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ABSTRACT

In budding yeast, the Ras/cAMP pathway is involved in the coordination of cell growth and cell division.
Glucose-rich medium stimulates Ras/cAMP signaling, which causes an increase in the critical cell size for
cell cycle entry. Here we show that glucose and activated Ras proteins also influence the function of the
anaphase-promoting complex (APC/C), a ubiquitin-protein ligase required for sister chromatid separation
and mitotic exit. We found that apc10-22 and other mutants defective in the APC/C are suppressed by
reduced Ras signaling activity, by a deletion of the RAS2 gene, by a cdc25 mutation, by elevated levels of
PDE2, or by growth without glucose. Viability of these mutants is also enhanced by decreased Cdk1 activity.
In contrast, a constitutively activated RAS2¥2%° allele or shifts to glucose medium are deleterious to apc10-
22 mutants. Remarkably, cdc34-2 mutants, which are impaired in SCF function, are differently affected
with respect to Ras activity. Viability of cdc34-2 mutants at elevated temperatures is dependent on glucose
and the RAS2 gene. We conclude that glucose and Ras proteins influence the APC/C and the SCF complex
in an opposite manner. These ubiquitin ligases might represent novel targets for modulating cell division

in response to growth conditions.

EGULATED proteolysis is a fundamental process
in cell cycle progression of eukaryotic cells. Degra-
dation of various target proteins is important for crucial
events such as the initiation of DNA replication, the
separation of sister chromatids during mitosis, or the
inactivation of cyclin-dependent kinases (Cdks) prior
to mitotic exit (reviewed by Hershko 1997). Protein
degradation is normally preceded by the ligation of
chains of ubiquitin molecules. The crucial components
for the regulation of ubiquitination during the cell cycle
are ubiquitin-ligase complexes, the Skpl/Cdc53/F-box
complex (SCF), and the anaphase-promoting complex
(APC/C), also known as cyclosome (reviewed by Peters
1998; Townsley and Ruderman 1998).

Different SCF complexes, which all require the ubiqui-
tin-conjugating enzyme Cdc34 but vary in a subunit, the
F-box protein (Bai et al. 1996; Skowyra et al. 1997),
exist. SCF associated with the F-box protein Cdc4,
SCF mediates proteolysis of the Cdk1 inhibitor Sicl,
which is an essential process for the initiation of DNA
replication (Schwob et al. 1994; Feldman et al. 1997,
Verma et al. 1997). Several additional substrates of the
SCF, such as Gen4, Cdc6, and Farl, have been identified
(Peters 1998). The SCF complex is active throughout
the cell cycle, but the access of its substrates to the
ubiquitination machinery is tightly controlled.

In contrast to SCF, the activity of the APC/C is cell
cycle regulated (Cohen-Fix and Koshland 1997). Pre-
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cise control of this highly conserved ubiquitin-protein
ligase complex is a fundamental process ensuring a
proper order of events during mitosis (Morgan 1999).
One of the factors involved in APC/C activation at the
metaphase to anaphase transition is the mitotic cyclin-
dependent kinase, Cdkl. It is unknown whether Cdk1l
phosphorylates the APC/C directly or whether it in-
duces a pathway that leads to APC/C activation (Felix
et al. 1990; Lahav-Baratz et al. 1995). Intriguingly, the
yeast Cdk1l, also known as Cdc28 kinase, is not only
involved in promoting APC/C activation, but also acts
as an inhibitor of the APC/C, at least during S-, G2-,
and early M-phase (Amon 1997). Other crucial factors
for APC/C activation during mitosis are Cdc20 and
Cdh1/Hctl, which are two similar WD40 repeat pro-
teins. Both proteins associate with the APC/C and are
responsible for its substrate specificity (Schwab et al.
1997; Visintin et al. 1997; Fang et al. 1998). Cdc20
is needed for ubiquitination of the anaphase-inhibitor
protein Pdsl and is therefore essential for the meta-
phase/anaphase transition (Visintin et al. 1997; Shira-
yama et al. 1998). Pds1 inhibits sister chromatid separa-
tion by blocking the “sister-separating” protein Espl,
thereby preventing the dissociation of sister chromatid
cohesion molecules from chromosomes (Michaelis et
al. 1997; Ciosk et al. 1998; Nasmyth 1999).
Proteolysis of mitotic cyclins in late anaphase requires
the association of the APC/C with Cdh1/Hctl, which
then enables the access of mitotic cyclins and other
substrates like the spindle-associated protein Asel to
the ubiquitination machinery (Schwab et al. 1997; Vis-
intin et al. 1997). Binding of Cdh1/Hctl to the APC/C
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was shown to be negatively regulated by Cdk1-dependent
phosphorylation (Zachariae et al. 1998a; Jaspersen et al.
1999). A number of additional proteins, including Cdc5,
Cdcl4, Cdcl5, Teml, and Dbf2, are required for the
exit from mitosis (reviewed by Morgan 1999). Most of
these factors, designated as late mitotic proteins, are
essential, display multiple genetic interactions, and,
thus, probably have a function in a common pathway
(Jaspersencetal. 1998). Cdcl14 dephosphorylates Cdhl/
Hctl and thereby enables its association with the APC/C
(Visintin et al. 1998; Jaspersen et al. 1999).

Other important factors in late mitosis were identified
as the Ras genes RAS1 and RAS2, as well as the Ras-
related RSR1 gene, which have a redundant but essential
role in late mitosis (Morishitaetal. 1995). Activation of
the small GTP-binding proteins Rasl and Ras2 normally
stimulates adenylate cyclase, resulting in increased intra-
cellular cAMP levels (Toda et al. 1985). However, the
late mitotic function of the Ras proteins is apparently
independent of the cAMP pathway (Morishita et al.
1995). In fission yeast, it was found that elevated levels
of cAMP inhibit the APC/C (Yamashita et al. 1996).
This inhibitory effect is mediated by protein kinase A
(PKA) activity and might affect the assembly of the Schiz-
osaccharomyces pombe APC/C (Yamashita et al. 1996;
Yamada et al. 1997). PKA was also shown to phosphory-
late the mammalian APC/C in an in vitro reconstituted
system, thereby causing an inhibition of its activity
(Kotani et al. 1998).

