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Abstract

Regulation of budding yeast morphogenesis by
the Elml kinase

Wei Wei

Swel, the budding yeast homologue of fission yeast weel, is a
protein kinase that can phosphorylate and inhibit some Cdc28-cyclin
species in vitro. We have assayed tyrosine phosphorylation of Cdc28
as a monitor of Swel function to study its regulation in vivo. We
observe that mutants defective in the ELM1 gene exhibit increased
Swel-dependent tyrosine phosphorylation of Cdc28. The elongated
bud phenotype of elm.1 is partially suppressed by deleting SWE1. We
find an increased level of Swel protein in elm.1 mutants. The half-life
of Swel protein is increased to about four fold higher in elm.1 mutants
than in wild-type cells. We find that moderate increase of Swe1
protein expression is sufficient to induce the elongated bud
phenotype. We also find that Cdc28 Y-19 phosphorylation peaks in
the G2 phase of the cell cycle when most of the Swel protein is
turned over. Our results demonstrate that Elm 1 is a negative
regulator of Swel stability and that Swe1 protein expression needs to
be tightly regulated in level and timing in budding yeast. To better
understand Elml function we have studied the cellular localization of

Elml protein. We find that Elm1 is localized specifically to the bud



neck and this localization is dependent on the septin ring integrity.
We find that the C-terminal domain of Elm 1 is necessary and
sufficient for its localization to the bud neck. We find that like elm.1

mutants, septin mutants contain elevated levels of Swel-dependent
Cdc28 tyrosine 19 phosphorylation. We argue that Elm1 is involved
in a bud morphogenesis checkpoint pathway that monitors the septin
ring integrity.
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Introduction

Budding yeast morphogenesis and the cell cycle

The cells of a uni-cellular organism and cells from an organ of a
multi-cellular organism usually adopt specific shapes reflecting their
living environments and their functionalities. For example, budding
yeast cells are ovoid whereas fission yeast cells are cylindrical. The
question why certain cells or cell types adopt certain shapes is subject
to postulation and speculation. However, as a geneticist, one can
answer the question how cell shapes are controlled genetically.

The yeast Saccharomyces cerevisiae, or budding yeast, is a model
organism that can be used to study morphogenesis. The genome of
the budding yeast was among the first to be completely sequenced
(Goffeau et al., 1996). Genetic studies in budding yeast are further
facilitated by the ease of genetic manipulation and the sophistication
of research methods (Guthrie and Fink, 1991)

Budding yeast cells divide by the generation of a bud and its
subsequent enlargement to a critical size before mitotic division.
Morphogenesis in budding yeast therefore correlates intrinsically to
the progression of the cell cycle. The sizes of the buds are often used
an indication of which cell-cycle stage that active dividing yeast cells
are in: unbudded cells are in the G1 phase; cells with a nascent bud
indicate that they have just undergone the G1/S transition, or
"START"; cells with small buds are in the S-phase; cells with large
buds are in the G2/M phase. The growth phase of the bud has been



shown to undergo two steps: initial polar bud growth and later
isotropic bud growth in G2 (for review, see Lew and Reed, 1995b).

The cell cycle progression in budding yeast is driven by a
highly conserved cyclin-dependent protein kinase, Cdc28 (Beach et
al., 1982). At various stages of the cell cycle, Cdc28 is complexed with
specific sets of cyclins: during the G1 phase, Cdc28 is complexed with
the G1 cyclins, Cln1, Cln2, and Cln3 (Hadwiger et al., 1989; Cross,
1988); during the S phase, Cdc28 is complexed with the S phase
cyclins, Clb5 and Clb6 (Epstein and Cross, 1992; Kuhne and Linder,
1993); during the G2 phase, Cdc28 is complexed with the G2 cyclins,
Clb1 and Clb2 (Surana et al., 1991). Cdc28 kinase activity is also
regulated by other mechanisms besides its activation via association
with the cyclins. Full activation of Cdc28 kinase activity requires

|

phosphorylation of Cdc28 threonine 169 by the Cak1 kinase
(Espinoza et al., 1996; Kaldis et al., 1996). In addition, the Swe1
kinase inhibits Cdc28 kinase activity via phosphorylation of Cdc28
tyrosine 19 (Booher et al., 1993). These three modes of regulation of
Cdc28 kinase activity are conserved from the yeast to mammals.

