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Control of the yeast cell cycle
by the Cdc28 protein kinase

Kim Nasmyth

Research Institute of Molecular Pathology, Vienna, Austria

It is becoming increasingly apparent that the diverse functions of Cdc28
during the yeast cell cycle are performed by forms of the kinase that are
distinguished by their cyclin subunits. Entry into the cell cycle at START
involves the CIn cyclins. S phase needs Clb5 or Clb6 B-type cyclins. Bipolar
mitotic spindle formation involves Clb1—4 B-type cyclins. Much of the
order and timing of the cell cycle events may involve the progressive
activation of Cdc28 kinase activities associated with different cyclins,
whose periodicity during the cycle is determined by both transcriptional
and post-transcriptional controls.
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Introduction

The notion that a master regulator might orchestrate cell
cycle progression stems primatrily from cell fusion studies
showing that the cytoplasm of M phase cells can cause
nuclei from other stages to enter mitosis prematurely [1].
Biochemical and genetic searches for this regulator con-
verged about 4 years ago with the discovery that an ac-
tivity called maturation-promoting factor capable of caus-
ing frog extracts to enter M phase [2] was composed of a
34 kDa kinase. The homologues of this kinase, Cdc28 and
cdc2, from two distant yeasts (Saccharomyces cerevisiae
and Schizosaccharomyces pombe, respectively) had previ-
ously been shown through genetic analysis [3,4] to have
key roles in regulating cell division. It has since become
clear that many, if not all, eukaryotic cells contain multiple
forms of this kinase, some concerned with commitment
to the cell cycle, others with S phase, and yet others
with various aspects of mitosis. It is now thought that
the sequential appearance of these different forms could
determine the order of many key cell cycle events. This
review discusses our current understanding of the func-
tions and regulation of the Cdc28 kinase in the budding
yeast S. cerevisiae, for it is here that the notion of multiple
kinase forms was born.

The Saccharomyces cerevisiae cell cycle

S. cerevisiae cells divide by budding to produce progeny
that differ in several respects. The mother cell is usually
larger than the daughter cell derived from the bud be-
cause the time between emergence of the bud and its
abcission from the mother cell is less than the mass-

doubling time [5]. It has been suggested that the asym-
metrical mode of division of S. cerevisiae is atypical and
this could cause its cell cycle controls to be exceptional
[6]. In fact, many if not most, eukaryotic cells produce
non-identical progeny. This property is just particularly
obvious in budding yeast.

The fate of newly born G; cells depends on their envi-
ronment, their life cycle stage and their history. In the
absence of nutrients, cells remain in G; and enter a
quiescent state, during which protein synthesis is much
reduced, cells have stores of glycogen, and acquire tol-
erance to heat shock [7]. The failure to enter a new cell
cycle and the acquisition of heat tolerance are probably
independent responses to the lack of nutrients because
slow growing G, cells acquire similar levels of thermo-
tolerance as slowly growing or stationary phase G; cells;
that is, arrest in G is not necessary for entry into a stress-
resistant state (B Futcher, personal communication). In
the presence of nutrients, G; cells enter S phase only after
a period of growth, whose duration depends on cell size
at birth and is longer in daughter than in mother cells
[5].

During the early G; growth phase, haploid cells remain
capable of conjugation, which is initiated by pheromones
secreted by cells of opposite mating type. The mating
pheromones not only induce genes involved in con-
jugation but also prevent cells entering S phase, with
the result that mating partners arrest each other in Gy
[8]. Shortly before S phase, haploid cells become refrac-
tory to cell cycle arrest caused by pheromone and no
longer require nutrients for completion of the cell cycle.
This point, which is called START, divides G, into an early
phase during which cells keep open several developmen-
tal fates, and a late phase in which cells are committed
to completing the mitotic cell cycle [9]. The concept of
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START can also be applied to diploid cells, where it is
defined as the point in G; before which cells can begin
meiosis and after which cells are committed to a further
mitotic division. Size homeostasis is maintained by the re-
quirement that cells achieve a minimum size before they
can undergo START.

Preparations for all aspects of the cell division process
occur soon after cells undergo START (Fig. 1): cells en-
ter S phase, they duplicate their spindle pole bodies, the
first step to forming a mitotic spindle [10], and lay down
proteins required for cytokinesis in the vicinity of the fu-
ture bud site [11]. The behaviour of mutants shows that
these three events are independent of each other. The
cdc4, cdc7, cdc34 and cdc53 mutants cannot enter S
phase but they bud and duplicate their spindle pole
bodies normally [9,12], whereas cdc31 and cdc24 mu-
tants are specifically defective in spindle pole duplication
[13] and localization of proteins to the prospective bud
site [14], respectively.

Defining entry into G, and M phases in S. cerevisiae has
been a matter of some debate. It has been argued that
S, G, and M phases overlap [6]. The early duplication
of spindle pole bodies may be widespread in fungi [15]
and is analogous to the duplication of the centrioles dur-
ing S phase. It is therefore not a suitable criterion for

determining whether a cell has entered M phase. Dupli-
cated spindle pole bodies remain closely attached to each
other for a large fraction (>25%) of the cell cycle and
their separation to opposite poles of the nucleus and the
formation bi-polar spindles does not occur until well af-
ter the completion of S phase, though significantly before
nuclear division [10]. Thus, discrete S, G, and M phases
clearly exist. What is less clear is whether the appearance
of a nuclear spindle apparatus should be considered the
beginning of M phase. Until recently, there has been no
other criterion because the nuclear membrane does not
break down (as in all fungi) and chromosome condensa-
tion could not be detected. However, recent observations
using i1 situ hybridization (FISH) suggest that riboso-
mal DNA is condensed approximately threefold in cells
treated with nocodazole compared to mutants that fail
to complete S phase but nevertheless form bipolar spin-
dles (V Guacci, E Hogan, D Koshland, personal commu-
nication). M phase might therefore be best considered to
begin only when cells have formed bipolar spindles and
condensed their chromosomes. Cells that have formed
bipolar spindles but have not yet condensed their chro-
mosomes could be considered to be in a prophase-like
state. In contrast, anaphase is relatively easy to detect. Af-
ter certain gyrations in the neck between mother cell and
bud [16], the DNA mass can be seen splitting into two
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Fig. 1. The abundance of cyclin transcripts and their functions during the cell cycle of S. cerevisiae. SPBD, spindle pole body duplication;
SPBS, spindle pole body separation (i.e. the formation of bipolar spindies).
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as the spindle pole bodies move further apart and the
nucleus becomes extended, a movement that would cor-
respond to anaphase B. Whether anaphase A precedes
this event is still unclear but this issue should be resolv-
able using FISH.

It is difficult to establish the phenotype of mutant cells
without knowing their precise history. Cell cycle stud-
ies are therefore best performed using synchronous cul-
tures. Three methods are particularly good for inducing
synchrony: release from G; arrest induced by pheromone
[17]; release from a late anaphase block imposed by a
temperature-sensitive cdcl5 mutation [18]; and the ma-
nipulation of G; cyclin levels by their expression from
the GALI-10 promoter [19+¢] All these methods are,
however, prone to artefacts and results are best con-
firmed using cultures obtained by centrifugal elutriation.
Pure populations of G, daughter cells can be obtained by
elutriation as long as the cells are grown using subopti-
mal carbon sources (such as raffinose). Such cultures are
particularly useful for comparing early and late G, events,
but only a limited number of cells can be obtained.

The Cdc28 protein kinase

Fortune favoured yeast geneticists in their discovery of
Cdc28. Of the forty or so cell cycle genes identified on the
basis of mutant cells arresting uniformly at particular cell
cycle stages, cdc28 mutants were considered exceptional
because they were the only ones defective in START de-
spite normal rates of protein and RNA synthesis [20]. Itis
now recognized that CDC28 has multiple roles during the
cell cycle {21,22,23¢+], and there is still no good expla-
nation why most alleles arrest uniformly in Gy; mutants
that arrested throughout the cell cycle would have been
ignored! Furthermore, other genes required for START
have since been discovered (e.g. CDC37 and SIT4). If
they had been found at the same time as CDC28 there
would have been little reason to concentrate on the lat-
ter. Better evidence for an important regulatory role had
meanwhile emerged for the cdc2 gene from the distantly
related fission yeast S. pombe, in which there were alleles
that advanced the timing of mitosis [24]. The discovery
that cdc2 and CDC28 can complement each other and
that they encode homologous protein kinases was there-
fore of fundamental importance in bringing together two
different schools of cell cycle genetics [25-27].

Cyclins

Insight into how the Cdc2/Cdc28 protein kinase could
be involved in such diverse functions as DNA replica-
_ tion and mitosis had to await the discovery that its animal
homologue was an essential component of the previously
known growth-related histone H1 kinase and of an activ-
ity (known as maturation-promoting factor) from Xeno
Dus eggs capable of inducing iz vitro metaphase arrest
(reviewed in [28]). Cdc2, Cdc28 and their animal coun-

terparts are only active as kinases when complexed with
a class of proteins called cyclins, which were initially
discovered by virtue of oscillations in their abundance
during sea urchin cleavage divisions [29]. Studies with
Xenopus extracts suggested that entry into metaphase
was triggered by the appearance of kinase activity as-
sociated with B-type cyclins and that its destruction by
proteolysis of the unstable cyclin subunit might initiate
anaphase [30].

A very different type of cyclin, now called Cln3, was soon
afterwards discovered in S. cerevisae. Mutations that sta-
bilize CIn3 allow cells to undergo START at an abnormally
small size [31] or in the presence of pheromone [32].
This led to the hypothesis that the G; and G, functions
of Cdc2/Cdc28 are executed by forms of the kinase that
differ according to the type of cyclin subunit associated
with the kinase subunit; Cln and B-type cyclin associated
kinases were postulated to be active at START and mi-
tosis, respectively. At the time, this hypothesis suffered
from two major flaws: first, unlike mutations in CDC28,
deletion of CLN3 merely delays START; second, no B-type
cyclins had been detected in S. cerevisiae. Indeed, it was
argued that mitosis in S. cerevisiae was abnormal in that
it was initiated at START and might therefore use only
abnormal (Cln) cyclins.