It might reflect an apparent discrepancy that Ras pro-
teins are inducers of the cAMP pathway, which may
interfere with APC/C activity, and that they simultane-
ously have an essential role for triggering mitotic exit.
Here, we analyzed the effect of Ras activity on APC/C
function in Saccharomyces cerevisiae. Initial experiments
showed that apcl10-22 mutants, which are defective in
APC/C-mediated proteolysis, are inviable at elevated
temperatures on glucose medium, a rich medium
known to induce the Ras/cAMP pathway. In contrast,
these mutants were viable on a poor carbon source. We
show that the deleterious effect of glucose on apc10-22
and on other mutants in the APC/C occurs by the activ-
ity of Ras2 and cAMP. Thus, activated Ras signaling
appears to inhibit the function of the APC/C. In con-
trast, we found that viability of mutants impaired in the
SCF complex was enhanced by activated Ras signaling.
Therefore, glucose and an activated Ras/cAMP signal-
ing pathway influence the function of the APC/C and
the SCF in opposite manners.

MATERIALS AND METHODS

Yeast strains and plasmids: The yeast strains used in this
study are all derivatives of the W303 strain (MATa ade2-1 trp1-1
can1-100 leu2-3,12 his3-11,15 ura3 GAL psi+). All mutants from
different strain backgrounds were backcrossed at least four
times to W303 strains to make them congenic. The apcl0-
22 mutant was previously identified in a screen for mutants
defective in cyclin proteolysis, but then incorrectly described

as a csel-22 mutant (Irniger et al. 1995). The high-copy SIC1
plasmid and the GAL-PDS1-HA3 construct were obtained from
M. Shirayama. PDS1-HA3 contains three HA epitopes at posi-
tion 520 after the first ATG of the PDS1 open reading frame
(ORF; Cohen-Fix et al. 1996). The high-copy PDE2 plasmid
and the mutated RAS2"4*° allele were provided by H. U. Mosch.
RAS2'3® was isolated as a 3.0-kb EcoRI-EcoRI fragment and was
subcloned into the centromeric plasmid YCplac33 (Gietz and
Sugino 1988). For disruption of the RAS2 gene, a disruption
cassette with a complete deletion of the RAS2 ORF was used.
The 1.16-kb Hpal-Hpal fragment was replaced by the URA3
gene. After transformation of yeast cells, disruptions were veri-
fied by Southern hybridization.

Genetic techniques and media: Standard genetic techniques
were used for manipulating yeast strains. To test synthetic
phenotypes, the corresponding haploid strains were crossed,
the diploids were sporulated, and the resulting tetrads were
analyzed by dissection. Only tetrads producing four germinat-
ing spores were used for the analysis of genetic interaction.

Mutant strains that contained two temperature-sensitive al-
leles, apc10-22 cdc25-1, cdc27-1 cdcd-1, cde27-1 cde34-1, and
cdc23-1 cdcd-1, were obtained by crossings of haploid strains
and tetrad analysis. Segregants from nonparental ditype tet-
rads were used. In each case, these strains were retested by
backcrossing to a wild-type strain, thereby verifying the pres-
ence of two temperature-sensitive alleles.

When yeast cells were grown in complete medium, YEP
medium (2% bactopeptone, 1% yeast extract, 0.005% adenine
sulfate) supplemented either with 2% glucose (YEPD) or 2%
raffinose (YEP + Raff) was used. For the selection of plasmid-
containing strains, cells were grown in minimal medium, a
synthetic medium containing 0.8% yeast nitrogen base without
amino acids, 50 p.g/ml uracil and adenine, supplemented with
amino acids and 2% glucose or raffinose (Rose et al. 1990).

Growth conditions and cell cycle arrests: Prior to the incuba-
tion of mutant strains at elevated temperature on agar plates,
the cells were always preincubated at 25° for 12-18 hr. Prior
to cell cycle arrests in liquid medium, cultures were pregrown
to an ODgy, 0.3-0.6 at 25°. When a gene was expressed from
the inducible GAL1 promoter, cells were pregrown in medium
containing raffinose as the sole carbon source. The GAL1
promoter was induced by the addition of 2% galactose. To
arrest cells in G1-phase with «-factor pheromone, 0.5 pg/ml
o-factor was added to barl strains. For prolonged «-factor
treatments, additional « factor (0.25 wg/ml) was added after
every 120 min to prevent a drop in the a-factor concentration.
To arrest cells with the microtubule-depolymerizing drug no-
codazole, 15 pwg/ml nocodazole (from a 1.5 mg/ml stock
solution in DMSO) was added.

Other methods: Whole cell extracts for immunoblotting
were prepared as previously described (Surana et al. 1993).
Immunoblotting was performed using the enhanced chemilu-
minescence detection system (ECL; Amersham). Clb2 and
Cdc28 antibodies were used in 1:1000 and 1:2000 dilutions,
respectively. To detect HA-tagged proteins, the HA antibody
(12CA5) was used in a 1:100 dilution. For immunofluores-
cence microscopy, cells were fixed in 3.7% formaldehyde and
subsequently spheroplates were prepared as described by
Pringle et al. (1991). 4’,6-Diamidino-2-phenylindole (DAPI)
staining and antitubulin antibodies were used for visualization
of nuclei and spindles, respectively.