With its fundamental role in the regulation of the nuclear
division, perhaps it is not surprising that Cdc28 is involved in the
regulation of budding yeast morphogenesis. Mutations in the CDC28
gene and in its regulators have been reported that result in altered
morphology. Numerous observations demonstrate that elevated
levels of the G1 cyclin-Cdc28 activity, or reduced levels of the G2
cyclin-Cdc28 activity lead to elongated bud morphology (Lew and
Reed, 1993; Blacketer et al., 1995; Ahn et al., 1999; Ahn et al., 2001).

The direct targets of Cdc28 kinase in the regulation of bud
morphogenesis however remain elusive.



The role of Swel in budding yeast morphogenesis

Particular attention should be given to the function of Swel
kinase in studying the regulation of budding yeast morphogenesis.
Overexpression of Swe1 results in highly elongated buds (Booher et
al., 1993). On the other hand, mutations in the SWE1 gene suppress a
large number of mutants that exhibit elongated bud morphology (Ma
et al., 1996; Altman and Kellogg, 1997; Longtine et al., 1998; Barral et
al., 1999). Swel is protein kinase of 819 amino acids that inhibits the
Cdc28 kinase activity via phosphorylation of Cdc28 tyrosine 19
(Booher et al., 1993). Swe1 phosphorylates Cdc28 complexed with
the G2 cyclins, but not that complexed with the G1 cyclins, thereby
demonstrating substrate specificity (Booher et al., 1993). Swe1 shows
significant identity to its homolog in fission yeast, weel, in the kinase .
domain (Booher et al., 1993). In fission yeast weel is negatively
regulated by the nim.1 protein kinase (Russell and Nurse, 1987; Wu
and Russell, 1993). Three nim.1 kinase homologs exist in budding
yeast, Hsl1, Giné, and Kcc4 (Ma et al., 1996; Altman and Kellogg,
1997; Longtine et al., 1998). Mutations in HSL1 and in GIN4 result in
elongated bud morphology. Even though it has not been established
biochemically whether Swel is a substrate for the nim1 homologs in
budding yeast, the elongated bud morphology of hsl1 and ginA
mutants required an intact SWE1 gene (Ma et al., 1996; Altman and
Kellogg, 1997; Longtine et al., 1998; Barral et al., 1999). In addition,
Swe1 has been localized to the bud neck and to the nucleus. Its

localization to the bud neck is dependent on Hsl1 (Longtine et al.,



2000). Regulation of Swe1 by the nim1 homologs also occurs at the
level of Swel protein stability. It has been demonstrated that Swel
protein degradation requires Hsl1 (McMillan et al., 1999).

Morphogenesis checkpoints that regulate Swel

The nim.1 homologs are localized to the bud neck in a septin
dependent manner (Okuzaki et al., 1997; Longtine et al., 1998; Barral
et al., 1999). A morphogenesis checkpoint mechanism that monitors
the septin ring integrity has been suggested that coordinates the
septin ring assembly and cell cycle progression (Barral et al., 1999).
Septins are a family of GTP-binding proteins that form into a ring of
10-nm filaments at the bud neck. Members of the septins, Cdc2,
Cdc10, Cdc11, Cdc12, and Sep7 have been localized to the bud neck
(Byers and Goetsch, 1976; Ford and Pringle, 1991; Kim et al., 1991;
Frazier et al., 1998). Septin mutants exhibit elongated bud
phenotypes that are suppressed by a swel mutation (Barral et al.,
1999). However, septins have an essential function that is
independent of SWE1, as the temperature-sensitive phenotype of
some septin mutants is not rescued by a swel deletion. It has been
suggested that the septin ring at the bud neck acts as a diffusion
barrier between the mother and the bud (Barral et al., 2000).