Both problems have since been solved by the discovery
of many more cyclin genes in S. cerevisiae (Fig, 2). One
family, composed of CIN1, CIN2 and CLN3 is essential
for START [33], another, composed of B-type cyclins
encoded by CLBI1, CLB2, CLB3 and CLB4, is necessary
for the formation and function of the mitotic apparatus
[23+%34%35%]. CLB5 and CLBG6, which encode an-
other pair of B-type cyclins, are important for S phase
(E Schwob, personal communication) [36*] and two
distant members of the family expressed in Gy, HCS26
[37¢¢] and ORFED (open reading frame D) [38], have
no known function. The rest of this review will con-
sider whether these cyclins are indeed activators of the
Cdc28 kinase, whether the kinase activity associated with
them is cell cycle dependent and if so how it is regulated,
and finally what are the consequences for a yeast cell of
changes in particular forms of Cdc28 kinase activity.

G, cyclins and START

CLN1 and CLNZ2 were isolated due to their rescue of
a cdc28 mutant when overexpressed [39]. They en-
code closely related proteins (58 % identity) that are
only distantly related to CIn3 (23 % identity). All three
Cln proteins are very different from the B-type cyclin
family involved in the control of mitosis (only 16-21 %
identity). None of the three CLN genes are essential for
cell division. Furthermore, all double mutants are viable,
although their cell size is greatly increased. However,
deletion of all three genes is lethal and causes cells to
arrest as unbudded G; cells [33] capable of conjugation
[40]. At least one of the three CLN genes is therefore
necessary for START.
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Fig. 2. A family tree of (complete) cyclin protein sequences from
S. cerevisiae and S. pombe. The tree was constructed using the
Wisconsin PILEUP program. *S. pombe cyclins.

Immunoprecipitates of each Cln protein contain a
CDC28dependent histone H1 kinase activity, which
is much stronger for Clnl and Cln2 than for Cln3
[41,42¢%43]; this difference may be significant given their
very different protein sequences. These data do not yet
prove that the essential function of Cln proteins is to ac-
tivate Cdc28, although they are certainly consistent with
the notion. The Cdc28 kinase activity associated with Cln1
and CIn2 is tightly cell cycle regulated [43]; it is absent in
cells arrested in G; by pheromone, but reappears soon
after release, peaks in abundance as cells undergo START
and declines as cells enter G,. The abundance of Cln1l
and CIn2 proteins and transcripts has a similar pattern
[41], which might therefore be determined by transcrip-
tional control. In contrast, there is litde or no cell cycle
variation in the level of Cln3 transcripts, protein, or as-
sociated Cdc28 kinase activity {43]. Expression of CIN2
from the GALI-10 promoter reduces the length of G;
(E Schwob, personal communication), suggesting that

the onset of CLNI and CLN2 transcription (as seen in
wild type cells) may trigger START.

Regulators of CINT and CIN2 transcription

Two transcription factors called Swi4/6-binding factor
(SBF) and Mlul-binding factor (MBF; DSC1) have been
implicated in late G;-specific transcription (reviewed in
[44]). They have a common regulatory subunit encoded
by SWIG [45,46°°—48++] but contain different site-spe-
cific DNA-binding subunits: Swi4 for SBF [49,50°¢] and
a 120kDa protein whose gene has not yet been char-
acterized for MBF [46°¢]. The known binding sites for
SBF and MBF, swi4/6 cell cycle boxes (SCBs) and Mlul
cell cycle boxes (MCBs), respectively, look different, but
both proteins can bind at least weakly to each other’s
site [46**]. Both types of binding site are sufficient to
confer late Gq-specific transcription on reporter genes
and in some cases have been shown to be necessary
for the transcription of genes whose promoters con-
tain them [51,52¢]. Current evidence suggests that SBF,
at least, has an important role in activating CLNI and
CLNZ2. Transcripts from both genes are nearly 10-fold less
abundant in swi4 mutants [37+,53¢¢,54], which prevents
either gene from fulfilling its function. A role for MBF
cannot yet be excluded because there are no mutants de-
fective only for this factor, swi6 mutants being defective
for both [46%¢,47¢¢55]. In certain genetic backgrounds,
the lack of SBF function causes a lethality that is rescuable
by CLN2 expression from a foreign promoter [53¢¢] or
by increased CLNZ2 gene dosage [37¢*]. Mutants lacking
SBF can also be rescued by increased gene dosage of
the HCS26 gene [37+°], which encodes vet another type
of cyclin (with approximately 25 % identity to Cln and
B-type cyclins). Like CLNI and CLN2, HCS26 expression
occurs as cells undergo START (A Amon, personal com-
munication) and depends on SBF, but it is not yet known
whether it is an activator of Cdc28 or whether it has a role
at START. ORFD [38] encodes a similar type of cyclin
(T Hunt, personal communication) that may be similarly
regulated [43].

A positive feedback loop

CLN1, CLN2 and HCS26 transcripts are absent through-
out the early Gy growth phase of daughter cells, but ap-
pear suddenly as cells undergo START (E Schwob, per-
sonal communication) [18,56¢]. Insight into the abrupt-
ness of their activation came from the discovery that it de-
pends on an active Cdc28 kinase [19+* 56°¢], suggesting
that a positive feedback loop may be involved. It has been
proposed that Cln/Cdc28 kinase activates SBF, which in
turn activates CLN1/2 transcription, thereby closing the
loop by further activating Cdc28 [37+*,53°*]. As pre-
dicted by this hypothesis, CINT and CLNZ2 activation is
stimulated by Gy cyclin activity [19+¢,56°¢]. However, the
importance of the positive feedback loop in the activa-
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tion of CLN7 and CLNZ in normal cells has not yet been
established.

It is still not known how SBF is activated by Cdc28. A po-
tential mechanism is the activation of SWI4 transcription,
which is also maximal in late G, [57°¢]. However, SBF
appears to be quite stable [48¢¢] and transcriptional ac-
tivation of SW14 is unlikely to cause more than a twofold
increase in its concentration. Furthermore, genes regu-
lated by SBF can be at least partly activated by Cdc28 in
the absence of protein synthesis [58¢¢]. It is therefore
likely that Cdc28 causes a post-translational modification
of SBF. There is a change in the electrophoretic mobility
of SBF-DNA complexes as cells undergo START, but it
is not known whether this is due to the arrival a new
protein (e.g. a cyclin) or due to phosphorylation of Swi4
or Swi6 by Cdc28 [48e].

A positive feedback loop may help explain the appar-
ent irreversibility of START. It is to be expected that the
SBF/G; cyclin regulatory circuit would have only two sta-
ble states: one with low kinase and a second with high
kinase. The transition from the low to the high kinase
state may be the biochemical basis to START. Repres-
sion of CLN1 and CLNZ as cells enter G, depends on
the mitotic cyclins Clb1—4 (A Amon, personal communi-
cation),

Other genes required for START

Mutations in many genes cause yeast cells to arrest in Gy.
In most cases, however, arrest can be explained as a sec-
ondary effect due to defective protein synthesis. For ex-
ample, protein synthesis is greatly reduced in cdc25 and
cdc35 mutants, which are defective in cAMP production
(reviewed in ref [7]), whereas transcription from many
POLII genes is defective in cdc68 mutants [59]. There are
in fact surprisingly few mutants whose G, arrest resem-
bles that of cdc28 or triple c¢/n mutants, which continue
to grow rapidly in the absence of cell division. Of these,
the best characterized are cdc37 [60] and sit4 mutants
[61]. The function of CDC37 is unknown and SIT4 en-
codes a phosphatase. Loss of SI74 function is only lethal
in cells mutated in a second gene called SSD1 (or SRK1),
which is homologous to the dis3 gene in S. pombe and
could encode a phosphatase regulatory subunit. The sit4
ssd1 double mutants normally arrest as unbudded cells in
Gy, but expression of CLNZ from a foreign promoter al-
lows them to undergo S phase, although they still cannot
bud [62*]. This suggests that Sit4 may have a role not
only in activating G, cyclins (possibly via Swi4) but also
in bud formation. It is interesting that both phosphatases
and kinases are needed for START. Might the Sit4 phos-
phatase be required to prepare substrates for activation
by the Cdc28 kinase?

Size control

START only occurs when cells reach a critical cell size
[9]. Such a property ensures the coordination between
cell division and growth, but how it is achieved is not
yet understood. A good guess is that there are mech-
anisms for cyclin activation that are not dependent on
the pre-existence of kinase activity and are somehow
proportional to cell size. The Cln3 protein, which does
not oscillate much during the cell cycle, is ideally suited
for this function [43]. Deletion of CLN3 is not lethal but
causes cells to delay START until they are twice their nor-
mal size [31,32]. There may therefore exist more than
one mechanism for triggering START. A Cdc28-indepen-
dent pathway for activating CLNZ2 transcription is another
possibility [63].

It is worth considering how size control might function.
Reducing protein synthesis with cyclohexamide delays
START, suggesting that the critical parameter for ini-
tiation is not size per se but achieving a critical rate of
protein synthesis (reviewed in [64]). G; cyclins are un-
stable proteins and their amount per cell will therefore
reflect their rate of synthesis, which, like most other pro-
teins, will be proportional to cell size. Thus, if CIn3 or
proteins like it are accumulated in the nucleus, then
their concentration (or amount relative to chromatin)
will increase as cells grow. The dynamics of a positive
feedback loop are such that it will be triggered from the
low to high kinase state as soon as a critical level of an
activator like ClIn3 is reached, i.e. very small changes in
the rate of Cln3 synthesis could trigger START. As pre-
dicted by this model, increased CIn3 expression from
the GALI-10 promoter can trigger START prematurely
in small daughter cells [43].