RESULTS

Apcl0 is generally required for ubiquitin-dependent
proteolysis mediated by the anaphase-promoting com-
plex: Apcl0 (also termed Docl) was previously shown
to be essential for proteolytic degradation of the mitotic
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Figure 1.—apcl0-22 mutants are defective in APC/C-medi-
ated proteolysis. (A) Wild-type cells and apcl10-22 mutants,
both containing a barl::hisG deletion and a GAL1-PDS1 fusion
(PDS1 tagged with three HA epitopes), were arrested at 25°
with a-factor pheromone. Subsequently, galactose was added
to induce the GAL1 promoter for 30 min, then the cells were
shifted to 36° for 30 min, and finally glucose was added to turn
off transcription of the fusion gene. Samples were collected
0, 30, and 60 min after glucose addition. Pdsl stability was
determined by immunoblotting with an antibody to the HA
epitope. Pdsl often appeared as a doublet, as described by
Cohen-Fix et al. (1996). Cdc28 was used as a loading control.
(B) apc10-22 mutants containing an HA-tagged version of Pds1
were incubated either with nocodazole at the permissive tem-
perature (25°) or without nocodazole at the restrictive temper-
ature (37°). Samples were collected after 4 hr and were ana-
lyzed by immunoblotting. (C) Tetrad analysis of a cross of
apcl0-22 mutants with an ubc4::HIS3 deletion strain. A total
of 60 tetrads, of which all four spores were germinated, were
analyzed.

cyclin Clb2 (Hwang and Murray 1997). Apcl0 was
found to be associated with the anaphase-promoting
complex in the budding yeast S. cerevisiae (Hwang and
Murray 1997; Zachariae et al. 1998b) and the fission
yeast S. pombe (Kominami et al. 1998). Findings in S.
pombe indicated that Apc10 is a regulator of the APC/C
and possibly is not a subunit of this complex.

APC/C activity is primarily regulated by association
with its substrate-specific activators Cdc20 and Cdhl/
Hctl. To elucidate whether Apcl0 is generally needed
for APC/C activity or whether it is involved in substrate-
specific APC/C activation, the stability of a noncyclin
substrate, the anaphase inhibitor Pds1, was determined
in a temperature-sensitive apc10-22 budding yeast mu-
tant. Pdsl was stabilized in these cells during G1-phase,
under conditions where the APC/C is fully active in wild-
type cells (Figure 1A). Furthermore, apcl0-22 mutant
arrested at the restrictive temperature in mitosis with
high Pdsl levels, comparable to cells blocked in meta-
phase by nocodazole treatment (Figure 1B). Therefore,
Apcl0 appears to be generally required for APC/C func-
tion. A direct role for Apc10 in ubiquitination is further
supported by genetic crossing of an apcl0-22 mutant
and a strain lacking the ubiquitin-conjugating enzyme
Ubc4. Segregants containing both mutations were invia-

ble at 25° implying that a combination of these muta-
tions results in a synthetic lethal phenotype (Figure 1C).

apcl 0-22 mutants are suppressed by decreasing Ras
signaling and cAMP levels: To identify putative regula-
tors of the APC/C, we used the temperature-sensitive
apc10-22 mutant to screen for suppressors of this muta-
tion. During screenings of cDNA libraries, we observed
that the apc10-22 mutants had a distinctly different phe-
notype when grown on media containing raffinose or
galactose compared to glucose medium. This effect was
independent of plasmids from the cDNA libraries. Most
cells incubated on medium containing glucose (YEPD)
were inviable at 35° (Figure 2A). Only a few cells were
capable of undergoing cell division and eventually pro-
ducing colonies. In contrast, most apc10-22 mutant cells
produced colonies on agar plates containing the poor
carbon source raffinose. It was shown earlier that the
addition of glucose to poor growth medium activates
the Ras/cAMP signaling pathway, leading to a transient,
drastic increase in cCAMP levels, followed by a resetting
to a level that is modestly higher than before glucose
addition (Russell et al. 1993; Tokiwa et al. 1994). The
inhibitory effect of glucose on apc10-22 mutants might
therefore be mediated by the activation of the Ras signal-
ing pathway and increased cAMP levels.

To test this hypothesis, we constructed various apc10-
22 mutant strains in which Ras signaling was downregu-
lated, either by deleting the RAS2 gene or by the combi-
nation of apc10-22 with a cdc25-1 mutation, a mutant in
the guanine nucleotide exchange factor for Ras. Both
the apcl0-22 ras2A and the apcl10-22 cdc25-1 double mu-
tants were viable at 35° on YEPD plates (Figure 2, B and
C). Colonies grew more slowly than wild-type colonies,
but cells had a morphological phenotype similar to wild-
type cells (data not shown). In contrast, apc10-22 cells
increased rapidly in cell size and ceased cell division as
large budded cells. To test if the inhibitory effect of
glucose occurs viathe cCAMP pathway, apc10-22 was trans-
formed with a high-copy plasmid containing the cCAMP-
phosphodiesterase gene PDE2, which is known to re-
duce cAMP levels. Overexpression of PDE2 had an effect
similar to that of Ras2 inactivation, indicating that low
CAMP levels restored viability to apc10-22 mutants (Fig-
ure 2D).

Taken together, these results show that decreasing
Ras activity or cAMP levels suppressed the lethality of
apcl0-22 mutants. Thus, glucose and Ras activity are
apparently inhibitors of Apc10 function.

Activation of Ras signaling blocks cell division of
apcl 0-22 mutants: To test whether activated Ras signal-
ing is deleterious to apcl10-22 mutants, a plasmid con-
taining a constitutively activated RAS2 allele, RAS2A°,
was transformed into apc10-22 mutants. Only a low num-
ber of transformants were able to grow at 25° and these
exhibited growth defects even at this permissive temper-
ature. Upon incubation of these cells at 35° on medium
containing the poor carbon source raffinose, most cells
containing the activated RAS2 allele were inviable (Fig-
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ure 3A). These cells increased rapidly in cell size and
ceased cell division, whereas strains containing a control
plasmid were able to form colonies (Figure 3B). There-
fore, apcl0-22 RAS2'4% cells growing on raffinose me-
dium had a similar phenotype to apc10-22 cells growing
on glucose medium, whereas the apc10-22 control strain
was morphologically similar to the apc10-22 ras2A and
apcl0-22 cdc25-1 strains shown in Figure 2. This observa-
tion demonstrates that an activated Ras2 protein is dele-
terious to apc10-22 mutants.

