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In budding yeast, the Elm1 kinase is required for coordination of cell growth and cell division at G,/M. Elm1
is also required for efficient cytokinesis and for regulation of Swel, the budding yeast homolog of the Weel
kinase. To further characterize EIm1 function, we engineered an ELM]1 allele that can be rapidly and selectively
inhibited in vivo. We found that inhibition of Elm1 kinase activity during G, results in a phenotype similar to
the phenotype caused by deletion of the ELMI gene, as expected. However, inhibition of Elm1 kinase activity
earlier in the cell cycle results in a prolonged G, delay. The G, requirement for Elm1 kinase activity occurs
before bud emergence, polarization of the septins, and synthesis of G, cyclins. Inhibition of Elm1 kinase activity
during early G, also causes defects in the organization of septins, and inhibition of Elm1 kinase activity in a strain
lacking the redundant G, cyclins CLNI and CLN2 is lethal. These results demonstrate that the Elm1 kinase plays
an important role in G, events required for bud emergence and septin organization.

Weel-related kinases delay entry into mitosis by phosphor-
ylating and inhibiting mitotic cyclin-dependent kinases (20,
38). In fission yeast, Weel is thought to play a critical role in
coordination of cell growth and cell division by delaying entry
into mitosis until a critical size has been reached (34, 35). Swel,
the budding yeast homolog of Weel, is also required for co-
ordination of cell growth and cell division at G,/M, indicating
that the basic functions of fission yeast Weel have been con-
served in budding yeast (24). As in fission yeast weel ~ mutants,
swelA cells enter mitosis prematurely, leading to the birth of
abnormally small daughter cells.

Recent work has identified an intricate signaling network
that is required for regulation of Swel and for coordination of
cell growth and cell division at G,/M (1, 2, 10, 18, 26, 29, 30, 39,
41, 43). This network includes the kinases Elm1, Gin4, Cla4,
and Hsll as well as a number of proteins required for regula-
tion of these kinases, including Napl, Cdc42, Hsl7, and the
septins. Inactivation of this signaling network can cause cells to
undergo a prolonged G,/M delay while polarized cell growth
continues, leading to the formation of highly elongated cells
that are much larger than normal. Deletion of the SWEI gene
eliminates the G,/M delay and the elongated cell phenotype
caused by inactivation of the signaling network, suggesting that
the network negatively regulates Swel activity to allow entry
into mitosis (2, 29, 30, 41). The mechanisms by which the sig-
naling network negatively regulates Swel at G,/M are poorly
understood. Some studies have concluded that Swel is tar-
geted for degradation at G,/M and that components of the
signaling network regulate Swel stability (31, 32, 40). Other
studies, however, have concluded that Swel is stable through-
out G,/M and that the signaling network regulates the phos-
phorylation state of Swel (24, 41).
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Several different kinds of experiments have shown that the
Elm1 kinase plays an important role in mitotic events. For
example, elmIA shows strong genetic interactions with the
mitotic cyclins and Elm1 is required for proper localization of
the septins, for efficient cytokinesis, and for activation of the
Gin4 kinase during mitosis (8, 9, 41). elmIA cells undergo a
prolonged G,/M delay at the short-spindle stage and become
highly elongated. Deletion of the SWEI gene largely rescues
the elongated cell phenotype and mitotic delay observed in
elmlA cells (9, 18, 41). Furthermore, Elm1 is required for full
hyperphosphorylation of Swel in vivo (41). Taken together,
these observations suggest that Elm1 is a negative regulator of
Swel. However, elm1A swelA cells still mislocalize the septins,
are inviable at 37°C, and show severe defects in cytokinesis (9,
41). It therefore seems likely that Elm1 carries out functions in
addition to the functions required for regulation of Swel.

Much of our understanding of Elm1l and other proteins
required for regulation of Swel has come from analysis of the
phenotypes caused by gene deletions (1, 2, 10, 18, 26, 29, 30,
39, 41, 43). Although these studies have been informative,
analysis of mutant phenotypes caused by gene deletions can be
misleading. Cells carrying gene deletions must be grown for
many generations before they can be studied, which can make
it difficult to distinguish primary versus secondary effects. In
addition, accumulation of suppressors and other forms of ad-
aptation can mask phenotypes.