Nutrient control

There are two aspects to the control of START by nu-
trients. The first concerns the failure of cells to undergo
START when starved [9]. So far, there is no evidence that
G cyclins or Cdc28 are directly affected by nutrient sta-
tus, though it is entirely possible. However, there may be
no need to invoke a special mechanism. G, arrest caused
by starvation could be a simple consequence of lowered
rates of protein synthesis (as discussed in [9]). The sec-
ond aspect is of more obvious interest and concerns the
control of cell size by nutrients. In general, cells grow-
ing in media that support fast rates of growth are larger
than cells growing in poor media, an effect that is due
to differences in the minimum size required for START
[65]. 1t seems that fast-growing cells find it harder to
undergo START than slow-growing cells, which is all the
more striking when it is considered that the latter have
lower rates of protein synthesis. A similar phenomenon
has been reproduced in certain yeast strains by adding
CAMP to the medium [66°¢]. In this case, the cell size re-
quired for START is increased by elevating cAMP levels,
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i.e. CAMP acts as an inhibitor of START (which contrasts
with the earlier notion that cAMP is an activator). In this
context, it is striking that the levels of CLN7 and CINZ2
transcripts are high in cdc25 mutant cells arrested in G
[62+¢]. These cells have low rates of protein synthesis
and presumably do not undergo START because G; cy-
clins are not synthesized and it is frankly surprising, in the
light of the positive feedback model, that they transcribe
CLNI and CIN2. The phenomenon could be explained
if down regulation of CLN7 and CLN2 transcription by
Cdc25 (via cAMP) was part of the mechanism by which
nutrients controlled the cell size needed for START. The
small size of cdc25 1 mutants growing with a wild type
generation time at the permissive temperature is consis-
tent with this notion [67].

Is an oscillation needed for START?

The notion that a wave of Cdc28 activity might be respon-
sible for START has been entertained ever since CDC28
was found to encode a protein kinase. However, despite
progress in understanding the dynamics of CLNI and
CLNZ2 regulation, it is still not clear whether an oscilla-
tion is essential for START. In c¢lnl c¢ln2 double mutants,
CLN3 is now essential, but this cyclin does not appear
to be regulated. Furthermore, cells lacking all three G,
cyclin genes can be kept alive by expression of CLNI or
CLN2 from constitutive promoters [33,53*¢]. The quality
of life for such cells may be poor, but their survival in
the laboratory suggests that a steady increase in cyclin
activity could also accomplish START. This issue will not
be resolved until we know more about post-translational
controls on cyclin activity and more about other genes
contributing to START whose activity is regulated. For ex-
ample, evidence that Cln3 is activated by phosphorylation
raises the possibility of a positive feedback loop involving
auto-phosphorylation [42¢¢]. Furthermore, cells lacking
the regulated CLNI and CLNZ2 genes still contain HCS26,
CLBS5 and CLBG, which encode tightly cell cycle regulated
cyclins possibly active at START (E Schwob, personal
communication).

Regulation of START by pheromone

The activation of genes involved in conjugation (such as
FUSI) and the inhibition of START are, by and large,
independent responses of haploid cells to their mating
pheromones. FUSI induction is not dependent on cell
cycle arrest and there exist mutants that induce FUSI
normally but nevertheless fail to undergo arrest (see be-
low). Both responses rely on the same signal transduc-
tion pathway (reviewed in [8]). Pheromone binding to
surface receptors releases the By-subunit of a G protein
from an inhibitory a subunit, and this somehow activates
a kinase cascade, through which the Fus3 kinase (which
is homologous to mammalian MAP kinases) is activated
by the Ste7 kinase {68].

Dominant alleles of CLN3 that produce a more stable
protein [32,42¢¢] or recessive mutations that inactivate
the FARI gene [69] allow cells to continue division de-
spite inducing genes like FUSI normally. The pheromone
resistance of far7 mutants depends on a functional CIN2
gene. Pheromone-induced G, arrest is therefore thought
to involve the inhibition of Gy cyclin activity and the in-
hibition of CLN2 at least depends on FAR1. CINI and
CLN2 transcripts decline when cells are treated with
pheromone [41], but low-level expression of CLNZ2 from
an unregulated promoter does not cause pheromone re-
sistance (G Ammerer, personal communication) [70].
Thus, the inhibition of CLN2 activity (by FARI) must
occur at a post-transcriptional level. Indeed, inhibition
of Cdc28 may be due to a pheromone-induced associ-
ation of the Farl protein with Clnl and Cln2 (M Tyers, B
Futcher, and M Peter, A Gartner, ] Horecker, G Ammerer,
I Herskowitz, personal communications). Repression of
CLNT and CLNZ2 transcription could be a secondary con-
sequence of inhibiting G; cyclin activity, as predicted by
the positive feedback loop model. It could nevertheless
contribute to the efficiency of arrest because high level
expression of CLN2 does cause pheromone resistance.
FARI transcripts are induced by pheromone, but this
is not the sole mechanism by which Farl activity is acti-
vated, because FARI expression from the GAL promoter
does not cause Gy arrest. It is possible that Farl is ac-
tivated due to phosphorylation by the Fus3 kinase [68].
How ClIn3 stabilization causes pheromone resistance is
still unclear because overproducing the wild type pro-
tein from the GAL promoter does not generate the same
phenotype [42¢e].

Consequences of G4 cyclin activity

Little is known about physiological substrates for
Cln/Cdc28 kinases. S phase entry occurs soon after the
appearance of CLN1/2 transcripts and requires the CDC4,
CDC7, CDC34 and CDC53 genes, none of which are re-
quired for START in haploids [9] or for the activation
of Gy cyclins. CDC34 encodes a ubiquitin conjugating
enzyme, which has led to the proposal that degrada-
tion of G; cyclins might be necessary for the transition
from START into S phase, just as the degradation of G,
cyclins is necessary for exit from mitosis [71]. Cells ar-
rested by cdc34 do contain high levels of CLNT and CLN2
transcripts (A Amon, personal communication) and have
greatly elevated Cdc28-dependent kinase activity associ-
ated with CIn3, which may be due to the accumulation
of a hyper-phosphorylated form [42¢¢]. However, sev-
eral facts seem at present inconsistent with the notion
that DNA replication is hindered by high G; cyclin ac-
tivity: high level constitutive CLN2 expression functions
to accelerate rather than delay S phase (E Schwob, per-
sonal communication); cdc34 arrest does not depend on
CIN3 [42**]; and S phase occurs normally in other mu-
tants in which Clnl and Cln2/Cdc28 kinases fail to be
repressed (A Amon, personal communication). CDC4
encodes a protein homologous to B-transducins [72]
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and CDC7 encodes a protein kinase [73], but litile is
known about their function or whether they might be
substrates for Cdc28. A complex that binds origins has
recently been isolated [74¢*]. One or more of its con-
stituents could be a substrate for Cdc28.

Many genes involved in DNA replication are activated
transiently as cells undergo START (reviewed in [75]).
Their transcription does not require SW74 but is de-reg-
ulated in sw#6 mutants and depends on MCBs, implicat-
ing MBF (and not SBF) in their regulation [46e%47%¢].
Gene activation by MBF requires the Cln G; cyclins and
Cdc28. Most of the genes regulated by MBF encode sta-
ble proteins whose inheritance from the parental cell is
sufficient for S phase. Nevertheless, MBF probably also
regulates CLB5 and CLBG, which encode B-type cyclins
involved in S phase entry (E Schwob, personal commu-
nication). Thus, MBF activation may play an important
part in the initiation of DNA replication.

It is not known how the activation of a Cln/Cdc28 ki-
nase leads to the duplication of spindle pole bodies (Fig.
1) or to bud emergence. Neither of these events require
the known G; cyclin genes CLB1, CLB2, CLB3 and CLB4
{34%¢], and they could therefore be under direct control
of Gy cyclins. Over-expression of stable G, cyclins not
only causes mitotic arrest but also inhibits bud forma-
tion [76%¢], a phenomenon that could be explained if
G cyclins have a direct role in bud formation, which is
hindered by an excess of G, cyclins.

G, cyclins and mitosis

S. cerevisiae contains at least four genes (CLBI-4) en-
coding B-type cyclins that are involved in mitosis. They
comprise two families: CLB1/CLB2, which are 62 % iden-
tical, and CLB3/CLB4, which are 50 % identical (Fig. 2).
The Clb1/2 pair is the more closely related to B-type
cyclins from animals. Of the four genes, CLB2 seems
to have the most important role in mitosis. Deleting
CLBI1, CLB3 and CLB4 has little or no effect on cell divi-
sion [34¢¢35¢¢] whereas deletion of CLB2 alone greatly
delays the onset of mitosis [23*¢]. The phenotype of
cells lacking activity of all four genes has been ana-
lyzed using strains whose CLBI, CLB3 and CLB4 genes
are deleted and whose CLB2 gene is conditionally active
due either to a temperature-sensitive mutation (A Amon,
personal communication) or to expression from the GAL
promoter (which can be repressed) [34¢*]. Upon inacti-
vation of CLB2, cells arrest in G, with duplicated spindle
pole bodies and large buds. The duplicated spindle pole
bodies remain attached, as they do in cdc4 mutants, and
consequently no bipolar spindle is formed. G, cells were
seen to initiate and apparently complete S phase in the
absence of CLBI, CLB2, CLB3 and CLB4. In a separate
study, in which a quadruple ¢/ mutant was kept alive by
expression of CLBI from the GAL promoter [35*¢], cells
also seemed to have difficulties in completing S phase
when CLBI was repressed.

Whereas CLB3 and CLB4 can be deleted with little or no
effect on cell cycle progression, mutation of CLBI and
CLBZ2 is almost lethal and causes cells to arrest with bipo-
lar spindles (A Amon, personal communication) [23*].
The CLB1/2 and CLB3/4 cyclin types therefore have dif-
ferent properties; either the CLB1/2 pair or the CLB3/4
pair can promote the separation of duplicated spindle
pole bodies and the formation of a bipolar spindle, but
the CLB1/2 pair is necessary for subsequent stages of mi-
tosis, which could include chromosome condensation or
aspects of kinetochore function. At the moment, it would
seem as if CLB2 may be able to perform both early and
late functions on its own. A caveat to this conclusion is
that we do not know for sure whether CLBI-4 are the
only B-type cyclin genes active in mitosis in yeast. There
may well be other genes, without whose function CLB2
cannot alone drive cells through mitosis.

