arrested is suggestive of a defect prior to nuclear division.
Thus, the multinucleated phenotype caused by the expression
of cdc2-E167 in S. pombe could be interpreted as being due not
to the failure of cells to exit mitosis per se and re-enter the next
cycle but to their inability to complete some aspects of nuclear
division and cytokinesis.

Expression of mutant cdc28 alleles in S. cerevisiae does seem
to affect the rate of cyclin destruction, since the Clb2 destruc-
tion in cells expressing these alleles was somewhat less dra-
matic (Fig. 3A and 4A, compare galactose and raffinose sam-
ples). It is not clear what aspect of cyclin destruction is affected
by the mutant proteins. However, this moderate extent of Clb2
degradation appears to be sufficient to inactivate the mitotic
kinase, permitting cells to exit mitosis, although the activity of
other players, such as the CDK inhibitor Sicl, which is known
to act at this stage, may also contribute (8). Overexpression of
the mutant alleles also caused a delay in the maximum expres-
sion of RNR!I (Fig. 3B and 4B), suggesting that the mutant
kinase interferes in some way with the Start activity of wild-
type Cdc28.

Both S. pombe and Xenopus studies show that Thr-167-Thr-
161 is dephosphorylated either during or at the end of mitosis
(23, 29). Given the extensive similarity in the modes of cdc2
and Cdc28 regulation, it is not unreasonable to expect that
similar changes in phosphorylation of Thr-169 of Cdc28 occur
during the cell cycle. If Thr-167-Thr-161 dephosphorylation is
not required for exit from mitosis, as our results imply, then
what purpose does it serve? One possibility is that the associ-
ation of Cdc28 with G, cyclins after the completion of mitosis
requires dephosphorylation of Thr-167-Thr-161. We found
that the cdc28-E169 allele, although mitotically active, failed to
complement the Start-defective cdc28-4 mutant. cdc28-4 cells
expressing cdc28-E169 arrested as unbudded G, cells and ex-
hibited very low Cln2-associated G, kinase activity (Fig. 6).
Furthermore, our coimmunoprecipitation experiments suggest
that Cdc28-E169, although normal with respect to its interac-
tion with CIb2, is defective in its association with CIn2 (Fig. 7).
These findings imply that Cdc28 phosphorylated at Thr-169
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may be Start incompetent because of its failure to interact
effectively with G, cyclins. The Start inactivity of this allele
indicates that phosphorylation of Thr-169, while necessary for
mitotic kinase activity, may interfere with the formation of an
active Cdc28-Cln complex. Given that cyclins A and B are
more similar to each other than to G, cyclins (27), it is possible
that the nature of the interactions that lead to CDK activation
by G, cyclins is different from that suggested by the structure
of the CDK2-cyclin A complex (or predicted for the cdc2-
cyclin B complex) (29, 45).

Thus, the purpose of the Thr-169 dephosphorylation that
occurs upon completion of the cell cycle may be to convert
Cdc28 from a mitotically active form to a Start-efficient form.
If this is true, then G, cyclin-associated cdc2-Cdc28 must re-
main unphosphorylated on Thr-167-Thr-169, unlike the mi-
totic form. This prediction has not been tested. It had been
shown that KAP (also called Cdil), a Cdk-associated phos-
phatase, can dephosphorylate Thr-160 in monomeric Cdk2
(44). It is conceivable that a similar phosphatase could dephos-
phorylate cdc2-Cdc28 Thr-169 following Clb2 proteolysis, pre-
venting any formation of an active mitotic kinase complex until
after cells have traversed Start. Although there is some evi-
dence that Thr-160 phosphorylation on Cdk?2 increases during
the S and G, phases (25), the state of threonine phosphoryla-
tion in G,-S kinase is not known. It is also unknown if CAK is
necessary for activation of G,-S kinase. Only detailed analysis
of the CDK-G, cyclin complex will provide insight into the role
dephosphorylation of the T-loop threonine plays after cells
have exited mitosis.
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