A morphogenetic checkpoint that monitors the bud formation
and actin cytoskeleton assembly has also been described (Lew and
Reed, 1995a; McMillan et al., 1998). It is shown that perturbation of
the bud formation or disruption of the actin cytoskeleton result in a
SWE1-dependent delay in nuclear division.

C.
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Study of Elml regulation of Swel in yeast morphogenesis

ELM1 was identified in a screen for morphogenetic mutants in
budding yeast (Blacketer et al., 1993). ELM1 encodes a serine,
threonine protein kinase of 640 amino acids in budding yeast
(Blacketer et al., 1993; Koehler et al., 1997). Mutants of elm.1 strains

exhibit an elongated bud phenotype that is suppressed by a Swe1
mutation (Edgington et al., 1999), thereby suggesting that ELM1
negatively regulates SWE1.

We have independently identified ELM1 in a screen for
mutants that are defective in the switch from polar to isotropic bud
growth. We have carried out biochemical and cell biological
experiments to understand the regulation of Swel by Elm 1. We find
that Elml is required for the down-regulation of Swe1 protein level,
and its kinase activity. We observe that Elm 1 is localized to the bud
neck. We find that localization of Elm1 to bud neck is mediated via

its C-terminal domain and is dependent on the integrity of the
septins. We argue that Elml is involved in a morphogenesis
checkpoint that monitors the septin ring integrity.
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Abstract

Swe1, the budding yeast homologue of fission yeast weel, is a
protein kinase that can phosphorylate and inhibit some Cdc28-cyclin
species in vitro. We have assayed tyrosine phosphorylation of Cdc28
as a monitor of Swe1 function to study its regulation in vivo. We
observe that mutants defective in the ELM1 gene exhibit increased
Swel-dependent tyrosine phosphorylation of Cdc28. The elongated
bud phenotype of elm.1 is partially suppressed by deleting SWE1. We
find an increased level of Swel protein in elm.1 mutants. The half-life
of Swel protein is increased to about four fold higher in elm.1 mutants
than in wild-type cells. We find that moderate increase of Swel
protein expression is sufficient to induce the elongated bud
phenotype. We also find that Cdc28 Y-19 phosphorylation peaks in
the G2 phase of the cell cycle when most of the Swel protein is
turned over. Our results demonstrate that Elm1 is a negative
regulator of Swel stability and that Swe1 protein expression needs to
be tightly regulated in level and timing in budding yeast.

****

14



Introduction

The activity of cyclin-dependent kinases is under a variety of
controls, for example, inhibitory phosphorylation by protein kinases
such as weel in fission yeast and its human homologue (Russell and
Nurse, 1987a; Parker et al., 1995). In S. pombe, weel inhibits the
cyclin-dependent kinase cdc2 by phosphorylating the tyrosine 15
residue of cdc2. Phosphorylation by weel regulates the size at which
fission yeast cells enter mitosis and mediates cell cycle arrest in
response to DNA damage or incomplete DNA replication (Rhind et
al., 1997; Enoch and Nurse, 1990). Activity of weel is negatively
regulated by the kinase nim.1, which phosphorylates the kinase
domain of wee1 (Russell and Nurse, 1987b; Parker et al., 1993; Wu

and Russell, 1993). Budding yeast contains homologues of these
proteins: the cdc2 homologue, Cdc28; the weel homologue, Swe1;
and three nim.1 homologues, Hsl1, Giné, and Kcc4 (Russell et al.,
1989; Ma et al., 1996; Altman and Kellogg, 1997; Longtine et al.,
1998b; Barral et al., 1999).