Cell cycle regulation of G, cyclins

Immunoprecipitates of Clbl, Clb2, Clb3 or Clb4 have
CDC28dependent histone H1 kinase activities that are
tightly cell cycle regulated and seem much stronger
than those found associated with G, cyclins [43,77¢¢,78].
Clb2-associated kinase is absent in cells arrested in G,
by pheromone. Its appearance upon release occurs after
DNA replication (around the time that cells form a bipo-
lar spindle) and precedes anaphase by at least 15 min
[79]. CIb2 protein and kinase activity are destroyed as
cells exit from mitosis, as is found for B-type cyclins in
other eukaryotes. Clb1 kinase is similarly regulated, but
Clb3 and Clb4 kinases appear somewhat earlier [78].

CLBI and CLB2 transcripts have a similar profile to Clb2
kinase activity, appearing in G, and disappearing as cells
enter Gy [23¢+,76¢°]. CLB3 and CLB4 transcripts appear
earlier (but still later than CINI and CLN2), which is
consistent with their function in an earlier stage of mi-
tosis [34**,35¢¢]. How much transcriptional control con-
tributes to the regulation of Clb/Cdc28 kinase activity
is not yet known because the consequences of prema-
ture activation or delayed repression have not yet been
carefully analyzed. Little is known about the transcription
factors responsible for regulating CLB transcription. CLB?
and CLBZ2 regulation appears very similar to that of the
SWI5 gene, whose promoter requires the formation of a
ternary complex containing Mcm1 and a factor called Swi
five factor (SFF) [80]. Of these, SFF is the better candi-
date for a G,-specific transcription factor, because Mcm1
is also involved in the activation of genes that are not cell
cycle regulated [81].

An important question is whether the RAD9dependent
inhibition of mitosis by DNA damage [82] (Fig. 1) is
due to regulation of one or another form of the Cdc28
kinase. DNA damage arrested cells, e.g. cdc13 mutants, ar-
rest with bipolar spindles, a phenotype that is similar to
that of ¢/b1 clb2 double mutants. However, Cdc28 kinase
activity associated with Clb2 in arrested cdcl3 mutants is
at least 50 % of that found in cells arrested with nocoda-
zole [77¢¢]. The possibility that mitosis can be regulated
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by means that do not directly involve Cdc28 must there-
fore be seriously considered.

Roles of Cdc28 phosphorylation and cyclin
proteolysis

In several other eukaryotes, Cdc2/Cdc28 kinase activity
associated with B-type cyclins is largely determined by
post-transcriptional controls (reviewed in [28]). In §.
pombe, Cdc2 kinase is inhibited during G, by phos-
phorylation of Tyrl5 by the Weel family of kinases.
Dephosphorylation by the Cdc25 phosphatase seems
to determine the onset of M phase. Mutation of Tyr15
or the weel gene causes premature entry into M phase.
The equivalent residue in Cdc28 (Tyrl9) is also phos-
phorylated in a cell cycle dependent manner [77+,83¢].
Moreover, there exist homologues to the Weel kinase
(B Booher, personal communication) and the Cdc25
phosphatase (called MIH1 [84]). Despite this, mutation
of Tyrl9 to Phe has little or no effect on the length
of G, or the inhibition of nuclear division by unrepli-
cated or damaged DNA [77°,83¢¢]. It would seem that
the stoichiometry of Cdc28 Tyrl9 phosphorylation is not
sufficient to affect Cdc28 kinase activity greatly, although
it appears that the kinase can be inhibited and cells pre-
vented from undergoing nuclear division if the stoichiom-
etry of phosphorylation is increased by over-expressing
S. pombe Weel kinase in mib1 mutants [84].

Tyr19 is phosphorylated in cells prevented from undergo-
ing nuclear division due to unreplicated or damaged DNA
(e.g. cdc13 mutants) but is unphosphorylated in cells ar-
rested due to microtubule defects (e.g. in nocodazole)
[77¢]. FISH analysis suggests that ribosomal DNA is less
condensed in arrested cdcl3 mutants than in nocodazole
(V Guacci, E Hogan, D Koshland, personal communica-
tion). Thus both the analysis of Cdc28 phosphorylation
and the state of ribosomal DNA condensation suggest
that cdc13 arrest is Gy-like and nocodazole arrest M
phase-like. Because cdc13 mutants have bipolar spindles,
they may be better considered as arresting in prophase.

The abrupt destruction of B-type cyclins during anaphase
in Xenopus is conferred by a conserved sequence tor-
wards their amino termini, called a destruction box
[30,85]. All four mitotic Clb cyclins in yeast contain se-
quences similar to the canonical destruction box, and
mutation of the sequence in CLBZ2 causes stabilization
[79]. It therefore seems likely that the destruction ma-
chinery is conserved between Xenopus and yeast. Cyclin
variants that cannot be destroyed because of mutations
in their destruction boxes are reported to cause Xeno
Dpus extracts to arrest in metaphase, and this has led to
the proposal that destruction of B-type cyclins signals
the metaphase to anaphase transition [30]. Expression
of stable versions of Clb1 or CIb2 cause a lethal cell cy-
cle arrest in yeast, but the arrest does not correspond
to metaphase. Cells arrest with greatly extended bipo-
lar spindles and DNA masses that seem to have com-
pletely segregated, indicating that anaphase B at least

has occurred [79]. Another piece of evidence inconsis-
tent with anaphase being triggered by cyclin destruc-
tion is the behaviour of cdc15 mutants, which arrest
in a cell cycle state similar to that caused by stable cy-
clins. There is little or no drop in Clb2/Cdc28 kinase
activity as cdci5 cells undergo anaphase [79]. The ki-
nase only disappears when cells are allowed to exit from
late anaphase/telophase upon return of the mutant cells
to the permissive temperature. Thus, cyclin destruction
in yeast (at least) seems required for the final exit from
mitosis and not, as previously thought [76¢¢], for the ini-
tiation of anaphase.

Targets

Very little is known about physiological targets of mi-
totic forms of Cdc28. The only example so far is the
Swi5 transcription factor, which accumulates in the cy-
toplasm during G, and M phases and only enters the
nucleus as cells enter Gy [86]. The nuclear localization
signal of Swi5 is phosphorylated by Cdc28 and this pre-
vents nuclear uptake [87¢¢]. Destruction of the kinase at
the end of mitosis leads to dephosphorylation and en-
try into the nucleus. SwiS is required for transcription
of the HO endonuclease gene involved in mating type
switching and does not have an essential cell cycle func-
tion [88]. However, a related transcription factor, called
Ace2, may be regulated in a similar manner [89°¢] and
is required for the activation of a chitinase gene (CTS1)
involved in cell separation as cells exit from mitosis (R
Siegmund, personal communication). The activation of
transcription factors through destruction of the Cdc28
kinase at the end of mitosis may be quite a general
phenomenon. Several genes, in addition to C7S1, are
only transcribed as cells enter G; [18]. The regulation
of these early G; genes is distinct from those activated in
late G as cells undergo START, in that Cdc28 seems to
repress the former but activate the latter.

Conclusions and questions

The budding veast S. cerevisiae has at least 11 different
genes that encode cyclin-like proteins, many of which
have been shown to be associated with an active Cdc28
kinase. Some genes are required for START, others for
DNA replication, and others for various steps in the as-
sembly and function of a mitotic spindle (Figs 1 and 2). If
we compare the cell cycle to a clock, it would seem that
changes in Cdc28 activity not only sound the passing of
the cell cycle ‘day’ (i.e. the passing from one cell cycle to
the next) but also register the hours within that day.

Much remains to be discovered about the extent to which
the timing of cell cycle events is determined solely by
the activation of different cyclins. Only in the case of G,
cyclins is there evidence that premature cyclin activation
can actually advance cell cycle events. Furthermore, it is
still quite unclear what distinguishes the activity of differ-
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ent types of cyclins. What property of Gy cyclins enables
them exclusively to activate transcription at the beginning
of the cell cycle and what property enables G, cyclins to
promote the formation of a bipolar spindle? To what ex-
tent is this due to different substrate specificities and to
what extent is this due to them being active at the correct
time and in the correct cellular compartment? Identify-
ing important substrates for different forms of the kinase
should be a high priority in future studies.

Major questions remain concerning the dynamics of cy-
clin oscillations. Our current picture is as follows. Cells
that have just entered G; start off with possibly only
CIn3 protein, whose amount increases as cells grow;
at some critical cell size CLN1 and CLNZ2 transcription
is partially activated. Clnl and Cln2 proteins then re-
inforce Cin3, leading to more CLN1/CLNZ2 transcription
and thereby to high levels of Cln/Cdc28 kinase activity.
At some point during this process, the Cln/Cdc28 kinase
activates transcription of other cyclin genes (like HCS26,
CLBS5 and CLBG) and a battery of genes involved in DNA
replication. Somewhat later, CLB3 and CLB4 transcripts
appear and, later still, those from CLB7 and CLB2. Mean-
while, transcription of CINI, CLN2, HCS26, CLB5 and
CLBG declines. CLBI and CILBZ2 transcripts and kinase
activity remain until some event during anaphase causes
B-type cyclins with destruction boxes to be degraded and
their genes to be repressed. Little is known about post-
transcriptional controls over Cdc28 kinase activity asso-
ciated with either Cin or Clb proteins, what causes the
decline of CIN and the rise of CLB transcription as cells
enter G, and what causes the destruction of B-type cy-
clins, which is so important for exit from mitosis and for
re-setting the cell cycle clock.

Another question of fundamental importance is the ex-
tent to which the successive waves of cyclin oscillations
are dependent on each other rather than on the com-
pletion of events set in motion by earlier cyclins. For
example, what role do G, cyclins have in activating G,
cyclins and what role do they in turn have in repress-
ing G; cyclins? Must events such as spindle pole body
duplication and DNA replication be complete before G,
cyclins can be activated? It would seem not in the case
of the latter, because Cdc28 kinase associated with Clb2
becomes elevated in c¢dc7 mutants, which cannot initiate
DNA replication. The only aspect of cyclin control that is
clearly dependent on the completion of cell cycle events
is the destruction of mitotic cyclins following nuclear divi-
sion. Many mutants defective in DNA replication or mito-
sis do not proceed to destroy mitotic cyclins. Enzymes
involved in DNA replication, for example, are unlikely
to be directly involved in cyclin proteolysis, so the cell
must somehow register the failure of DNA replication
and communicate this (however indirectly) to the de-
struction machinery. Such mechanisms have been called
checkpoint controls [90].