To demonstrate the inhibitory effect of glucose on
cell division of apc10-22 mutants, glucose was added to
cultures that were preincubated in raffinose medium.
Under these conditions, apc10-22 mutants were able to
divide similarly to wild-type cells at temperatures up to
32°. The addition of 2% glucose resulted in the accumu-
lation of large budded cells that contained mostly short
mitotic spindles (Figure 4A). This phenotype was not
observed when galactose was added instead of glucose.
To further confirm that these cells were indeed blocked
in mitosis, a-factor pheromone was added, which nor-
mally causes dividing cells to arrest in G1-phase. During

Figure 2.—Suppression of
the lethality of apc10-22 mu-
tants by decreasing Ras signal-
ing. (A) Wild-type cells and
apcl0-22 mutants were streaked
on YEP agar plates containing
either glucose or raffinose as
the sole carbon source. Plates
were incubated at 35° for 2.5
days. On galactose plates, most
cells formed colonies like on
raffinose plates (not shown).
(B) Wild-type cells, a ras2:
URA3 deletion strain (ras24),
an apcl0-22 mutant, and an
apcl0-22 ras2A double mutant
were incubated on YEPD me-
dium for 2.5 days. (C) Wild-
type cells, an apc10-22 cdc25-1
double mutant, and the corre-
sponding single mutants were
incubated on YEPD plates for
2.5 days. (D) apc10-22 mutants
containing high-copy plasmids,
either with the PDE2 gene
(2n-PDE2) or with no insert
(2p-Vector), were incubated
on minimal medium plates
containing 2% glucose at the
indicated temperatures for 3
days.

a 5-hr period following «-factor addition, only 20-25%
of cells incubated in glucose medium arrested as unbud-
ded cells, whereas in the culture containing galactose
and in the wild-type control cultures, >90% of the cells
entered G1-phase (Figure 4B). Glucose prevented a de-
crease in the levels of the APC/C substrates Pdsl and
ClIb2 during this experiment (Figure 4C). Protein levels
decreased, but did not disappear completely when
apcl0-22 mutants were incubated with galactose. In this
case, APC/C may be only partially functional, but suffi-
ciently functional to exit mitosis despite the presence
of low levels of Pdsl and Clb2.

These experiments show that glucose induces a mi-
totic arrest of apc10-22 mutants by blocking APC/C func-
tion, thereby preventing Pdsl and Clb2 degradation.

Decreasing Ras signaling suppresses cdc27-1, cdc23-1,
and dbf2-2 mutants: To test whether the suppression of
apcl0-22 by low Ras activity is a specific phenomenon for
this mutant, we compared various temperature-sensitive
cell cycle mutants on medium containing glucose vs.
medium containing raffinose. Many of these mutants,
including mutants in the yeast Cdk1, cdc28-1N and
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cdc28-4, showed no obvious difference when grown ei-
ther on a poor or on a rich carbon source (not shown).
Nevertheless, additional mutants whose viability was en-
hanced by incubation on poor carbon sources were
identified. cdc27-1 mutants, which are defective in an
APC/C subunit, were inviable at 30° on glucose me-
dium, but divided and formed colonies when incubated
on raffinose medium (Figure 5A) or in the presence of
high levels of PDE2 (not shown).

Suppression of another mutant in the APC/C, cdc23-1,
was visible, but was less distinct than for cdc27-1 mutants
(not shown). However, we found that growth in the
absence of glucose restores viability to cdc23-1 clb2 dou-
ble mutants, mutations that were previously found to
be synthetic lethal (Figure 5B; Irniger et al. 1995).
Whereas spores containing both the cdc23-1 mutation
and a deletion of the mitotic cyclin gene CLB2 were
dead on YEPD medium, many of them were able to
produce colonies on glucose-free medium at 25°. Plating
to YEPD plates confirmed that the lethality of cdc23-1
clb2 cells is due to the presence of glucose (Figure 5C).

It is likely that cdc23-1 cells lacking CLB2 are defective
in APC/C activation induced by the mitotic Cdk1. This
strong effect of glucose on the cdc23-1 clb2 double mu-
tant, as well as the finding that glucose caused apcl0-
22 mutants to arrest with short mitotic spindles (Figure
4A), may indicate that Ras signaling specifically inhibits
APC/C activation at the metaphase/anaphase transi-
tion. To test whether mitotic exit is similarly affected
by Ras activity, we used cdc23-1 cells in which CLB2 was
modestly expressed to higher levels, caused by an ADH-
CLB2 fusion construct. cdc23-1 cells expressing CLB2 at
elevated levels arrest with elongated spindles and fail
to exit from mitosis (Irniger et al. 1995). We found
that modestly elevated CLB2 expression was more dele-
terious to cdc23-1 cells grown on glucose medium than
to cells incubated on raffinose medium (Figure 5D).

Figure 3.—Activation of
Ras signaling is toxic for
apc10-22 mutants. (A) apcl0-
22 transformed with centro-
meric plasmids containing
either a RAS24%° gene or no
insert were streaked on YEP
medium containing raffi-
nose as the sole carbon
source. (B) Photographs of
cells incubated on YEP +
Raff at 35°, 20 hr after
streaking and temperature
shift.

Thus, Ras activity also affects cdc23-1 cells, which are
primarily defective in mitotic exit. From these observa-
tions, we conclude that Ras signaling generally affects
the function of the APC/C and not specifically its activa-
tion in early anaphase.

Furthermore, dbf2-2 mutants that are defective in mi-
totic exit exhibit phenotypes similar to those of mutants
in the APC/C. The lethality of dbf2-2 cells is suppressed
efficiently by a ras2 deletion and modestly by high levels
of PDE2 (Figure 5E). Like apc10-22 mutants, dbf2-2 was
sensitive to an activated RAS2'¥° allele (not shown).
Therefore, Ras activity affects not only APC/C function,
but also additional factors important for mitotic exit.

Synergistic effect of decreasing Ras and Cdk1 activity:
It is known that Cdkl is required to keep the APC/C
inactive during S- and G2-phase and in nocodazole-
arrested mitotic cells (Amon 1997). Therefore, Cdkl
seems to act as an inhibitor of the APC/C. To compare
the effect of Cdk1 activity on APC/C function with the
effect of Ras activity, we tested whether decreasing Cdk1
activity also affects the viability of apc10-22 and cdc27-1
mutants. Clb-associated Cdk1 activity is inhibited effi-
ciently by the CDK inhibitor Sicl (Schwob et al. 1994)
and expression of SIC1 on a high-copy plasmid is likely
to result in a reduction of Cdkl activity. Indeed, we
found that elevated levels of Sicl suppressed the lethality
of apc10-22 and cdc27-1 mutants at elevated temperature
(Figure 6, A and B). Remarkably, apc10-22 mutants were
suppressed efficiently at up to 37° on YEPD medium.
These results show that decreasing Cdkl activity en-
hances viability of mutants impaired in APC/C function
and suggest an inhibitory effect of Cdk1 on the APC/C.