Swel has been identified through its sequence homology with
wee1 (Booher et al., 1993). In vitro studies demonstrate that Swe1 can

phosphorylate Cdc28, presumably on the tyrosine 19 residue, and
inhibit its histone H1 kinase activity (Booher et al., 1993). Swe1
inhibitory phosphorylation on Cdc28 exhibits specificity in that Swe1
is capable of phosphorylating Cdc28 complexed with a G2 cyclin, but
not that complexed with a G1 cyclin. Unlike deletion of weel in
fission yeast, which leads to a Wee phenotype (cytokinesis at small
cell size), deletion of SWE1 does not have immediate observable

15



effect on budding yeast cell cycle progression or cell shape (Booher et
al., 1993). SWE1 also does not participate in the DNA damage
checkpoint or in monitoring incomplete DNA replication. Similarly,
mutating the Swe1 phosphorylation site in Cdc28 from tyrosine 19 to
phenylalanine does not affect any of these processes (Sorger and
Murray, 1992; Amon et al., 1992). However, a careful comparison of
the daughter cell volume between swel and wild-type cells does
show a smaller size in Swe1 daughter cells (Harvey and Kellogg,
2003). Thus it appears that SWE1 is involved in a conserved
mechanism that controls cell size during mitosis in budding yeast. In
addition, SWE1 can be seen to affect budding yeast in vivo under the
following circumstances. First, overexpression of Swe1 leads to a G2
delay and the formation of elongated buds (Booher et al., 1993).
Second, deletion of SWE1 relieves the G2 delay observed in mutants
lacking the phosphatase, Mihl, which removes the phosphate added
by Swel (Booher et al., 1993). Third, deletion of SWE1 suppresses the
G2 delay and elongated-bud phenotype of hsl1 and hsly mutants (Ma
et al., 1996; Barral et al., 1999) and of elm.1 mutants (Edgington et al.,
1999; Sreenivasan and Kellogg, 1999; Bouquin et al., 2000). Fourth,
SWE1 appears to be responsible for a morphogenetic checkpoint, in
which nuclear division is delayed in cells that are defective in bud
emergence or whose actin cytoskeleton is perturbed (Lew and Reed,
1995a; Sia et al., 1996). Fifth, SWE1 appears to be involved in a bud
morphogenesis checkpoint that coordinates the cell cycle progression
with the septin ring assembly at the bud neck (Barral et al., 1999).
These actions of SWE1 are interpreted as the result of Swe1
phosphorylation of Cdc28 tyrosine 19. For example, a cdc28y19F
mutation has been shown to reverse the effect of Swe1

16



overexpression (Booher et al., 1993), whereas a cdc28y19E mutation
has been shown to mimic Swel overexpression (Lim et al., 1996).

Growth of a yeast bud switches from apical to isotropic in order
to produce an ovoid cell shape (reviewed by Lew and Reed, 1995b).
After initiation of bud formation at Start, growth of the bud is
polarized towards the bud tip while the bud is small. This is the
period of apical bud growth. At a certain point in G2, growth of the
bud becomes uniformly distributed over its surface, i.e., isotropic. A
variety of observations indicate that Cdc28 associated with G1 cyclins
such as Cln2 promotes apical bud growth and that Cdc28 associated
with G2 cyclins such as Clb2 promotes isotropic bud growth (Lew
and Reed, 1993; Ahn et al., 1999; Ahn et al., 2001).

A number of mutants that form elongated buds have identified genes
that may play a role in the switch from apical to isotropic growth
(Blacketer et al., 1995; Kellogg and Murray, 1995; Altman and
Kellogg, 1997). In particular, Myers and colleagues have found
mutations in fourteen genes that give an elongated-bud phenotype.
One of these is the ELM1 gene, which encodes a protein kinase
(Blacketer et al., 1993; Koehler and Myers, 1997). It is subsequently
shown that mutations in the SWE1 gene suppress the elongated-bud
phenotype of elm.1 cells therefore suggesting that ELM1 negatively
regulates SWE.1 (Edgington et al., 1999; Sreenivasan and Kellogg,
1999). In addition, it has been observed that the electrophoretic
mobility of Swel is affected in elm 1 mutants presumably reflecting
reduced phosphorylation of Swe1 (Sreenivasan and Kellogg, 1999).
We have identified ELM1 in a genetic screen for mutants defective in
the switch from polar to isotropic bud growth. We have carried out
biochemical and cell biological experiments in order to understand