To circumvent the problems of gene deletions, we generated
an analog-sensitive version of the Elml kinase that can be
rapidly and selectively inhibited in vivo by the adenine analog
1 naphthol-methyl PP1 (INM-PP1) (4, 7). We found that in-
hibition of Elm1 kinase activity during G, causes a phenotype
similar to the e/mIA phenotype. Surprisingly, however, inhibi-
tion of Elm1 kinase activity early in the cell cycle reveals that
Elm1 has G, functions that were missed in studies with e/m1A
cells. Inhibition of Elm1 kinase activity in early G, causes
prolonged delays in G, cyclin transcription, bud emergence,
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TABLE 1. Strains used in this study

Strain Genotype Reference
AS1 MATa elm1A::TRPI barlA 41
AS20 MATa elm1A::URA3 barl A This study
AS79 MATa elmli-as barl A This study
AS88 MATa elml-as CLN2-3XHA::LEU?2 barlA This study
DK186 MATa barl A 1
AS105 MATa clnlA::HIS3 cln2A::LEU2 elml-as barl A This study
AS96 MATa cinlA:HIS3 cln2A::LEU2 barl A This study
SA49 MATa elml-as pGAL-CLN2(CEN/URA3) This study

and polarization of the septins. In addition, inhibition of Elm1
kinase activity is lethal in cells lacking the G, cyclins CInl and
CIn2. These observations show that Elm1 is a member of a
growing group of proteins that are required for the normal
timing of entry into mitosis and for viability in clnlA cln2A cells
(3, 14, 48).

MATERIALS AND METHODS

Strains and culture conditions. Except where noted, all cells were grown in
yeast extract-peptone-dextrose (YEPD) medium. All strains were in the W303
strain background (leu2-3,112 ura3-52 canl-100 ade2-1 his3-11 trpI-1). The
pGAL-CLN2 plasmid in strain SA49 was a gift of Ray Deshaies. The additional
features of these strains are listed in Table 1.

Generation of analog-sensitive and catalytically inactive alleles of ELM1. The
ELM]I gene was amplified from yeast genomic DNA (primers: GCGGGATCC
TTCTTGAAGTAGCTATTAAG and GCGTCTAGACAATATTTATCGATG
AAGTT) and cloned into the BamH1 and Xbal sites of Ycplaclll to yield
pDKO96B. The analog-sensitive ELMI mutation was made by mutating pDK96B
to change threonine 200 to a glycine (pAS18) (primers: CTGGATAGTCGGT
AATTGGTGCA and TGCACCAATTACCGACTATCCAG). To integrate the
elmI-as allele into the ELM1 locus, PCR was used to amplify the elmI-as gene,
using the same primers used in the initial amplification. Four 100-pl PCR
mixtures were pooled and transformed into AS20, an elml deletion strain
marked with URA3. To select for integration events that replaced the URA3 gene
with the elmI-as allele, the transformation was plated onto YEPD, allowed to
grow at 30°C for 2 days, and then replica plated onto plates containing 5-fluoro-
orotic acid (5-FOA). Transformants that grew on 5-FOA and exhibited wild-type
cell morphology were then tested for sensitivity to INM-PP1.

Cell cycle arrests, Western blotting, Northern blotting, halo assays, antibod-
ies, and treatment with INM-PP1. Cell cycle arrests with a-factor and Western
blotting were carried out as previously described (26). For cell cycle time course
experiments, cells were arrested for 3 h with 1 ug of a-factor/ml. Cells were
released from the arrest by washing three times with YEPD medium, and INM-
PP1 was added at the indicated times. The INM-PP1 was added from a 12 mM
stock in dimethyl sulfoxide (DMSO), and control cells were mock treated with
DMSO. The zero time point corresponds to the first wash with YEPD medium.
Over 200 cells were scored for each time point when determining the percentages
of cells that had undergone bud emergence or septin polarization. For Western
blotting, samples were lysed in sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis sample buffer containing 2 mM phenylmethylsulfonyl fluoride, 50
mM NaF, 65 mM Tris-HCI (pH 6.8), 3% sodium dodecyl sulfate, 5% B-mercap-
toethanol, and 10% glycerol. Halo assays were carried out by pipetting 10 wl of
1 mM INM-PP1 onto sterile Whatman 3MM filter disks on a lawn of cells plated
onto YEPD plates. Northern blot experiments were carried out as previously
described (26). The anti-Elm1 antibody was made by immunizing rabbits with a
glutathione S-transferase-Elm1 fusion protein.