It is in fact surprising how many mutants totally defec-
tive in nuclear division proceed with the activation and
destruction of mitotic cyclins as if nothing had gone
wrong with mitosis (e.g. [91]). Indeed, it is now clear
that the initial cdc mutants coliected by Hartwell [3]

were highly biased by the requirement (a vital one at
the time) that cells arrest with a uniform morphology.
Many, if not most, mutants with defects to do with cell
division do not in fact arrest uniformly because the cells
cannot register the defect and shut down the oscillations
of cyclin/Cdc28 activity. It seems that yeast cells check
only certain cell cycle events (which include DNA dam-
age [82] and the integrity of microtubules [92+293e¢]),
presumably those that are most likely to go wrong in
the natural world. In this regard, yeast may not be that
different from early frog embryos whose cyclin/cdc2 os-
cillations do not even require a nucleus {94].

Comparisons

The notion that different cell cycle events are regulated
by forms of the Cdc2/Cdc28 kinase distinguished by their
cyclin subunits may prove to be a conserved feature of
the eukaryotic cell cycle, aithough the details differ con-
siderably. In vertebrate cells, there exist at least four
classes of cyclins [95]: E-type cyclins, which appear in
late G;, may be analogous to Clnl and Cln2; A-type
cyclins, which appear at the beginning of S phase and
seem important for its completion, may be analogous to
Clb5; B-type cyclins, which appear in G, and disappear as
cells undergo anaphase, are similar to Clbt and Clb2; and
D-type cyclins, which are less tightly cell cycle regulated,
could in this regard be analogous to Cln3. Of these differ-
ent classes, only the B-type cyclins are obviously homol-
ogous when their primary sequences are compared. For
example, the sequences of Gy-specific cyclins in verte-
brates and yeast are not more related to each other than
either is to B-type cyclins from either organism. Another
difference between yeast and vertebrates is that the lat-
ter not only have multiple cyclin types but also multiple
Cdc2/Cdc28 kinase subunits. Early cyclins seem to asso-
ciate with the Cdk2 kinase subunit [96,97], whereas late
cyclins associate with Cdc2.

In S. pombe as in S. cerevisiae, a single Cdc2 kinase sub-
unit is required for both START and mitosis [98]. Three
cyclin-like genes have been reported (Fig. 2): a B-type
cyclin encoded by cdci3, which is required for mitosis
(99]; a second B-type cyclin called Cigl, which is most
closely related to Clb3 and Clb4 [100e¢] and seems im-
portant for S phase; and Pucl which is related to S. cere
visiae G, cyclins but whose function is unknown [101].
The role of cyclins in START has therefore not yet been
established. One reason for believing that the mechanism
of START may be similar to that found in S. cerevisiae is
that the cdcl0 gene [4], which is required for START,
is homologous to the S. cerevisiae SWIG gene [45] and
is a component of an MBF/DSC1-like factor that binds
to MCB elements [102¢¢]. It seems that transcriptional
activation plays an important part in both yeasts. What is
still unclear is what genes are activated by the S. pombe
MBF/DSC1.

Even though the cell cycle components may be similar
between S, pombe and S. cerevisiae, the way that they
are used to regulate the cell cycle is very different. The
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life cycle of S. pombe is such that it has a haploid veg-
etative phase [6], which may explain why it spends
as little time as possible in Gy, when haploid cells are
particularly sensitive to DNA damage [63]. Both size and
nutrient controls in S. pombe are therefore exerted in G,
and rely on control of Cdc2 phosphorylation, which is
relatively unimportant for S. cerevisiae [772,83%¢].

Certain conclusions can be drawn from comparing cell
cycle control in these organisms: first, G; cyclins are
much less conserved than the B-type cyclins involved in
mitosis; second, in fungi at least, B-type cyclins have very
diverse functions; third, the machinery for cyclin destruc-
tion at the end of M phase may be highly conserved; and
finally, the enzymology for controlling phosphorylation
of Tyrl5 in Cdc2/Cdc28 is also highly conserved, even
though the uses to which it is put are not. The uni-
versal instability of cyclins presumably enables signals
from outside or inside the cell to affect rapidly their
concentration and thereby biological activity. One sus-
pects that our distant ancestors used a B-type cyclin to
beat out its cell cycle rhythm with periodic cyclin prote-
olysis being a fundamental aspect of the oscillator (i.e.
the heart of the cell cycle). Cdc2/Cdc28 tyrosine phos-
phorylation may have served to distinguish S from M
phase. It must be significant that the more ancient as-
pects of cell cycle control are used to regulate mitosis. Is
this because the fundamental mechanisms that regulate
DNA replication evolved before the evolution of eukary-
otic organisms? If this is the case, cyclins and Cdc2/Cdc28
may have evolved originally to regulate mitosis and have
only more recently been used to exert control over DNA
replication and passage through G;. An alternative expla-
nation is that the common ancestor of eukaryotes was a
haploid organism, in which control of the cell cycle was
exerted predominantly in G,.

Acknowledgements

I would like to thank Bruce Futcher for his comments on the
manuscript and Hannes Tkadletz and Etienne Schwob for drawing
the figures.

References and recommended reading

Papers of particular interest, published within the annual period of
review, have been highlited as:

. of special interest

oo of outstanding interest

1. RAO PN, JOHNSON RT: Mammalian Cell Fusion: Studies on
the Regulation of DNA Synthesis and Mitosis. Nafure 1970,
225:159-164.

2. Masur Y, MARKERT C: Cytoplasmic Control of Nuclear Be-
haviour During Meiotic Maturation of Frog Oocytes. |/ Exp
Zool 1971, 177:129-146.

3. HARTWELL LH: Saccharomyces cerevisiae Cell Cycle. Bacte
riol Rev 1974, 38:164-198.
4. NURSE P, THURIAUX P, NasMYTH K; Genetic Control of the

Cell Division Cycle in the Fission Yeast Schizosaccha-
romyces pombe. Mol Gen Gener 1976, 146:167-178.

5. HARTWELL LM, UNGER MW: Unequal Division in Saccha-
romyces cerevisiae and its Implications for the Control
of Cell Division. J Cell Biol 1977, 75:422—435.

6. FORSBURG S, NURSE P: Cell Cycle Regulation in the
Yeasts Saccharomyces cerevisiae and Schizosaccha-
romyces pombe. Annu Rev Cell Biol 1991, 7:227-256.

7. FUTCHER AB: Yeast Cell Cycle. Curr Opin Cell Biol 1990,

2:246-251.

8. MARSH L, NEIMAN AM, HERSKOWITZ I: Signal Transduction Dur-
ing Pheromone Response in Yeast. Annu Rev Cell Biol 1991,
7:699-728.

9. PRINGLE JR, HARTWELL LH: The Saccharomyces cerevisiae

Cell Cycle. In The Molecular Biology of the Yeast Saccha-
romyces: Life Cycle and Inberitance. Edited by Strathern
JN, Jones EW, Broach JR. New York: Cold Spring Harbor
Laboratory Press; 1981:97-142.

10.  BYERS B: Cytology of the Yeast Life Cycle. In The Molec
ular Biology of the Yeast Saccharomyces: Life Cycle and In-
beritance. Edited by Strathern JN, Jones EW, Broach JR. New
York: Cold Spring Harbor Laboratory Press; 1981:59-87.

11. Bal KH, HAARER BK, PRINGLE JR: Cellular Morphogenesis in
the Saccharomyces cerevisiae Cell Cycle: Localization of
the CDC3 Gene Product and the Timing of Events at the
Budding Site. J Cell Biol 1991, 112:535-544.

12, BYERS B, GOETSCH L: Duplication of Spindle Plaques and
Integration of the Yeast Cell Cycle. Cold Spring Harb Symp
Quant Biol 1974, 38:123-131.

13, BAUM P, FURLONG C, BYERS B: Yeast Gene Required for
Spindle Pole Body Duplication: Homology of its Product
with Ca?*-Binding Proteins. Proc Natl Acad Sci USA 1986,
83:5512-5516.

14, SLOAT BF, ADAMS A, PRINGIE JR: Roles of the CDC24 Gene
Product in Cellular Morphogenesis During the Saccha-
romyces cerevisiae Cell Cycle. J Cell Biol 1981, 89:395-405.

15. HEATH IB, RETHORET K: Nuclear Cycles of Saprolegnia
Sferax. J Cell Sci 1981, 49:353-367.

16. PAIMER RE, KOVAL M, KOSHIAND D: The Dynamics of Chro-
mosome Movement in the Budding Yeast Saccharomyces
cerevisiae. | Cell Biol 1989, 109:3355-3366.

17. BUCKING-THROM E, DUNTZE W, HARTWELL LH; Reversible Ar-
rest of Haploid Yeast Cells at the Initiation of DNA
Syntehsis by a Diffusible Sex Factor. Exp Cell Res 1973,
76:99-110.

18. PRICE C, NasMYTH K, SCHUSTER T: A General Approach to
the Isolation of Cell Cycle-Regulated Genes in the Bud-
ding Yeast, Saccharomyces cerevisiae. | Mol Biol 1991,
218:543-556.

19. Cross F, TINKELENBERG AH: A Potential Positive Feedback
. Loop Controlling CLNI and CLN2 Gene Expression at the
Start of the Yeast Cell Cycle. Cell 1991, 65:875-883.

The START of the yeast cell cycle is thought to be due to activation of
the Cdc28 protein kinase by the appearance of Gy cyclins. This paper
addresses the mechanism by which transcription of the G, cyclin genes
CLN1 and CLNZ2 is activated in late G,. It is shown that their activation
is stimulated by G cyclin activity and depends on the Cdc28 kinase,

implying that a positive feedback loop is involved.

20. REID B, HARTWELL LH: Regulation of Mating in the Cell Cycle
of 8. cerevisiae. ] Cell Biol 1977, 75:355-365.

21. PIGGOTT JR, RAI R, CARTER BIA: A Bifunctional Gene Product
Involved in Two Phases of the Yeast Cell Cycle. Nature
1982, 298:391-393.

22, REED SI, WITTENBERG C: Mitotic Role for the Cdc28 Protein
Kinase of Saccharomyces cerevisiae. Proc Nail Acad Sci
USA 1990, 87:5697-5701.