17



the regulation of SWE1 by ELM1. We show that Elm 1 is involved in
the regulation of protein stability of Swel. We also show that
moderate over-expression of Swel is sufficient to induce elongated
bud morphology, thereby mimicking elm.1 phenotype. We find that
even though Swel protein expression peaks in the S phase of the cell
cycle, its kinase activity peaks later in the G2 phase of the cell cycle,
suggesting a potential role of Swel in guarding against premature
activation of the Cdc28-Clb2 activity. We find that elm 1 mutants
exhibit prolonged tyrosine 19 phosphorylation on Cdc28 in G2,
suggesting that ELM1 is required for the timely down-regulation of
SWE1 activity.

Tº
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Materials and methods

DNA manipulations, yeast strains, and media

Yeast strains used in this study are listed in Table 1. Yeast growth
media and genetic manipulations were as described (Guthrie and
Fink, 1991). DNA manipulations are as described in Sambrook et al.
(1989).

ELM1 deletion strain

A 3.4 kb Xbal fragment of the genomic sequence containing the ELM1
gene was cloned in plasmid pKS306 (Sikorski and Hieter, 1989). The
plasmid was cut with HpaI, releasing most of the ELM1 ORF. The 6.0
kb fragment containing the pKS306 backbone and the 5' and 3'
flanking region of the ELM1 ORF was ligated to a 1.1 kb TRP1
fragment, resulting in a plasmid in which the ELM1 ORF was
replaced by TRP1. The resulting elm.1A:TRP1 plasmid was cut with
Clal to target the disruption of the ELM1 gene in the yeast genome.

SWE1 deletion Strains

To obtain swelA::LEU2 strains, the plasmid pSWE1-10g (Booher et al.,
1993) was cut with HindIII and BamhI and used in yeast
transformations.

J.
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Table 1. Yeast strains used.

Strain Relevant Genotype Origin
yWW001 MATa ade2-1 trp1-1 can1-100 leu2-3,112 his3-11,15ura■ -1 IH collection"

yWW018 MATaade2-1 trpl-1 can 1-100 leu2-3,112 his3-11,15ura■ -1 IH collection"

yWW067 MATa leu2::Poat■ ::CLN3-2::LEU2::UIRA3 This study"
yWW069 MATa leu2::Pºali::CLN3-2::LEU2::URA3 elm.1 This study"
yWW274 MATaelm1:TRP1 This study"
yWW447 MATa elm 1::TRP1 swel:LEU2 This study"
yWW026 MATa swel:LEU2 This study"
yWW336 MATa CDC28-HA::URA3 Rudner and Murray"
yWW338 MATa CDC28VF-HA::UIRA3 Rudner and Murray"
yWW667 MATa elm 1:TRP1 CDC28-HA::URA3 This study"
yWW659 MATaswel:LEU2 CDC28-HA::URA3 This study"
yWW669 MATa elm 1:TRP1 swel:LEU2 CDC28-HA:UIRA3 This study"
yWW657 MATaelm1:TRP1 cac28VF-HA::URA3 This study"
yWW612 MATa SWE1-mycº-his3+ This study"
yWW613 MATa SWE1-mycº-hisj+ elm 1:TRP1 This study"
yWW648 MATaswel:TRP1::Paar'.SWE1::myc■ º■ his5+ This study"
yWW684 MATaswel:TRP1:Pear:SWE1::mycº-hisj+ elm 1::URA3 This study"
yWW951 MATaswel:hisG pKS316 This study"
yWW952 MATaswel:hisG pKS316-SWE1 This study"
yWW954 MATaswel:hisc elm 1:TRP1 pKS316-SWE1 This study"
yWW953 MATaswel:hisG pKS313-SWE1 pKS314-SWE1 pKS315-SWE1 pKS316-SWE1 This study"
yWW703 MATaly■ ATa CLN2/CLN2-HA:LEu2 CDC28/CDC28-HA:uRA3 This study"