For one experiment (see Fig. 5), strain SA49 was grown overnight in synthetic
medium lacking uracil and containing 2% glycerol-2% ethanol as a carbon
source. Cells at an optical density of 0.5 were then washed in YEPD medium
containing 2% glycerol-2% ethanol, and a-factor was added to reach a concen-
tration of 0.5 pg/ml. After 3.5 h at room temperature, cells were washed three
times with YEPD medium containing 2% glycerol-2% ethanol and 25 pM
INM-PP1 was added to half of the cells at 15 min after the first wash.
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RESULTS

Generation of an analog-sensitive e/m! kinase. To generate
a version of the Elm1 kinase that can be specifically inhibited
in vivo, we changed a threonine in subdomain V of the Elm1
kinase domain to glycine (Fig. 1A) (4, 7, 45). Cells carrying the
engineered ELM]I kinase displayed none of the morphological
defects characteristic of a loss of ELM]1 function; however, the
cells formed colonies at a slightly slower rate than wild-type cells,
suggesting that the mutation has a slight effect on ELM1 func-
tion. We refer to this analog-sensitive allele as elml-as.

We treated log phase elm1i-as cells with various concentra-
tions of INM-PP1, a synthetic adenine-like molecule that spe-
cifically inhibits analog-sensitive kinases (5). As a control, we
mock treated the elmI-as strain. We found that treatment of
cells with 25 puM 1NM-PP1 resulted in an elongated bud phe-
notype similar to the phenotype caused by elmIA (Fig. 1B).
Treatment of wild-type cells with the same concentration of
inhibitor had no effect (45). Treatment of elmI-as cells with
lower concentrations of INM-PP1 also produced elongated
buds; however, a longer period of time was required for ob-
servation of the elongated bud phenotype. Western blotting
experiments showed that the Elm1 protein is stable after treat-
ment of elml-as cells with INM-PP1, demonstrating that the
mutant phenotype is not due to loss of the Elm1 protein (data
not shown). We also treated the elml-as cells with two other
PP1 analogs (2NM-PP1 and 1Na-PP1) and found that INM-
PP1 is the most potent inhibitor of elm-as kinase activity (6, 7).

We found that inhibition of elmI-as kinase activity caused a
slightly different phenotype than deletion of the ELM1 gene
(Fig. 1B). Cells carrying a deletion of the ELM1 gene were
elongated and grew as large clumps of interconnected cells.
elml-as cells grown overnight in the presence of 1INM-PP1
were also elongated; however, the cells did not form large
clumps. In addition, inhibition of e/mI-as kinase activity re-
sulted in the appearance of large rounded cells that were
observed at a higher frequency than in elmiA cells. The dif-
ferent phenotypes caused by e/mIA and inhibition of elmI-as
kinase activity might reflect the existence of kinase-indepen-
dent functions of Elm1 that are not affected by inhibition of
elml-as activity. Alternatively, e/ml-as may retain a small
amount of activity in the presence of INM-PP1. To help dis-
tinguish these possibilities, we generated a mutation in the
catalytic domain of ELM1 by changing the conserved lysine in
subdomain II (lysine 117) to an alanine. In many other ki-
nases, this mutation has been shown to produce a catalytically
inactive kinase domain (23). We found that cells carrying
elm1%'774 have the same phenotype as elmIA cells, suggesting
that the different phenotype caused by inhibition of elml-as
kinase activity may be due to residual kinase activity in the
presence of INM-PP1 (data not shown).

Deletion of the SWEI gene largely eliminated the elongated
cell phenotype caused by inhibition of elmI-as kinase activity,
as previously reported for the elongated cell phenotype caused
by elmIA (data not shown).

Inhibition of elmI-as kinase activity causes a delay in bud
emergence. To more carefully characterize the phenotype
caused by inhibition of elmI-as kinase activity, we arrested cells
in G, with the mating pheromone a-factor and released them
into fresh medium containing INM-PP1. We then took sam-
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FIG. 1. The phenotype caused by inhibition of elmI-as activity. (A) Threonine 200 in subdomain V was changed to a glycine to generate the
elmI-as mutant. (B) Log-phase elmI-as cells (strain AS79) growing at 30°C in YEPD medium were mock treated with DMSO (Control) or treated
with 25 pM INM-PP1 for 8 h. elmIA cells (strain AS1) are shown for comparison.

ples every 10 min and observed the effects of the presence of
1INM-PP1 upon bud emergence and bud growth. The results of
this experiment were striking (Fig. 2A). With the mock-treated
control, we found that 50% of the cells were budded by 60 min
and nearly 100% of the cells were budded by 70 min. In
contrast, the analog-treated cells exhibited a 40-min delay in
bud emergence, with 50% of the budding occurring at 100 min
and 100% of the budding occurring at 140 min. The delay in
bud emergence caused by inhibition of Elm1 kinase activity
was unexpected, since previous studies carried out using elmlA
cells gave no evidence of a budding delay (8, 9, 41).