23, SURANA U, ROBITSCH H, PRICE C, SCHUSTER T, FITCH I,
.. FUTCHER AB, NasmMyTH K: The Role of CDC28 and Cy-

175



176

Cell multiplication

clins During Mitosis in the Budding Yeast S. cerevisiae.
Cell 1991, 65:145-161.
Describes the isolation of four genes encoding B-type cyclins ( CLB1-4)
due to high gene dosage suppression of a cdc28 mutant defective in
mitosis. Up to this point, only G cyclin genes had been found in S.
cerevisige and it was not clear whether any organism had both G-
specific and G,-specific cyclins.

24, NURSE P, THURIAUX P: Regulatory Genes Controlling Mitosis
in the Fission Yeast Schizosaccharomyces pombe. Genetics
1980, 96:627-637.

25.  BEACH D, DURKACZ B, NURSE P: Functionally Homologous
Cell Cycle Control Genes in Budding and Fission Yeast.
Nature 1982, 300:706-709.

26. HINDLEY ], PEAR GA: Sequence of the Cell Division Cy-
cle Gene cdc2 from Schizosaccharomyces pombe. Pattern
of Splicing and Homology to Protein Kinases. Gene 1984,
31:129-134.

27. LORINCZ AT, REED SI: Primary Structure Homology Between
the Product of Yeast Division Control Gene CDC28 and
Vertebrate Oncogenes. Nature 1984, 307:183-185.

28.  NURSE P: Universal Control Mechanism Regulating Onset of
M-Phase. Nature 1990, 344:503-508.

29. EvANS T, ROSENTHAL ET, YOUNGBLOOM ], DISTEL D, HUNT T: Cy-
clin: A Protein Specified by Maternal mRNA in Sea Urchin
Eggs that is Destroyed at Each Cleavage Division. Cell 1983,
33:389-396.

30.  MURRAY AW, SOLOMON M]J, KIRSCHNER MW: The Role of Cyclin
Synthesis and Degradation in the Control of Maturation
Promoting Factor Activity. Nature 1989, 339:280-286.

31. NasH R, TOKIWA G, ANAND S, ERICKSON K, FUTCHER AB: The
WH11% Gene of Saccharomyces cerevisiae Tethers Cell
Division to Cell Size and is a Cyclin Homolog. EMBO J
1988, 7:4335-4346.

32. Cross FR: DAFI, a Mutant Gene Affecting Size Control,
Pheromone Arrest, and Cell Cycle Kinetics of Saccha-
romyces cerevisiae. Mol Cell Biol 1988, 18:4675—4684.

33. RICHARDSON HE, WITTENBERG C, CROSS R, REED SI: An Essential
G1 Function for Cyclin-Like Proteins in Yeast. Cell 1989,
59:1127-1133.

34, FitcH I, DAHMAN C, SURANA U, AMON A, GOETSH L, BYERS
. B, FUTCHER B: Characterization of Four B-Type Cyclin
Genes of the Budding Yeast S. cerevisiae. Mol Biol Cell
1992, 3:805-818.
Describes the phenotypes of strains with single, double, triple and
quadruple B-type cyclin gene (CLBI-4) mutations. Deletion of CLB2
alone causes a marked delay in mitosis, whereas the simultaneous dele-
tion of CLB1, CLB3 and CLB4 has little effect. As with G, cyclins, there is
therefore some redundancy of CLB gene function for mitosis. Deletion
of all four genes is lethal and causes cells to arrest in G, with duplicated
spindle pole bodies that have not separated. CLB3 and CLB4 transcripts
appear earlier in the cell cycle than those for CLBI and CLB2.

35. RICHARDSON H, LEW DJ, HENZE M, SUGIMOTO K, REED SI; Cyclin
. B Homologs in Saccharomyces cerevisiae Function in $
Phase and in G2. Genes Dev 1992, 6:2021-2034.
Documents the cloning of CLBI—4 using the polymerase chain reaction.
CLB3 and CLB4 are expressed earlier than CLBI and CLB2. Strains
deleted for all four CLB genes but kept alive by expression of CLBI
from the GAL promoter stop proliferating after addition of glucose to
the medium, whereupon they can neither form mitotic spindles nor
complete DNA replication.

36.  EPSTEIN CB, CROSS FR: CLB5: a Novel B Cyclin from Budding
o Yeast with a Role in S Phase. Genes Dev 1992, 6:1695-1706.
This paper describes the isolation of a gene (CLB5) encoding a new
type of B-type chain by virtue of its ability to suppress the lethality of
a triple c/n mutant. CLBS is adjacent to CLB2, and is expressed early
during the cell cycle (at around the same time as CLN7 and CLN2).
Deletion of CLB5 is not lethal but causes cells to progress more slowly
through S phase.

37. OGas J, ANDREWS BJ, HERsKOWITZ I: Transcriptional Activation
. of CLN1, CLN2, and a Puttive New G1 Cyclin (HCS26) by
SW14, a Positive Regulator of G1-Specific Transcription. Cell
1991, 66:1015-1026.
SWi4 is an essential gene in diploids (in some but not all genetic back-
grounds). Multicopy plasmids that suppress the lethality are found to
contain the CLN1, CLN2 and HCS26 genes. HCS26 encodes a novel
cyclin whose promoter contains SCBs and its expression, like that of
CIN1 and CLN2, depends on SW4 and is triggered in late G;.

38. FROHLICH KU, FRIES HW, RUDIGER M, ERDMANN R, BOTSTEIN
D, MERKE D; Yeast Cell Cycle Protein CDC48p Shows Full-
Length Homology to the Mammalian Protein VCP and is
a Member of a Protein Family Involved in Secretion, Per-
oxisome Formation, and Gene Expression. J Cell Biol 1991,
114:443—453.

39. HADWIGER JA, WITTENBERG C, RICHARDSON HE, DE BARROS
LoPEs M, REED SL: A Family of Cyclin Homologs that
Control the Gl Phase in Yeast. Proc Natl Acad Sci USA
1989, 86:6255-6259.

40. CrOss FR: Cell Cycle Arrest Caused by CLN Gene Defi-
ciency in Saccharomyces cerevisiae Resembles START-1
Arrest and is Independent of the Mating-Pheromone Sig-
nalling Pathway. Mol Cell Biol 1990, 10:6482-6490.

41. WITTENBERG C, SUGIMOTO K, REED SI; G1-Specific Cyclins of
S. cerevisiae. Cell Cycle Periodicity. Regulation by Mating
Pheromone, and Association with the p34CDC28 Protein
Kinase. Cell 1990, 62:225-237.

42. Tyers M, TOKiwA G, NasH R, FUTCHER B; Regulation of the
. Cln3—Cdc28 Kinase Complex of S. cerevisiae by Proteolysis
and Phosphorylation. EMBO J 1992, 11:1773-1784.
This paper shows that the CLN3-1 mutation, which causes cells to be
smaller than normal, produces a truncated protein that is more stable.
Cln3 protein is found associated with a kinase activity that depends on
CDC28. This kinase is dramatically increased by the cdc34 2 mutation
and correlates with the accumulation of a hyper-phosphorylated form
of Cln3. CDC34 encodes a ubiquitin conjugating enzyme, but it does
not seem 10 be necessary for Cln3 destruction.

43. TyErs M, TOkiwa G, FUTCHER B: Comparison of the §. cere-
visiae G1 Cyclins: Cln3 may be an Upstream Activator of
Clnl1, Cin2, and Other Cyclins. EMBO ] 1993, in press.

44. MCKINNEY J, CROSS F: A Switch-Hitter at the Start of the
Cell Cycle. Curr Biol 1992, 2:421-423.

45. BREEDEN L, NasMYTH K: Similarity Between Cell-Cycle Genes
of Budding Yeast and Fission Yeast and the notch Gene of
Drosophbila. Nature 1987, 329:651-654.

46. DIRICK L, MoLL T, AUER H, NasMyTH K: A Central Role for
. SWI6 in Modulating Cell Cycle START Specific Transcrip-
tion in Yeast. Nature 1992, 357:508-513.

Swi6 protein is a component of two different late Gy-specific transcrip-
tion factors. It complexes with Swi4 to form SBF, which regulates HO
and G; cyclins, but with a 120kDa protein that is distinct from Swi4
to form MBF, which regulates most genes involved in DNA replication.
Neither set of genes is transcribed efficiently in the absence of Swi6.
Moreover, cell cycle regulation of SBF-activated genes is impaired and
that of MBF-activated genes is abolished in swi6 mutants.

47. LOWNDES NF, JOHNSON AL, BREEDEN L, JOHNSTON LH; SWIG
. Protein is Required for Transcription of the Periodically
Expressed DNA Synthesis Genes in Budding Yeast. Nature
1992, 357:505-508.
The Swi6 protein is shown to be part of the DSC1 factor tht binds to
MCB elements found in the promoters of most DNA replication genes.
DSCl1 is probably identical to MBF, which has been shown to be com-
posed of Swi6 and a 120 kDa protein that is not Swi4 [46#¢]. Deletion of
SWI6 does not abolish transcription of MCB-regulated genes but causes
them to become de-regulated, i.e. expressed throughout the cell cycle.

48. TaBA MRM, MUROFF I, LyDAlL D, TEBB G, NasMyTH K: Changes
. in a SWI4, 6-DNA-Binding Complex Occur at the Time of

HO Gene Activation in Yeast. Genes Dev 1991, 5:2000-2013.
This paper addresses the cell cycle regulation of SBF activity. Two forms
of SBF are detected, which are distinguished by their electrophoretic



Control of the yeast cell cycle by the Cdc28 protein kinase Nasmyth

mobility. One form is absent in early G, cells, appears at the time of
HO activation, but persists until the end of mitosis. The appearance
of this form could therefore play a role in the activation of HO. The
other form is found at all stages of the cell cycle. Thus, SBF of one
kind or another can be detected throughout the cell cycle, suggesting
that the cell cycle regulation of SW74 transcription described in [35¢¢]
does not cause major fluctuations in SBF concentration during the cell
cycle. Swi6 protein, as well as Swi4, is shown to be part of SBF-SCB
complexes, which form on three different fragments from URS2. The
intracellular location of Swi6 varies during the cell cycle; it accumulates
in the cytoplasm of mitotic cells but is concentrated in the nucleus at
all other cell cycle stages.