It might be assumed that suppression of apc10-22 and
cdc27-1 mutants by reduced Cdkl activity is due to an
alleviated association of Cdh1/Hctl with the APC/C.
Binding of Cdh1/Hctl is negatively regulated by Cdk1
activity (Zachariae et al. 1998a; Jaspersen et al. 1999).
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Figure 4.—Glucose blocks
apcl0-22 cells in mitosis. Wild-
type and apcl0-22 mutant cells
were pregrown at 32° in YEP +
Raff medium to a low exponen-
tial growth phase (OD 0.1 to
OD 0.2). Under these condi-
tions, mutant cells divided with-
out an obvious growth defect,
similar to wild-type cells. The
culture was split and subse-
quently either 2% glucose or
2% galactose was added. Incu-
bation continued for another
5 hr at 32°. Then «-factor pher-
omone was added to elucidate
whether cells are capable of
undergoing mitosis and then
arrest in G1-phase as a conse-
quence of the pheromone
treatment. (A) Photographs of
apcl0-22 mutants 5 hr after glu-
cose addition. DNAs and spin-
dles were visualized by DAPI
staining or tubulin antibodies,
respectively. A total of 80-90%
of the cells contained short
spindles, whereas most of the
remaining cells had elongated
spindles. (B) Percentage of
budded cells, determined ev-
ery hour after the addition of
a-factor (0 time point). (C) Im-
munoblotting of cell extracts
collected every hour after the
addition of o-factor (0 time

point). Strains containing Pds1
tagged with three HA epitopes
were used for these experi-
ments (Cohen-Fix et al. 1996).
Pdsl and ClIb2 were detected
with HA or CIb2 antibodies, re-
spectively. Pds1 often appeared
as a doublet. Cdc28 was used
as a loading control. Samples
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However, suppression of apc10-22 mutants by low kinase
cannot be due solely to elevated binding capacity of
Cdh1/Hctl, because an apc10-22 mutant strain in which
CDH1/HCT1 was deleted was also viable at 37° when
containing high levels of the Sicl protein (not shown).

We have shown that a reduction in either Cdk1 kinase
activity or Ras/cAMP signaling restored viability of
cdc27-1 cells at 30° (Figures 5A and 6B), but never at
temperatures above 32°. This partial phenotype allowed
us to test whether combined downregulation of Ras and
Cdk1 kinase results in a synergistic effect. To elucidate

without glucose (—Glu) or ga-
lactose (—Gal) were collected
prior to glucose and galactose
addition, respectively. For wild-
type strains, a sample prior to
a-factor addition (0 min) and
a sample after 3 hr of a-factor
treatment are shown.

this, acdc27-1 strain containing a high-copy SIC1 plasmid
was incubated at elevated temperatures. At 35°, this
strain was viable on raffinose plates, whereas on glucose
medium most cells were inviable (Figure 6C). There-
fore, viability of cdc27-1 mutants at 35° is dependent
both on reduced Cdkl kinase activity and on low Ras
activity. This synergistic effect on cdc27-1 mutants sug-
gests that Cdkl kinase and the Ras signaling pathway
act in parallel to inhibit APC/C function.

Viability of cde34-2 and cde4-1 mutants depends on
active Ras signaling: Remarkably, we found that two
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A
cdc27-1
Glucose
Genotype Number of viable segregants
YEPD (40 Tetrads)
CDC23 CLB2 37 28
CDC23 elb2::LEU2 39 3l
cde23-1 CLB2 37 33
cde23-1 clb2::LEU2 0 17
C
WT

YEP+Raf (30 Tetrads)

Raffinose

Raffinose

Figure 5.—Viability of cdc27-1,
cdc23-1, and dbf2-2 mutants is en-
hanced by a reduction in Ras activ-
ity. (A) Wild-type and cdc27-1 cells
were incubated at 30° for 2.5 days.
(B) Tetrad analysis of a cross of
cdc23-1 cells with a clb2 deletion
strain (clb2::LEU2). Tetrads were
dissected on complete medium
containing either glucose or raf-
finose and were incubated at 25°.
(C) cdc23-1 clb2::LEU2 segregants
were streaked on YEPD or YEP +
Raff medium and were incubated
at 25° for 3.5 days. (D) cdc23-1 cells
in which CIb2 is modestly over-
expressed by the S. pombe ADH1
promoter (ADH-CLB2) were in-
cubated either on glucose or raf-
finose medium at 28° for 3 days.
(E) Wild-type cells, dbf2-2 mutants,
and dbf2-2 cells with aras2 deletion
were incubated on YEPD agar
plates at the indicated tempera-
tures for 2.5 days. In addition,
dbf2-2 transformants containing
the PDE2 gene on a high-copy vec-
tor were streaked on these plates.
Viability of cdcl5-2 mutants was
also modestly enhanced by a de-
crease in Ras activity (not shown).

Raffinose

mutant strains, cdc34-2 and cdc4-1, displayed opposite
phenotypeswith respect to glucose and Ras activity when
compared to apc mutants. cdc34-2 and cdc4-1 mutants
are both defective in the SCF complex. Viability of these
mutant strains was enhanced when cells were grown in
the presence of glucose. At elevated, semipermissive
temperatures, cdc34-2 mutants were able to produce
normal colonies on YEPD plates, but were severely im-

paired on medium containing raffinose (Figure 7A).
Inactivation of RAS2 was deleterious to cdc34-2 mutants
on glucose medium and these cells were completely
inviable on raffinose medium.