To determine when Elm1 kinase activity is required for bud
emergence, we arrested the elm-as strain in G, with a-factor,
released the cells from the arrest, and then added 25 pM
INM-PP1 at 10, 20, 30, 40, and 50 min after release from the
arrest. We then determined the percentage of cells with buds
at each time point (Fig. 2B). We found that addition of inhib-
itor up to 40 min after release from a-factor resulted in a
significant delay in bud emergence, demonstrating that Elm1
kinase activity is still required for normal timing of bud emer-
gence at least 30 to 40 min after release from a-factor.

Elm1 kinase activity is required for proper organization of
the septins during G,. Previous work has shown that bud
emergence is preceded by polarization of septin filaments to
the site of bud emergence (36). To determine whether the
delay in bud emergence is correlated with a delay in polariza-
tion of the septins, we treated elmI-as cells with INM-PP1 10
min after release from an a-factor arrest and then used anti-
body staining to determine the percentage of cells with polar-
ized septins at 10-min intervals (Fig. 3A). We observed a delay

in polarization of the septins that correlated with the delay in
bud emergence, demonstrating that the requirement for Elm1
kinase activity occurs before polarization of the septins. When
the septin ring eventually does appear in the inhibitor-treated
cells, it is poorly focused and does not stain as intensely as the
septin rings in the control cells, indicating that Elm1 kinase
activity is required for the proper organization of the septins
(Fig. 3B).

Elm1 kinase activity is required before transcription of the
G, cyclin CIn2. Synthesis of the G, cyclins is a key event re-
quired for bud emergence (12, 22, 37). We therefore deter-
mined whether the G, cyclin CIn2 protein is synthesized with
normal kinetics after treatment of e/mI-as cells with INM-PP1.
We made an elmI-as strain that had a 3XHA-tagged CIn2 and
then assayed synthesis of the Cln2 protein after release from
a-factor arrest and treatment with INM-PP1 at 10 min (Fig.
4A). In the mock-treated cells, the synthesis of Cln2 directly
correlated with bud emergence, first appearing at 45 min,
peaking at 60 min, and then reappearing at 135 min as the cells
entered a second cell cycle. In the analog-treated strain, how-
ever, we found that the CIn2 protein was not synthesized until
75 min, which correlated with the delay in bud emergence
shown in Fig. 2. CIn2 protein levels remained fairly constant
throughout the remainder of the time course, which may have
been due to the fact that cells treated with INM-PP1 undergo
bud emergence over a broad time range (Fig. 2B).

To determine whether the delay in the appearance of the
ClIn2 protein was due to a transcriptional delay, we performed
Northern blot experiments to monitor Cln2 message levels.
Again, we released cells from an a-factor arrest and added
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FIG. 2. Inhibition of elm1-as kinase activity causes a prolonged delay in bud emergence. (A) elm1-as cells (strain AS79) were released from an
a-factor arrest and treated with 25 uM INM-PP1 or mock treated at 10 min after release from the arrest. Samples were taken every 10 min for
140 min, and the percentages of budded cells were calculated. (B) elmI-as cells (strain AS79) were released from an a-factor arrest and treated
with 25 pM INM-PP1 at 10, 20, 30, 40, and 50 min after release from a-factor arrest. Samples were taken every 10 min for 130 min, and the

percentages of budded cells were determined.

1INM-PP1 at 10 min. We found that there was a delay in the
synthesis of the CIn2 message that correlated with the delay in
the synthesis of the Cln2 cyclin (Fig. 4B). These results show
that the requirement for Elm1 kinase activity occurs before
transcription of Cln2 during early G;.

Expression of the Cln2 from a conditional promoter does
not rescue the bud emergence defect in elmlI-as cells. Since
synthesis of CIn2 is thought to play a role in driving bud
emergence, the delay in bud emergence observed in elml-as
cells may have been due to the delay in CIn2 synthesis (12, 22,
37). To test this possibility, we generated an elm-as strain that
expresses Cln2 from the GAL1 promoter. The elmI-as GALI-
CLN?2 cells were arrested with a-factor in medium containing
glycerol and ethanol as a carbon source to allow rapid induc-
tion of Cln2 expression upon the addition of galactose. The
cells were then released from the arrest into medium contain-
ing galactose, and INM-PP1 was added to half of the culture at
15 min. Control cells initiated bud emergence at 45 min and
then became elongated, as previously reported for cells ex-
pressing CLN2 from the GAL1 promoter (Fig. 5A) (27). In the