49. ANDREWS BJ, HERSKOWTTZ [; The Yeast SWI4 Protein Contains
a Motif Present in Developmental Regulators and is Part of
a Complex Involved in Cell-Cycle-Dependent Transcription.
Nature 1989, 342:830-833.

50. PRIMIG M, SOCKANATHAN S, AUER H, NASMYTH K; Anatomy of a
.o Transcription Factor Important for the Start of the Cell Cy-

cle in Saccharomyces cerevisiae. Nature 1992, 358:593-597.
This paper shows that SBF can be reconstituted by translating SW74 and
SWI6 mRNAs in a reticulocyte lysate, that SBF binds to SCB DNA via a
110 amino acid domain near the amino terminus of Swi4, and that Swi4
and Swi6 interact via sequences near their carboxyl termini. A version
of the DNA-binding domain of Swi4 is found in the S. pombe START
gene cdc10, suggesting that its function is highly conserved.

51. BREEDEN L, NASMYTH K: Cell Cycle Control of the Yeast
HO Gene: cis- and trans-Acting Regulators. Cell 1987,
48:389-397.

52. MCINTOSH E, ATKINSON T, STORMS R, SMITH M; Characteri-

. zation of a Short, cis-Acting DNA Sequence Which Con-
veys Cell Cycle Stage-Dependent Transcription in Saccha-
romyces cerevisiae. Mol Cell Biol 1991, 11:329-337.

This paper describes a thorough analysis of the role of MCB elements

in the cell cycle regulation of the TMP1 promoter.

53.  NasmyTH K, DIRIcK L: The Role of SWI4 and SWI6 in the
. Activity of G1 Cyclins in Yeast. Cell 1991, 66:995-1013.
This paper shows that transcription and function of the G, cyclin genes
CLN1 and CIN2 need SWI4 and SWI6, that SBF binds to SCBs within
the CLN2 promoter, and that the lethality of swi4 swi6 double mutants
can be rescued by expression of CLN2 from a foreign promoter. Thus,
SBF is a START-dependent activator not only of HO, but also of CLN1
and CIN2.

54. MoLL T, DIRICK L, AUER H, BONKOVSKY J, NASMYTH K: SWI6 is a
Regulatory Subunit of Two Different Cell Cycle-Dependent
Transcription Factors in Saccharomyces cerevisiae. | Cell
Sci 1992, 16 (suppl): in press.

55. ANDREWS BJ, HERSKOWITZ I: Identification of a DNA Bind-
ing Factor Involved in Cell-Cycle Control of the Yeast HO
Gene. Cell 1989, 57:21-29.

56. DirRiCK L, NasMYTH K: Positive Feedback in the Activation of
. G1 Cyclins in Yeast. Nature 1991, 351:754-757.

To reconcile the Cdc28-dependence of HO activation by SBF with it
also being an activator of G1 cyclins, which are themselves activators
of Cdc28, it was proposed that activation of CINI and CLN2 by SBF
occurs via a positive feedback loop. As predicted by this hypothesis,
CINT and CLN2 transcription is shown to depend on CDC28 and on
G cyclin activity.

57.  BREEDEN L, MIKESEIL GE; Cell Cycle-Specific Expression of
. the SWI4 Transcription Factor is Required for the Cell
Cycle Regulation of HO Transcription. Genes Dev 1991,
5:1183-1190.
SW4 transcripts fluctuate during the cell cycle, being most abundant in
late G, at the time of HO activation and least abundant in early G, and
G,, when HO is not transcribed. How important this regulation is for
confirming SBF activity to late G; and S phase is not clear. SBF-binding
activity does not vary much during the cell cycle (see [25]). High-level
expression of SWI4 from the GAL promoter seems to cause HO to be
expressed in G,, but this effect could be at least partly due to SWI6
becoming redundant for HO transcription under these conditions.

58. MARINI NJ, ReeD Sk Direct Induction of Gl-Specific
. Transcripts Following Reactivation of the Cdc28 Kinase in
the Absence of de novo Protein Synthesis. Genes Dev 1992,

6:557-567.

The activation of HO and DNA replication genes as cells undergo START
depends on an active Cdc28 protein kinase. This paper analyses the ac-
tivation of these genes as temperature-sensitive cdc28 mutant cells ar-
rested in G due to incubation at the restrictive temperature are allowed
to enter the cell cycle following a return to the permissive temperature.
Gene activation still partly occurs even when protein synthesis is inhib-
ited by cyclohexamide, implying that the SBF and MBF transcription
factors are activated by a post-translational mechanism. However, acti-
vation is noticeably delayed by cyclohexamide and the experiments do
not rule out another role for de novo protein synthesis.

59.  ROWIEY A, SINGER RA, JOHNSTON GC; CDCG68, a Yeast Gene
that Affects Regulation of Cell Proliferation and Transcrip-
tion, Encodes a Protein with a Highly Acidic Carboxyl Ter-
minus. Mol Cell Biol 1991, 11:5718-5726.

60. REED SI: The Selection of §. cerevisiae Mutants Defective in
the Start Event of Cell Division. Genetics 1980, 95:561-577.

61. SUTTON A, IMMANUEL D, ARNDT KT: The SIT4 Protein Phos-
phatase Functions in Late G1 for Progression into S Phase.
Mol Cell Biol 1991, 11:2133-2148.

62. FERNANDEZ-SARABIA MU, SUTTON A, ZHONG T, ARNDT KT: SIT4
. Protein Phosphatase is Required for the Normal Accumu-
lation of SWI4, CLN1, CLN2, and HCS26 RNAs during Late
G1. Genes Dev 1992, 6:2417-2428.
Double mutants carrying a temperature-sensitive sit4 phosphatase al-
lele and a mutant ssd? allele arrest as unbudded G, cells at the restric-
tive temperature. The sudden appearance of CINI, CLN2 and HCS26
transcripts as cells undergo START is both delayed and reduced in sit4
ssdl double mutants, which might explain their G, arrest. Expression
of CLNZ from a foreign promoter allows the double mutant cells to un-
dergo DNA replication but does not restore budding, implying that SI74
is required not only for S phase entry but also for bud formation. Ec-
topic expression of SW74 rescues the lethality of certain c/n sit4 double
mutants, suggesting that SW74 transcription may be one of the defects
of sit4 mutants.

63.  NasMYTH K, DIRICK L, SURANA U, AMON A, CVRCKOVA F: Some
Facts and Thoughts on Cell Cycle Control in Yeast. Cold
Spring Harb Symp Quant Biol 1991, 56:9-20.

64. CroOss F, ROBERTS ], WEINTRAUB H: Simple and Complex Cell
Cycles. Annu Rev Cell Biol 1989, 5:341-395.

65. LORINCZ A, CARTER BLA; Control of Cell Size at Bud Initi-
ation in Saccharomyces cerevisiae. | Gen Microbiol 1979,
113:287-295.

66.  BARONI MD, MONTI P, MARCONI G, ALBERGHINA L: cCAMP-Me-
o diated Increase in the Critical Cell Size Required for the
G1 to S Transition in Saccharomyces cerevisiae. Exp Cell
Res 1992, 201:299-306.
It has been known for some time that slow-growing cells undergo
START at a smaller size than fast-growing cells (see [65]). This pa-
per shows that the addition of cAMP to mutants carrying a defective
cAMP phosphodiesterase has the same effect as shifting cells from
poor to rich media, ie. a temporary inhibition of START until cells
grow larger. The implication is that cAMP may be an inhibitor of
START and could mediate the control of cell size by nutrients. This
is a radical and interesting proposal because much of the earlier liter-
ature has emphasized an opposite dependence, i.e. a requirement for
CAMP.

67. BARONI MD, MARTEGANI E, MONTI P, ALBERGHINA L: Cell Size
Modulation by CDC25 and RAS2 Genes in Saccharomyces
cerevisiae. Mol Cell Biol 1989, 9:2715-2723.

68. ERREDE B, GARTNER A, ZHAO-QUING Z, NASMYTH K, AMMERER
G: A Pheromone Induced Kinase Cascade in S. cerevisiae:
Activation of the Fus3 Kinase by the Ste7 Kinase in vitro.
Nature 1993, in press.

69. CHANG F, Herskowrrz I; Identification of a Gene Neces-
sary for Cell Cycle Arrest by a Negative Growth Factor of

177



178

Cell multiplication

Yeast: FAR1 is an Inhibitor of a G1 Cyclin, CLN2. Cell 1990,
63:999-1011.

70. VAIDIVIESO MH, SUGIMOTO K, JAHNG K-Y, FERNANDES P,
WITTENBERG C: FAR1 is Required for Posttranscriptional
Regulation of CLNL Gene Expression in Response to Mating
Pheromone. Mol Cell Biol 1993, 13:1013-1022.

71. GOEBL MG, YOCHEM J, JENTSCH S, MCGRATH JP, VARSHAVSKY
A, BYERS B: The Yeast Cell Cycle Gene CDC34 Encodes a
Ubiquitin-Conjugating Enzyme. Science 1988, 241:1331-1335.

72, YOCHEM ], BYERs B: Structural Comparison of the Yeast Cell
Division Cycle Gene CDC4 and a Related Pseudogene. J Mol
Biol 1987, 195:233-245.

73. HOLLINGSWORTH REJ, SCIAFANI RA: DNA Metabolism Gene
CDC7 from Yeast Encodes a Serine (Threonine) Protein
Kinase. Proc Natl Acad Sci USA 1990, 87:6272-6276.

74.  BELL SP, STILLMAN B: ATP-Dependent Recognition of Eukary-
. otic Origins of DNA Replication by a Multiplication Com-
plex. Nature 1992, 357:128-134.

Much more is now known about regulation of the cell cycle than is
known about events that are regulated: that is, we know more about
the various forms of the Cdc28 protein kinase than we do about its
physiological targets. Initiation of DNA replication is one of the major
events dependent on Cdc28. This paper describes the identification of
a complex that binds to replication origins. Components of this com-
plex and proteins that associate with it could prove to be important
substrates for Cdc28.

75.  JOHNSTON LH, LOwWNDES NF; Cell Cycle Control of DNA
Synthesis in Budding Yeast. Nucleic Acids Res 1992,
20:2403-2410.