SWE1/SWE1-mycº-hisj+ ELM1/elm 1:TRP1

a. Strains are in the W303 background
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To obtains swelA:hisG strains, a pair of primers 5'-
TTGCGTAGTGCTGGGGAAAAGTAAACACACACAGGCGCACAC

GAGAACAGCACAGGAAACAGCTATGACC-3' and 5'-

ACAAGGTTTTTTGTTCCATTTATCATATAAAAAATTTTGGCTTA

GGTCCAGTTGTAAAACGACGGCCAGT-3' were used in a PCR

reaction using the plasmid pC■ TRP1 as template (Kenji Irie). The
resulting PCR product was used in yeast transformations to obtain
swelA:TRP1 strain. A ptrp1AhisG-URA3-hisG (CY567) plasmid was
linearized and used to transform swelA::TRP1 strains to obtain

swelA:::hisG::UIRA3::hisG strain. The swelA::hisG strains were

obtained by selection of cells that carried out spontaneous loop-out of
the LIRA3 marker using plates containing the drug 5FOA.

SWE1::myc13:his5" strains

The SWE1::myc13:hisj" strain was constructed using the one-step
gene tagging method as described (Longtine et al., 1998a). Plasmid
pFA6a-13Myc-His3MX6 (Longtine et al., 1998a) was used as template
for PCR reaction using primers 5’-
GTGCTATTATCCAGGAAGACGACTTTGGACCTAAGCCAAAAT

TTTTTATACGGATCCCCGGGTTAATTAA-3', and 5'-
ACGTGTGGGAAAAAAGTATGTAAATAAAACAAGGTTTTTTGTT

CCATTTAGAATTCGAGCTCGTTTAAAC-3'. The PCR product was
used in yeast transformations to obtain SWE1::myc13:hisj" strains.

->
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Yeast extract preparation for immunoprecipitations

Cells were grown to exponential phase (OD600 ca. 0.8). For each
immunoprecipitation reaction, 50 ml of yeast culture was pelleted.
All subsequent manipulations were carried out at 4°C. To the cell
pellet, 0.5 ml glass beads and 0.6 ml lysis buffer (50 mM Tris (pH 7.5],
1 mM EDTA, 100 mM NaCl, 0.1% NP-40, 10 mM NaF, 50 mM 3
glycerolphosphate, 0.1 mM Na;VO, and 1 tablet of protease inhibitor
cocktail [Amersham]) were added. The contents were vigorously
homogenized with a multi-beadbeater (BioSpec Products) for four 1
min periods. Glass beads and cell debris were pelleted by
centrifugation, and the crude extract clarified by three 10 min
microfuge spins. Protein concentration of the yeast extract was
measured using the Bio-Rad protein assay. Yeast extracts from
various strains were adjusted to the same protein concentration using
lysis buffer.

Whole-cell lysates

1.5 ml of yeast culture at OD. ca. 0.7 was pelleted and resuspended
in 150 ul 1 M NaOH, 0.074% B-mercaptoethanol for 10 min at 4°C.
150 pil 50% w/v trichloroacetic acid (TCA) was added and incubated

for 10 min at 4°C. The contents were spun for 2 min in a microfuge at
4°C, and the pellet was washed with 1 ml ice-cold acetone. After a
short microfuge spin, acetone was removed and 150 ul of SDS-PAGE

* *
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sample buffer was added. Contents were boiled for 5 min before
loading on SDS-PAGE mini-gels.

Immunoprecipitation

12CA5 HA monoclonal antibody was cross-linked to protein A
Sepharose beads (Harlow and Lane, 1989) with a ratio of 2 ul
antibody per 40 ul beads. 40 ul of coupled beads was added to yeast
extracts of the same volume and of the same protein concentration
from various strains. After incubation at 4°C with gentle shaking for
2 hours, the beads were pelleted, washed three times with lysis
buffer, and resuspended in 150 ul SDS-PAGE sample buffer.
Alternatively, 12CA5 affinity matrix (Covance Research Products)
was used in HA immunoprecipitation experiments.