cells treated with INM-PP1, buds began to emerge approxi-
mately 15 min later. However, it was somewhat difficult to
assay bud emergence, because the buds that formed had poorly
defined bud necks and in some cases appeared to represent an
elongation of the shmoo. Examples of buds in the control and
the INM-PP1-treated cells at 105 min are shown in Fig. 5B.
Thus, expression of CIn2 did not fully rescue the delay in bud
emergence caused by inhibition of elmI-as kinase activity. Ex-
pression of Cln2 also failed to rescue the defect in septin
organization caused by inhibition of elmI-as kinase activity
(data not shown).

Inhibition of Elm1 kinase activity after bud emergence re-
sults in a prolonged mitotic delay. To determine whether in-
hibition of Elm1 kinase activity later in the cell cycle results in
mitotic defects, we added 1INM-PP1 to the elmi-as strain 70
min after release from the a-factor block and then determined
the percentage of cells with buds as a function of time. This
experiment was performed for a longer period of time to allow
growth of elongated buds, and we added a-factor to the culture
at 70 min to prevent a second round of bud emergence if the
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FIG. 3. Inhibition of Elm1 kinase activity causes a delay in septin localization and aberrant septin organization. (A) elmI-as cells were released
from an a-factor arrest and treated with 25 pM INM-PP1 or mock treated at 10 min after release from the arrest. Samples were taken every 15
min, and the percentages of cells with polarized septin staining were determined after staining with an anti-Cdc11 polyclonal antibody. (B) elmI-as
cells were released from an a-factor arrest and treated with INM-PP1 as described for Fig. 3A. Examples of the septin staining observed at the

indicated times are shown.

cells exited mitosis. We found that when INM-PP1 was added
at 70 min, more than 90% of the cells remained arrested with
buds at 240 min, suggesting that addition of INM-PP1 after bud
emergence results in a prolonged mitotic delay (Fig. 6A). At
the end of the time course, 37% of the cells had elongated
buds. The fact that only 37% of the cells had elongated buds
suggests that cells need to go through multiple cell cycles
before all of the cells have elongated buds, as observed for cells
grown overnight in the presence of INM-PP1 (Fig. 1B).

As a further means of assaying mitotic progression, we de-
termined the kinetics of the appearance of the CIb2 mitotic
cyclin after treatment of elmI-as cells with INM-PP1. We re-
leased elmI-as cells from an a-factor arrest and added 1NM-

PP1 at 10 min or 70 min after the release. Again, we added
a-factor back to the culture at 70 min to ensure that the cells
did not enter a second cell cycle. We took samples every 20 min
and assayed CIb2 protein levels by Western blotting (Fig. 6B).
In the mock-treated control, the CIb2 protein exhibited wild-
type kinetics, with protein levels rising at 75 min, peaking at 90
min, and decreasing at 120 min. However, when treated with
INM-PP1 10 min after release from a-factor arrest, the ap-
pearance of the CIb2 protein was delayed and CIb2 protein
levels remained high throughout the remainder of the time
course. When INM-PP1 was added 70 min after release from
a-factor arrest, the CIb2 protein appeared with normal kinetics
and remained at high levels throughout the remainder of the
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FIG. 4. The requirement for Elm1 kinase activity occurs before transcription of the G, cyclin CLN2. (A) Western blots showing the behavior

of a CIn2-3XHA fusion protein in INM-PP1-treated and mock-treated elmI-as cells (strain AS88) as a function of time after release from an
a-factor arrest. INM-PP1 was added at 10 min after release from the arrest. (B) CIn2 Northern blots from an experiment identical to the one whose

results are shown in panel A.

time course. These results suggest that inhibition of Elml
kinase activity after bud emergence results in a prolonged
mitotic delay with high CIb2 levels.

To determine at what stage of mitosis the elml-as cells
arrest, we added 1NM-PP1 to the cells at 70 min and then took
samples every 15 min and stained cells with anti-tubulin anti-
bodies. We found that the inhibition of elm-as kinase activity
after bud emergence causes cells to undergo a prolonged delay
at the short-spindle stage of mitosis (Fig. 6C). Previous work
has shown that elmIA cells also undergo a prolonged delay at
the short-spindle stage (41).