76. GHIARA JB, RICHARDSON HE, SUGIMOTO K, HENZE M, LEw DJ,
. WITTENBERG C, REED SI: A Cyclin B Homolog in . cerevisiae
Chronic Activation of the Cdc28 Protein Kinase by Cyclin
Prevents Exit from Mitosis. Cell 1991, 65:163-174.
This paper describes the identification of a B-type cyclin gene (CLBI)
in S. cerevisiae that is expressed in G,. Studies on Xenopus extracts
(see [30,85]) suggested that the metaphase to anaphase transition de-
pends on the destruction of B-type cyclins. This paper describes the
expression of an amino-terminal truncation of Clb1 that causes mitotic
arrest. It is suggested that cells arrest in metaphase. In a separate study
[79] the arrest caused by stabilized Clb1 and CIb2 proteins was found
to be late telophase; this result is inconsistent with the notion that Clb
destruction is needed for anaphase.

77. AMON A, SURANA U, MUROFF I, NasMYTH K; Regulation
. of p34CDC28 Tyrosine Phosphorylation is not Required
for Entry into Mitosis in S. cerevisiae. Nature 1992,
355:368-371.
Phosphorylation of Tyr15 in S. pombe Cdc2 and the equivalent residues
in animal Cdc2 proteins plays an important part in delaying the onset of
mitosis, particularly when DNA replication is inhibited. Phosphorylation
of the equivalent tyrosine residue in Cdc28 is cell cycle regulated but it
plays little role in the G, arrest of cells whose DNA is unreplicated or
damaged. Other mechanisms must therefore exist for regulating entry
into M phase which might not even involve regulation of Cdc28.

78.  GRANDIN N, REED SI: Differential Function and Expression of
Saccharomyces cerevisiae B-Type Cyclins in Mitosis and
Meiosis. Mol Cell Biol 1993, in press.

79. SURANA U, AMON A, DOWZER G, MCGREW J, BYERS B, NASMYTH
K: Destruction of the CDC28/CLB Mitotic Kinase is not Re-
quired for the Metaphase/Anaphase Transition in Budding
Yeast. EMBO J 1993, in press.

80. LYDALL D, AMMERER G, NASMYTH K: A New Role for MCM1 in
Yeast: Cell Cycie Regulation of SWI5 Transcription. Genes
Dev 1991, 5:2405-2419.

81. BENDER A, SPRAGUE GF: MATal Protein, a Yeast Transcription
Activator Binds Synergistically with a Second Protein to a
Set of Cell Type Specific Genes. Cell 1987, 50:681-691.

82.  WEINERT TA, HARTWELL LH: The RAD9 Gene Controls the
Cell Cycle Response to DNA Damage in Saccharomyces
cerevisiae. Science 1988, 241:317-322.

83. SORGER PK, MURRAY AW; S-Phase Feedback Control in Bud-

. ding Yeast is Independent of Tyrosine Phosphorylation of
p34cdc28. Nature 1992, 355:365-368.

This paper reports similar results to those in [77°°].

84. RUSSELL P, MORENO S, REED SI. Conservation of Mitotic Con-
trols in Fission and Budding Yeasts. Cell 1989, 57:295-303.

85.  GLOTZER M, MURRAY AW, KIRSCHNER MW, Cyclin is Degraded
by the Ubiquitin Pathway. Nature 1991, 349:132-138.

86. NASMYTH K, ADOLF G, LYDALL D, SEDDON A; The Identification
of a Second Cell Cycle Control on the HO Promoter in
Yeast: Cell Cycle Regulation of SWI5 Nuclear Entry. Cel/
1990, 62:631-647.

87. MoLL T, TEBB G, SURANA U, ROBITSCH H, NasMyTH K; The
. Role of Phosphorylation and the Cdc28 Protein Kinase in
Cell Cycle-Regulated Nuclear Import of the S. cerevisiae
Transcription Factor SwiS. Cell 1991, 66:743-758.
The cell cycle regulation of the entry of Swi5 into the nucleus is shown
to depend on phosphorylation sites within or near the Swi5 nuclear
localization signal. It is proposed that destruction of the Cdc28 protein
kinase at the end of mitosis causes Swi5 dephosphorylation and thereby
activation of its nuclear localization signal. Regulated Swi5 nuclear entry
is not necessary for mother cell specific HO expression but probably
regulates other genes, which unlike HO, are expressed as soon as cells
enter Gy.

88. STILLMAN DJ, BANKIER AT, SEDDON A, GROENHOUT G, NASMYTH
KA; Characterization of a Transcription Factor Involved in
Mother Cell Specific Transcription of the Yeast HO Gene.
EMBO J 1988, 7:485-494.

89. DOHRMANN PR, BUTLER G, TAMAI K, DORLAND S, GREENE JR,
. THIELE DJ, STILLMAN DJ; Parallel Pathways of Gene Regula-
tion: Homologous Regulators SWI5 and ACE2 Differentially
Control Transcription of HO and chitinase. Genes Dev 1992,
6:93-104.
ACE2 encodes a protein that is closely related to the product of SWI5
and is required for the activation of the CTSI chitinase gene but not for
HO. Ace2 and Swi5 have very similar DNA-binding domains and nuclear
localization signals. Furthermore, their synthesis and entry into the nu-
clear are similarly cell cycle regulated. The paper suggested that €757
is also dependent on SWI4 and SWI6 and that its regulation is there-
fore similar to that of HO. These last two assertions may be incorrect
because CTS1 is transcribed normally in swi4 and swi6 mutants and,
unlike HO, is activated as soon as cells enter G, due presumably to
the regulated entry of Ace2 into the nucleus (R Siegmund, T Schuster,
K Nasmyth, unpublished data).

90. HARTWELL LH, WEINERT TA: Checkpoints: Controls that
Ensure the Order of Cell Cycle Events. Science 1989,
246:629-634.

91, WINEY M, GOETSCH L, BAUM P, BYERS B: MPSI and MPS2:
Novel Yeast Genes Defining Distinct Steps of Spindle Pole
Body Duplication. J Cell Biol 1991, 114:745-754.

92. HOYT MA, TrOTIS L, ROBERTS BT: S. cerevisiae Genes Re-
o quired for Cell Cycle Arrest in Response to Loss of
Microtubule Function. Cell 1991, 66:507-517.
Treatment of cells with microtubule inhibitors causes cells to arrest cell
division in a state with high Cdc28 protein kinase activity. This paper
(along with [93#]) describes the isolation of bub mutants that fail to
arrest in this manner, which were identified by virtue of their hyper-
sensitivity to a sublethal inhibitor dose. The mutant cells continue DNA
replication in the absence of microtubule function but cannot complete
cytokinesis. It is suggested that the BUB genes are needed to transmit
the state of a cell's microtubules to regulators of mitosis and that cell
cycle arrest might be due to a delay in degradation of the Cdc28 kinase.
Like RAD9, which is needed for DNA damage induced cell cycle arrest,
BUBZ is a non-essential gene.

93. L1 R, MURRAY AW: Feedback Control of Mitosis in Budding
. Yeast. Cell 1991, 66:519-531.

This paper describes the isolation of mad mutants that have a similar
phenotype to bub mutants. MAD?2 is, however, an essential gene.



Control of the yeast cell cycle by the Cdc28 protein kinase Nasmyth

94.

9s.

96.

97.

98.

100.

KIMELMAN D, KIRSCHNER M, SCHERSON T: The Events of
the Midblastula Transition in Xenopus are Regulated by
Changes in the Cell Cycle. Cell 1987, 48:399-407.

LEw DJ, REeD SI: A Proliferation of Cyclins. Trends Cell Biol
1992, 2:77-81.

KOFF A, GIORDANO A, DESAI D, YAMASHITA K, HARPER JW,
ELLEDGE S, NISHIMOTO T, MORGAN DO, FrRanZA BR, ROBERTS
JM: Formation and Activation of a Cyclin E~cdk2 Complex
During the G1 Phase of the Human Cell Cycle. Science
1992, 257:1689-1694.

PAGANO M, DRAETTA G, JANSEN-DURR P: Association of cdk2
Kinase with the Transcription Factor E2F during S Phase.
Science 1992, 255:1144-1147.

NURSE P, BISSETT Y; Gene Required for Commitment to Cell
Cycle and in G2 for Control of Mitosis in Fission Yeast.
Nature 1981, 292:448-460.

HAGAN 1, HAYIES J, NURSE P: Cloning and Sequencing the
Cyclin-Related cdc13% Gene and a Cytological Study of its
Role in Fission Yeast Mitosis. J Cell Sci 1988, 91:587-596.

BUENO A, RICHARDSON H, REED SI, RUSSEL P: A Fission Yeast B-
Type Cyclin Functioning Early in the Cell Cycle. Cell 1991,
66:149-159.

This paper describes the isolation of a second type of B-type cyclin
gene in S. pombe called cigl. Deletion of cig? is not lethal but causes
a marked delay in the onset of DNA replication.

101. FORSBURG SL, NURSE P: Identification of a G1-Type Cyclin
pucl™ in the Fission Yeast Schizosaccharomyces pombe.
Nature 1991, 351:245-248.

102. LOWNDES NF, MCINERNY CJ, JOHNSON AL, FANTES PA, JOHNSTON
. LH: Control of DNA Synthesis Genes in Fission Yeast by
the Cell-Cycle Gene c¢dcl0%. Nature 1992, 355:449—453.
The cdc10 gene is required for the initiation of DNA replication in §.
pombe [4]. A clue as to its function stemmed from the discovery that
cdc10is extensively homologous to SWI6 from S. cerevisiae [45], which
encodes one of the components of the late G;-specific SBF transcrip-
tion factor. This paper shows that the ¢dc10 protein is a component of
a factor from S. pombe tht binds MCB elements. Swi6 is also a compo-
nent of an equivalent factor in §. cerevisiae (MBF/DSC1 [46%% 47%%]).
The activation of gene expression at the beginning of the cell cycle is
therefore a conserved feature of the cell cycle.

K Nasmyth, Research Institute of Molecular Pathology, Dr Bohr-Gasse
7, A-1030 Vienna, Austria.

179