Polyacylamide gel electrophoresis and Western blotting

Samples were fractionated using 10% SDS-polyacrylamide mini-gels.
Proteins were transferred to nitrocellulose filters in transfer buffer

(0.2M glycine, 0.03 M Tris, 0.1% SDS, 20% methanol). Filters were
blocked for 1 hour in phosphate-buffered saline (PBS; 137 mM NaCl,
2.7 mM KCI, 8.1 mM Na,FIPO, 1.5 mM KH,PO, [pH 7.2]) containing
0.1% Triton X-100 and 2% nonfat dry milk. 12CA5 HA monoclonal
antibody (Berkeley Antibody Company), phosphotyrosine antibody
(Transduction Laboratories), phospho-cdc2 antibody (kindly
provided by NEB Biolabs), myc monoclonal antibody (Berkeley
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Antibody Company), Ste12 antibody (kindly provided by Mary
Maxon), or Swel antibody (kindly provided by Douglas Kellogg) was
added at the recommended concentrations. Antigen was visualized
using the Amersham ECL detection kit.

Stripping of Western blots

Filters were stripped of previously applied antibodies by immersing
in stripping buffer (62.5 mM Tris (pH 6.8), 2% SDS, 100 mM B
mercaptoethanol) at 70°C for 30 min, and washed extensively in PBS.

Quantitation of Cdc28-HA tyrosine phosphorylation

To ensure that we immunoprecipited the same amount of Cdc28-HA
protein, yeast extracts of the same volume and of the same protein
concentration from various strains were prepared. To compare the
relative amount of tyrosine phosphorylation in two strains, Cdc28
HA immunoprecipitates from strains exhibiting higher tyrosine
phosphorylation, i.e., the elm.1A strain or cdc12-6 strain, were diluted
serially. The dilution that exhibited the same level of tyrosine
phosphorylation with the reference, i.e., wild-type strain, determined
the fold difference between the two strains.

Determination of Swe1 stability
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Cells containing the Poal■ ::SWE1::myc13 construct were grown in
raffinose meidum to early log phase. Galactose was added to 2% and cells

were incubated for 15 minutes to induce Swel-myc13 protein expression.
Cells were then harvested and resuspened at 10° density in labeling
medium (raffinose medium supplemented with 2% galactose and
0.25 mCi/ml of [S-35]methionine (Amersham) for 10 minutes.
Labeled cells were collected by filtration through a Nalgene filter,
washed with YEPD and resuspended in YEPD supplemented with
3mM methionine. Aliquots of the culture were collected at the
indicated time-points by centrifugation and frozen at -20°C. To
determine Swel stability in synchronized cultures, cells were treated
with 10uM nocodazole for 2 hours prior to the addition of galactose
to the media and 10puM nocodazole was included in the media

thereafter. Cell pellets were lysed in ice-cold lysis buffer (50 mM Tris
[pH 7.5), 1 mM EDTA, 150 mM NaCl, 1% NP-40, 10 mM NaF, 50 mM
3-glycerolphosphate, 0.1 mM NasvO, and 1 tablet of protease
cocktail [Amersham]) on a Mini-BeadBeater-8 [BioSpec Products]).
The specific activities of the lysates were quantitated using a liquid
Scintillation counter and normalized. Swel-myc13 protein was
immunoprecipitated with the 9E10 affinity matrix (Covance Research
Products) from lysates of the same amount of radioactive label and of
the same volume. The immunoprecipitates were washed three times
with lysis buffer, boiled in 1X SDS sample buffer, and separated on a
7.5% SDS-PAGE mini-gel. Dried gels were exposed to a
Phosphorimager screen (Molecular Dynamics) and analyzed with
ImageOuant software.
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Photography and image processing

For morphological studies, cells were visualized with a Zeiss
Axioskop and photographed with Polaroid film. Images were
processed using Adobe Photoshop software.
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Results

Identification of ELM1 in a screen for mutants defective in the switch from
polar to isotropic bud growth