Loss of Elm1 function in clnlA cln2A cells is lethal. Budding
yeast cells carry three G, cyclins called CLNI, CLN2, and
CLN3. Cells from which any two of these cyclin genes have
been deleted are viable, whereas deletion of all three is lethal,
indicating that the G, cyclins are functionally redundant (11,
47). Previous work found that loss of function of Cla4, Gin4,
Napl, or the septins is lethal in a c/nlA cln2A background,
suggesting that these proteins have a role in G, events (3, 14,

48). Since Elm1 is required for G, events and Elml, Cla4,
Gin4, Napl, and the septins all appear to function in the same
signaling network, we wanted to determine whether ELM]I
shows genetic interactions with CLNI and CLN2. We crossed
an elml A strain with a clnlA cIn2A strain, but we were unable
to recover a viable spore containing the triple e/mA clniA
cIn2A deletion, suggesting that elmIA is synthetically lethal
with clnlA cln2A. To further investigate synthetic lethality with
the G, cyclins, we generated a strain harboring the elmI-as
allele in a clnlA cin2A background. We then performed 1INM-
PP1 halo assays with wild-type, elmli-as, clnlA cln2A, and
elml-as cnlA cIn2A strains. We found that INM-PP1 blocked
the growth of the elmI-as cinlA cIn2A strain but not that of the
other strains, demonstrating that inhibition of Elm1 kinase
activity in clnlA cIn2A cells is lethal (Fig. 7A).

We next determined whether the elmI-as clnlA cin2A cells
arrest at a specific point in the cell cycle when Elm1 kinase
activity is inhibited. We synchronized the elmI-as cInlA cln2A
strain in G, by nutrient arrest. We then plated the nutrient-
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FIG. 5. Expression of CLN2 from the GAL1 promoter does not rescue the defect in bud emergence caused by inhibition of elm1-as kinase
activity. (A) elmI-as cells (strain SA49) that express CLN2 from the GALI promoter were released from an a-factor arrest and treated with 25
M INM-PP1 or mock treated with DMSO 15 min after release from the arrest. The percentages of cells undergoing bud emergence were then
determined at 15-min intervals and plotted as a function of time. (B) Examples of cells at the 105-min time point in panel A.

arrested cells onto a YEPD plate containing 40 pM 1NM-PP1
or onto a control plate. Using a micromanipulator needle, we
picked 40 individual cells per plate and observed their growth
every 3 h for 12 h and then at 24 and 48 h. By 6 h all of the
control cells had divided once, and by 24 h a small colony was
produced. In contrast, only 21 of 40 of the elmI-as cInlA cln2A
cells underwent bud emergence by 9 h, indicating a long delay
in bud emergence. The buds that emerged became highly elon-
gated and had multiple constrictions along their length (Fig.

6B). By 24 h 30 of 40 of the cells had either 1 or 2 highly
elongated buds and by 48 h all of the cells on the INM-PP1
plate had an elongated bud phenotype, and manipulation of
the cells with a microneedle suggested that none of the cells
had undergone cytokinesis.

To determine whether the elm1-as clnlA cln2A cells are able
to exit G, and enter mitosis when Elm1 kinase activity is
inhibited, we released the elml-as cinlA cln2A cells from a
nutrient arrest, placed them into liquid medium containing 25
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FIG. 6. Inhibition of Elm1 kinase activity late in the cell cycle causes a mitotic arrest with high CIb2 levels and a short spindle. (A) elmI-as cells
(strain AS79) were released from a-factor arrest and treated with INM-PP1 70 min after release. Samples were taken every 15 min, and the
percentage of budded cells was determined at each time point. (B) elm1-as cells (strain AS79) were released from a-factor arrest and treated with
1INM-PP1 at 10 or 70 min after release. Samples were taken every 20 min, and Western blotting was used to assay levels of the Clb2 mitotic cyclin.
(C) elmI-as cells (strain AS79) were released from a-factor arrest and treated with INM-PP1 70 min after release. Samples were taken every 15
min, and the percentage of cells with a short mitotic spindle was determined at each time point.
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WT elmi-as clniAcin2A elmi-as clnlA cln2A
B
elml-as clnlA cln2A
C
Control
0 30 60 90 120 150 180 210 240 Anti-Clb2
Western Blots
+ 1INM-PP1 e e G
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Minutes After Release
From Nutrient Arrest