The synthetic phenotype of aras2 deletion and cdc34-2
mutation might be explained by the fact that both Ras
and SCF are needed for the G1/S transition. Ras pro-
teins are essential in late G1-phase for the stimulation
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2u-Vector

cde27-1
2u-SIC1
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of adenylate cyclase (Toda et al. 1985), whereas the SCF
complex triggers the degradation of the Cdk1 inhibitor
Sicl at the G1/S transition (Schwob et al. 1994). We
therefore tested whether the failure to degrade Sicl is
the sole reason for the lethality of cdc34-2 mutants under
conditions where Ras signaling activity is low. We con-
structed a cdc34-2 siclA mutant strain that is able to
undergo a complete round of DNA replication
(Schwob et al. 1994). This strain was incubated on glu-
cose and raffinose medium. We found that this strain

25°C, 34°C, 34°C,

Glucose Glucose Raffinose

5 4l 4 4B

il ~aip—B—l

34°C, Glucose

cdc34-2 | cdc4-1
ras2A ras2A

cdc34-2 cdcd-1

CDC34 sic1A
cdc34-1 siclA

S. Irniger, M. Baumer and G. H. Braus

Figure 6.—High levels of Sicl enhance
viability of mutants in the APC/C. (A)
apcl0-22 mutants containing either the
SIC1 gene on a high-copy plasmid or the
empty vector plasmid (YEplac181) were in-
cubated for 2.5 days at the indicated tem-
peratures on YEPD agar plates. Overexpres-
sion of SIC1 had no effect on wild-type cells.
(B) cdc27-1 mutants containing either the
SIC1 gene on a high-copy plasmid (two
transformants are shown) or the empty vec-
tor plasmid were incubated for 2.5 days at
30°. (C) cdc27-1 mutants containing either
the SIC1 gene on a high-copy plasmid or
the empty vector plasmid were incubated
for 2.5 days at 35° on medium containing
either glucose or raffinose as the sole car-
bon source.

Raffinose

is viable on glucose medium but inviable on raffinose
medium at elevated temperatures (Figure 7B). There-
fore, viability of both cdc34-2 and cdc34-2 siclA mutants
depends on active Ras signaling.

In cdcd-1 mutants, the influence of the carbon source
was less significant than in cdc34-2 mutants (Figure 7C).
Nevertheless, under conditions where Ras signaling is
low, by incubation of a cdc4-1 ras2A strain on raffinose
medium, cells were inviable at 30°. Because the viability
of cdc34-2, and to a lesser extent of cdc4-1 cells, at ele-

| CDC34 RAS2
. | CDC34 ras2A

cdc34-2 RAS2
| cdc34-2 ras2A

Figure 7.—Viability of cdc34-2
and cdc4-1 mutants is dependent
on glucose and Ras2. (A and B)
Serial dilutions (1:10) of the indi-
cated strains were spotted on agar
plates (from right to left) con-
taining the indicated carbon
source and were incubated for 3
days at 25° or 34°. (C) cdc34-2 and
cdcd-1 mutants, as well as the mu-
tant strains containing a deletion
of the RAS2 gene, were incubated
on agar plates containing the indi-
cated carbon source and were in-
cubated at 30° for 3 days.

A
a ‘_\s&s‘
A
T A -

o Raffinose
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wT

cde27-1

cdc27-1 cdc4-1
cdc27-1 cdc34-2

cdc23-1
cdc23-1 cde4-1

25°C

Figure 8.—Partial inactivation of SCF suppresses the lethal-
ity of mutants in the APC/C. Serial dilutions (1:10) of the
indicated mutant strains were spotted on YEPD plates (from
right to left). Plates were incubated for 3 days at the indicated
temperatures.

vated temperatures is dependent on Ras activity, we
conclude that SCF function is enhanced by active Ras
signaling.

Partial inactivation of SCF suppresses defects in the
APC/C: Our data imply that the two ubiquitin-ligase
complexes SCF and APC/C are both influenced by the
activity of the Ras pathway, either positively or nega-
tively. An increase or decrease in Ras signaling might
be part of a mechanism to promote one proteolytic
pathway and to reduce the second one. Our findings
prompted us to identify possible genetic interaction be-
tween these complexes. For this purpose, mutant strains
containing temperature-sensitive mutations in both the
SCF and the APC/C complexes were constructed. We
used cdc23-1 and cdc27-1 mutants that are inviable at
30° on YEPD and combined them with cdc4-1 or cdc34-2
mutants that are viable under these conditions. These
double mutant strains allowed us to test the effect of
mutations in SCF on mutants in the APC/C. We found
that the lethality of cdc27-1 mutant strains was sup-
pressed when combined with mutations in the SCF (Fig-
ure 8). Suppression of the cdc23-1 mutant also occurred,
but it appeared to be less efficient. Therefore, partial
inactivation of SCF suppresses defects in the anaphase-
promoting complex. A reverse experiment under condi-
tions where viability of cdc34-2 mutants might be en-
hanced by mutations in the APC/C did not reveal any
suppression of these mutants (not shown). These results
indicate that SCF activity has an inhibitory effect on the
APC/C.

DISCUSSION

Ras activity and mitosis: Precise regulation of the
anaphase-promoting complex is crucial to guaranteeing
a proper order of events during mitosis. Control mecha-
nisms that regulate APC/C activity are therefore impor-
tant prerequisites for faithful cell cycle progression in
eukaryotic organisms. We have shown here that nutri-
tional conditions and the activity of Ras signaling affect
APC/C function in the budding yeast S. cerevisiae (Figure

Glucose

'

Ras1,2

:

cAMP signaling pathway Ras1 2
asi,

Rsr1
Anaphase
/ onset ¢

SCF late mitotic proteins
| APc/C | (Cdc15, etc.)

exit
Cdki1

Figure 9.—Model for Ras-mediated regulation of SCF,
APC/C, and mitotic exit. Glucose stimulates Rasl and Ras2
proteins, which activate adenylate cyclase and cause an in-
crease in cCAMP levels. Activation of this pathway enhances
SCF function, but inhibits the APC/C. It is not known yet
whether these effects are directly mediated by PKA. Glucose,
a rich medium, may transiently delay mitotic events like sister
chromatid separation (anaphase onset) and mitotic exit and
therefore may allow cells to grow to a larger cell size before
cell division. Ras1, Ras2, and the Ras-related protein Rsrl have
an essential role in triggering mitotic exit, which seems to be
independent of cAMP and PKA, but appears to be connected
to late mitotic proteins such as Cdc15 (Morishitaet al. 1995).
Like the Ras/cAMP pathway, SCF and Cdk1 activity negatively
influence APC/C function.