FIG. 7. Inhibition of Elm1 kinase activity in e/mI-asA cinl cln2 cells is lethal. (A) The indicated strains were grown to saturation, plated onto
YEPD, and analyzed for sensitivity to INM-PP1 by a halo assay (strains DK186, AS79, AS96, and AS105). WT, wild type. (B) The elmI-as cinIA
cln2A strain (AS105) was nutrient arrested and released onto a YEPD plate containing 40 uM 1NM-PP1 for 24 h. Cells were removed from the
plate with a toothpick and photographed with Nomarski optics. (C) Western blots showing the behavior of the CIb2 protein in elm1-as cinlA cln2A
cells (strain AS105) as a function of time after release from nutrient arrest in the presence of 25 pM 1NM-PP1.

pM 1INM-PP1, and then took samples every 30 min and used
Western blotting to probe for the presence of the Clb2 mitotic
cyclin. We found that consistent with a prolonged delay in G,,
synthesis of the Clb2 protein was delayed relative to that of a
mock-treated control (Fig. 6C). The fact that the CIb2 cyclin
was synthesized suggests, however, that the cells were able to
proceed into mitosis. To further define the arrest point of the
elml-as clnlA cln2A cells, we determined whether the cells
were able to undergo nuclear division after inhibition of elm1-
as kinase activity. We released the elmI-as clnlA cln2A cells

from a nutrient arrest in liquid culture, added 1INM-PP1, and
took samples every hour for 6 h. Nuclear division was observed
in the mock-treated control by 3 h; however, the cells treated
with INM-PP1 became arrested with a single nucleus located
at the bud neck up to 6 h after release from the nutrient arrest.
We attempted to perform tubulin staining to further assess
where the elml-as clnlA cln2A cells arrest but found that they
exhibited highly aberrant microtubule organization with nu-
merous elongated microtubules, and it was therefore not pos-
sible to use spindle staining as a cell cycle marker.
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DISCUSSION

Elml1 is required for G, events. A number of observations
have suggested that Elm1 carries out functions during G, and
mitosis. elmIA cells undergo a prolonged delay at the short-
spindle stage of mitosis (41). The delay is eliminated in swelA
cells and Elm1 is required for the full hyperphosphorylation of
Swel during mitosis, consistent with the idea that Elml is
required for regulation of Swel (18, 41). Elm1 is also required
for hyperphosphorylation of Gin4 during mitosis, and elmiA
shows strong genetic interactions with the mitotic cyclins (41).
Finally, elmIA cells show defects in cytokinesis that are
strongly enhanced by swelA (9, 41).

In this study, however, we used specific inhibition of elmI-as
kinase activity to show that Elm1 is also required for G, events.
Inhibition of e/ml-as kinase activity early in G, causes pro-
longed delays in bud emergence, septin polarization, and CIn2
synthesis. Furthermore, elmiA causes synthetic lethality in c/nlA
cln2A cells and inhibition of Elm1 kinase activity in clnA cln2A
cells is lethal. Specific inhibition of Elm1 kinase activity later in
the cell cycle reveals a requirement for Elm1 during G,/M,
consistent with the phenotype of elmIA cells (8, 9, 41).

In previous work we found that elmIA cells do not appear to
undergo a delay in Gy, since the CIb2 cyclin appears with nor-
mal timing after release from an a-factor arrest, and the ma-
jority of elmIA cells have a G, DNA content (41). G, progres-
sion in elmIA cells cannot be determined by the timing of bud
emergence due to the highly aberrant morphology of these
cells. The apparent lack of a G, delay in e/mIA cells may be
due to the accumulation of suppressors in elmIA cells that have
been grown for many generations. Another possibility is that
regulatory mechanisms eliminate the G; delay once cells have
developed the highly aberrant morphology characteristic of
elmIA cells. For example, one might imagine that the G, delay
caused by inhibition of elmI-as kinase activity is due to a defect
in cell growth and that the delay is no longer observed once
cells have become highly elongated and have undergone de-
fective cytokinesis due to loss of the mitotic functions of Elm1.

Elm1 kinase activity is required for septin organization dur-
ing G,. Inhibition of elmI-as kinase activity causes delayed
localization of the septins to the site of bud emergence and a
failure to form a tight septin ring. The fact that septins localize
to the site of bud emergence during G, is somewhat puzzling,
because there are no reports that the septins play a role in bud
emergence and analysis of temperature-sensitive septin mu-
tants has suggested that the septins execute their functions
later in the cell cycle (19, 21, 28). It therefore seems unlikely
that the delay in bud emergence is due to a delay in localization
of the septins. It seems more likely that both bud emergence
and septin organization during G, are dependent upon signals
from the Elm1 kinase.

Possible functions of Elm1 during G, and G,/M. Inhibition
of elmI-as kinase activity causes a delay in CLN2 transcription
and is lethal in clnIA cIn2A cells. Transcription of CLN2 in
wild-type cells is thought to be triggered by CLN3, although
the mechanisms by which it does so are poorly understood (13,
17, 42, 44). In the absence of CLN3, transcription of CLN1 and
CLN?2 is delayed but is eventually triggered by an alternative
pathway that appears to work through Bck2 (16, 46). CLN3 is
essential for viability in c/nlA cln2A cells (11). Taken together,

MoL. CELL. BIOL.

these observations are consistent with a model in which Elm1
is required for Cln3 function. In this model, EIm1 might be in-
volved either in activating Cln3/Cdc28 complexes or in a path-
way that mediates the functions of activated CIn3/Cdc28 com-
plexes.

Elm1 is a member of an intriguing group of proteins that are
required both for Swel regulation and for viability in clnlA
cln2A cells. Other members of this group include Cla4, Gin4,
Bud2, Napl, and a member of the septin family called Cdc12
(Gin4 is allelic to the Cla6 gene identified in reference 14) (3,
15, 48). The requirement for Elm1, Cla4, Gin4, Napl, and Cdc12
in cInlA cln2A cells is poorly understood. The genetic interac-
tions with G, cyclins suggest that these proteins carry out G,
functions, yet a number of observations suggest that they carry
out functions during G,/M. Gin4, for example, undergoes hy-
perphosphorylation and activation during mitosis, which leads
to assembly of a complex that includes Gin4, Napl, and the
septins (1, 33). Within the complex, Gin4 appears to directly
phosphorylate the Shs1 septin during mitosis. Furthermore, Nap1
binds to the CIb2 mitotic cyclin and Napl, Elm1, and Cla4 are
required for hyperphosphorylation of Gin4 during mitosis (1,
25, 43). Finally, Elm1, Cla4, Gin4, Napl, and a member of the
septin family show strong genetic interactions with the mitotic
cyclins: the phenotype caused by deletion of any of these genes
is strongly enhanced in clbIA clb3A clb4A cells, which are
dependent upon the CLB2 cyclin for survival (1, 10, 26, 41, 43).
In the case of ELM1 and CLA4, loss of function of these genes
in clbIA clb3A cIb4A cells is nearly lethal.

It has been unclear whether these proteins carry out sepa-
rable functions at multiple times during the cell cycle or
whether they carry out a single function during G, that is
required later in the cell cycle. For example, it is possible that
proteins like EIm1 function only once during G, for comple-
tion of an event that is required later in the cell cycle. If
successful completion of this event were monitored by Swel,
then failure to complete the event would lead to a Swel-
dependent G,/M delay. In this study, however, the ability to
rapidly and specifically inhibit Elm1 kinase activity at different
times during the cell cycle allowed us to show that Elm1 is
likely to be required early in G, and again at G,/M. Since loss
of function of CLA4, GIN4, and the septins causes phenotypes
similar to those of e/mIA, these proteins may also be required
at multiple times during the cell cycle. Recent work has shown
that inhibition of an analog-sensitive cla4 allele causes a delay
in bud emergence in swelA cells, consistent with the idea that
Cla4 also carried out G, functions (45).

There are a number of models that might account for the
functions of Elm1, Nap1, Cla4, Gin4, and the septins. The fact
that Elm1 is required for timely bud emergence and that Elm1,
Cla4, Gin4, Napl, and the septins are required for regulation
of Swel and for timely entry into mitosis suggests the interest-
ing possibility that these proteins are part of a signaling net-
work that decides when passage through key cell cycle stages is
to be triggered. For example, proteins like Elm1 might assess
external conditions such as nutrient availability, or internal
conditions such as cell size, and then send a signal to trigger
passage through the cell cycle when conditions are appropri-
ate. At G,/M, these proteins appear to inactivate Swel to
trigger entry into mitosis, but their targets during G, are un-
known. An alternative possibility is that the proteins control
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events such as septin organization or cell growth that are re-
quired both for entry into mitosis and for bud emergence.
These two possibilities are not mutually exclusive. For exam-
ple, it is possible that there are proteins that both control cell
growth and monitor cell size or nutrient availability.

The discovery that Elm1 plays a role in G, events is of par-
ticular interest, because the signaling pathways that control G,
events are poorly understood in all eukaryotic cells. A better
understanding of the molecular functions of the Elm1 kinase
during G, and G,/M will require identification of proteins that
associate with Elm1 as well as targets of Elm1 kinase activity.
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