9). Our results indicate that rich medium and activated
Ras signaling have an inhibitory influence on APC/C
function.

It is unknown whether this inhibition affects APC/C
activity directly or indirectly. In fission yeast, it was found
that the addition of cAMP was deleterious for cut4 mu-
tants defective in APC/C function. cut4 and cut9 mutants
were suppressed by a high dosage of a cAMP phosphodi-
esterase gene or by a deletion of PKA (Yamashita et al.
1996; Yamadaet al. 1997). It was concluded that elevated
CAMP levels inhibited the assembly of the APC/C. In
mouse fibroblasts, PKA directly phosphorylated sub-
units of the APC/C and thereby inhibited its activation
(Kotani et al. 1998). Our studies on the influence of
glucose, Ras activity, and cAMP on APC/C function
in budding yeast extend these observations from other
organisms, and we conclude that cAMP- and PKA-medi-
ated inhibition of APC/C activity is a conserved mecha-
nism in eukaryotes.

In budding yeast, Ras proteins were identified pre-
viously as essential components for the completion of
M-phase (Morishita et al. 1995). Simultaneous disrup-
tion of RAS1, RAS2, and a RAS-related gene, RSR1, re-
sulted in a late mitotic arrest. The late mitotic role
of Ras proteins is obviously independent of the cCAMP
pathway, but is connected to the function of the late
mitotic genes. Multiple copies of genes such as CDC5,
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CDC15, and DBF2 suppressed the lethality of the triple
RAS deletion. This essential role of Ras proteins in trig-
gering mitotic exit is apparently inconsistent with the
findings that activation of Ras proteins inhibits APC/C
function. Activated Ras proteins in late anaphase/telo-
phase could interfere with APC/C function. But at this
stage of mitosis, APC/C activity is important for B-type
cyclin degradation, which results in Cdk1 inactivation,
spindle depolymerization, and cytokinesis. In late mito-
sis, APC/C is also required for ubiquitination of addi-
tional proteins such as the spindle-associated protein
Asel and the polo-like protein kinase Cdc5 (Pellman
et al. 1995; Charles et al. 1998; Shirayama et al. 1998).

It is tempting to speculate that Ras proteins have a
dual role during mitosis that may help to coordinate
critical mitotic events. In anaphase, Ras activity and
CAMP levels might be low, ensuring that the APC/C is
fully active. Indeed, it was found that in mouse fibroblast
cells PKA activity decreases rapidly in anaphase (Kotani
et al. 1998) and that in budding yeast cAMP levels drop
before cells undergo cell division (Smith et al. 1990).
Inactive Ras during anaphase may ensure high APC/C
activity, but may prevent late mitotic proteins like Cdc14
or Cdc15 from being activated before the APC/C has
triggered essential processes such as sister chromatid
separation and before chromosome segregation is com-
pleted. It is still unknown by which signals or mechanism
late mitotic proteins are activated in late anaphase. A
switch from inactive to active Ras proteins in late ana-
phase could be involved in the activation of the network
of late mitotic proteins.

An indication for a regulator role of Ras proteins
during mitosis is the identification of a Xenopus laevis
N-Ras gene as a high-dosage suppressor of a yeast cdc15-2
mutant (Spevak et al. 1993). Only the frog N-Ras gene,
but not the yeast RAS genes, was capable of suppressing
this mutant when overexpressed. Intriguingly, N-Ras was
unable to activate adenylate cyclase, but rather inter-
fered with its normal function. This resulted in un-
usually low cAMP levels, which allowed cdc15-2 mutants
to exit mitosis. In an independent screen, Yakl, a pro-
tein kinase that opposes PKA function (Garrett and
Broach 1989; Garrett et al. 1991), was identified as
a suppressor of several mutants in late mitotic genes,
including cdc15-2 (Jaspersen et al. 1998).

A possible link between the activities of Ras proteins
and the APC/C might be Cdc25, a guanine nucleotide
exchange factor for Ras (Broek et al. 1987). Cdc25 is
an unstable protein containing a cyclin destruction box
(Kaplon and Jacquet 1995). It is not clear whether this
destruction box is indeed functional, but a truncated
protein lacking a large N-terminal region was distinctly
more stable than the wild-type protein. It also remains
to be analyzed whether Cdc25 is a target of the APC/C
and whether Cdc25 stability is regulated. APC/C-medi-
ated proteolysis of Cdc25 might open the possibility
of a feedback mechanism regulating APC/C and Ras

activities. A reduction in Ras signaling might result in
elevated APC/C activity and this in turn would enhance
Cdc25 degradation and subsequently cause lower Ras
activity.

Coordination of cell division and cell growth: Cell
division needs to be coordinated with cell growth, which
depends on environmental conditions, such as the avail-
ability of nutrients. The presence of rich carbon sources
allows cells to increase in cell size and to propagate as
larger cells compared to cells grown on poor medium.
Previously, it was demonstrated that modulation of cell
cycle progression in response to growth conditions oc-
curs in late G1-phase (Johnston et al. 1979). An in-
crease in intracellular cAMP levels induced by rich me-
dium causes a transient G1 delay and, thus, the critical
cell size to initiate budding is set to a larger value. It is
unclear how during G1-phase the cAMP signal is trans-
mitted to the cell cycle machinery, but the G1 cyclins
CLN1 and CLN2 were identified as target genes (Baroni
etal. 1994; Tokiwacetal. 1994). cAMP transiently reduces
G1 cyclin transcription and thereby delays entry into
S-phase.

It is unlikely that a coordination of cell cycle progres-
sion and cell growth occurs exclusively during G1-phase.
A flow cytometric approach revealed that, upon a shift
from ethanol to glucose medium, a fraction of cells was
delayed in mitosis, resulting in newborn daughter cells
of an increased cell size (Alberghina et al. 1998). This
observation indicates a regulatory mechanism that
allows the daughter cell to reach a certain critical size
before cell division and, as a consequence, daughter
cells are born at a larger cell size. Our results support
the existence of a regulatory mechanism prior to cell
division resulting in a transient mitotic delay. The inhibi-
tory influence of glucose and Ras activity on APC/C
function indicates that this ubiquitin-ligase complex is
a putative target for modulating cell cycle progression
in response to cell growth during mitosis.

The pseudohyphal growth of yeast cells as a conse-
guence of nitrogen starvation is an example where the
coordination of cell cycle progression and cell growth
during G2/M-phase has an important physiological
role. Cells exit mitosis and start rebudding only after
the daughter cell has reached a cell size similar to the
mother cell (Kron et al. 1994). This delay in G2/M-
phase in pseudohyphal cells might be caused by a tran-
sient inhibition of the APC/C due to the activation of
Ras signaling. Indeed, the Ras/cAMP signaling pathway
is crucial for pseudohyphae formation (Gimeno et al.
1992; Mosch et al. 1996, 1999; Kubler et al. 1997).
Remarkably, a screen for mutants defective in filamen-
tous growth identified a cdc55 mutant allele (Mdsch
and Fink 1997). A cdc55 mutant was also found to sup-
press cdc20-1 mutants and Cdc55, a phosphatase regula-
tory subunit, was identified as a component of the spin-
dle assembly checkpoint (Wang and Burke 1997).
Thus, Cdc55 is likely involved in the regulation of the
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APC/C-Cdc20 complex and may link the pseudohyphal
signaling pathway to the cell cycle machinery.

Coordination of the APC/C and SCF ubiquitin li-
gases: In contrast to the mutants in the APC/C, we
found that viability of mutants impaired in SCF function
was enhanced by activated Ras signaling. Growth in the
absence of glucose or a deletion of the RAS2 gene was
deleterious to cdc34-2 cells, implying that activated Ras
signaling is required for proper SCF function.

It is unknown how Ras signaling promotes SCF activ-
ity. Rasl and Ras2 are essential in late G1-phase for
the stimulation of adenylate cyclase (Toda et al. 1985).
Similarly, the SCF complex is essential for degradation
of the Cdkl inhibitor Sicl at the G1/S transition
(Schwob et al. 1994). However, the lethality of cdc34-2
mutants as a consequence of low Ras signaling activity
is not due solely to the fact that both Cdc34 and Ras
are required for the G1/S transition. The viability of
cdc34-2 siclA mutants that are able to undergo a com-
plete round of DNA replication is still dependent on
glucose medium at elevated temperatures (Figure 7B).

The conclusion from these observations is that, under
conditions where SCF activity is partially inactivated, cell
viability depends on activated Ras signaling. This implies
that either Ras activity accelerates the activity of the SCF
directly or it bypasses the requirement of a fully active
SCF for cell cycle progression. Proteolysis of Sicl protein
appears to be impaired severely in cdc34-2 mutants incu-
bated at semipermissive temperatures, and this effect
was similar in cdc34-2 and cdc34-2 ras2A cells (data not
shown). Because cdc34-2, but not cdc34-2 ras2A, mutants
are viable under these conditions, this implies that Ras2
signaling does not accelerate Sicl proteolysis, but never-
theless restores cell viability to cells with low SCF activity.
Proteolysis of other substrates of SCF may be influenced
directly by Ras, or alternatively, high Ras activity may
allow cell cycle progression despite partial defects in
SCF activity. It remains unclear whether there is a direct
or indirect effect of Ras activity on SCF function.

The findings that Ras activity influences both SCF
and APC/C function suggest a role for Ras proteins in
the coordination of the activities of these complexes
during the cell cycle. At the G1/S transition, a switch
occursin APC/C-and SCF-mediated proteolysis of many
cell-cycle-regulated proteins. The APC/C is turned off
and, simultaneously, SCF-dependent proteolysis of pro-
teins such as Sicl and Cdc6 is activated (Amon et al.
1994; Schwob et al. 1994; Drury et al. 1997; Peters
1998). A second switch occurs in late mitosis when prote-
olysis of mitotic cyclins is activated at about the same
time that Sicl is starting to accumulate. Clearly, the
main player causing these switches is Cdkl activity,
which phosphorylates Cdh1/Hctl and Sicl simultane-
ously. This prevents the association of Cdh1/Hctl with
the APC/C from S-phase to late anaphase and induces
Sicl instability during the same period (Verma et al.
1997; Zachariae et al. 1998a; Jaspersen et al. 1999).

Ras activity might act in concert with Cdk1 to cause the
switch from APC/C- to SCF-mediated proteolysis in late
Gl-phase. At the G1/S transition, activation of the Ras/
CAMP pathway might accelerate SCF activity and at the
same time reduce APC/C activity.

We further found that partial inactivation of the SCF
complex, caused by cdc4-1 and cdc34-2 mutations, en-
hanced viability of cdc23-1 and cdc27-1 mutants defective
in APC/C function. Thus, low SCF activity compensates
for defects in the function of the APC/C, indicating
that normal SCF activity has an inhibitory influence on
the APC/C. However, it is unknown whether SCF affects
APC/C function directly or indirectly. The SCF complex
is needed to prevent Sicl accumulation from late G1-
phase until late anaphase, thereby ensuring high Cdk1
activity in this period of the cell cycle. In cells with
a partially inactive SCF complex, Sicl protein might
accumulate abnormally, reduce Cdk1, and therefore
enhance APC/C activity. Cdkl is needed to keep the
APC/C inactive during S- and G2-phase (Amon 1997)
and a decrease in Cdk1 activity accelerates APC/C func-
tion (Figure 6). Thus, SCF function is crucial to keep
Cdkl highly active, thereby preventing abnormal
APC/C activation and ensuring a proper regulation of
its activity during the cell cycle. In conclusion, Ras signal-
ing, Cdk1 activity, and SCF activity all have an inhibitory
influence on the APC/C and therefore may be impor-
tant for the regulation of this ubiquitin-ligase complex.
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