We were interested in the genes in budding yeast that regulate
the switch from polar to isotropic bud growth. Since it has been
observed that the G1 cyclins promote polar bud growth, we reasoned
that mutants defective in the switch might not tolerate hyper
activation of the G1 cyclins. A yeast strain yWW067 was constructed
in which a hyper-stable allele of CLN3, CLN3-2 was expressed under
the transcriptional control of a GAL1 promoter. We found that when
grown in YEP glucose medium, yWW067 cells exhibited wild-type
morphology and showed wild-type cell-cycle progression profile
when examined by FACS, when they were grown in YEP galactose
medium, yWW067 cells exhibited phenotypes such as smaller cell
size, alpha mating factor resistance, and accumulation of G2
population which are consistent with the expression of CLN3–2 (data
not shown; Cross 1988). This strain was mutagenized with UV
irradiation and mutants that could not grow on YEP galactose
medium were isolated. One of the isolated mutants, yWW069
exhibited elongated bud phenotype on YEP glucose medium (Figure
1). They exhibited a growth defect with strikingly elongated bud
morphology on YEP galactose medium when CLN3-2 was over
expressed from the GAL1 promoter (Figure 1). Standard tetrad
analysis showed that the elongated bud phenotype was due to a
Single gene trait. Plasmids from a cen-ars yeast genomic library were
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used to rescue the elongated bud morphology on YEP glucose
medium. Sequences of two independent and complementing
plasmids showed that they both carried the ELM1 gene. Deletion of
the ELM1 gene in these plasmids resulted in failure to complement
the mutant phenotype. Deletion of the ELM1 gene in yeasts with
otherwise wild-type genetic background resulted in mutants that
showed elongated bud phenotype. We also found that a cen-ars
ELM1 plasmid was able to complement the growth defect and the
elongated bud morphology of yWW069 cells on YEP galactose
medium. We therefore conclude that mutations in the ELM1 gene are
responsible for the elongated bud mutant phenotype and that
mutations in the ELM1 gene exhibit synthetic interactions with over
expression of hyper-stable alleles of CLN3.

Edgington et al. (1999) have observed that mutations in the
SWE1 gene suppressed the elongated bud phenotype of elm.1
mutants. In order to determine whether the behavior of elm.1 mutants

is due to hyperactive SWE1, we set out to confirm their observation.
An elm.1A swelA strain was constructed by crossing the two single
mutants. Isogenic wild-type and Swe1A strains exhibited normal
morphology; the elm.1A strain formed chains of elongated cells. In
contrast, the elm.1A swelA strain formed cells of near wild-type
morphology. These cells remained attached as in the elm.1A SWE1
strain. Thus we confirmed that the elongated bud phenotype of the
elm 1A strain requires SWE.1 (data not shown).
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Figure 1. Mutations in the ELM1 gene show synthetic interaction
with a hyperactive allele of G1 cyclin. Wild-type stain yWW001 and
elm 1 Poal-CLN3-2 strain yWW069 were grown in raffinose medium
to exponential phase. Galactose was added to the cultures for 4
hours and cellular morphology was observed using Nomarski optics.
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elm] mutants exhibit elevated levels of Cdc28 Y-19 phosphorylation

In order to determine whether the behavior of elm.1 mutants is

due to possible hyperactive Swe1 kinase activity, we monitored the
level of tyrosine phosphorylation on Cdc28 in elm.1 mutants, using
phosphotyrosine antibody to analyze immunoprecipitated Cdc28
(Figure 2A, see Materials and methods). A no tag control experiment
was carried out to demonstrate the specificity of
immunoprecipitation procedure using 12CA5 antibody (Figure 2A,
lane 1). Wild-type cells exhibited a basal level of tyrosine
phosphorylation (Figure 2A, lane 2). This phosphorylation was
absent in strains deleted for SWE1 (Figure 2A, lane 4) or with the
cdc28V18F19 mutation (Figure 2A, lane 6), indicating that tyrosine
phosphorylation on Cdc28 is dependent on an intact SWE1 and that
tyrosine 19 is the target of phosphorylation. The level of tyrosine
phosphorylation in the elm.1A strain (Figure 2A, lane 3) was
approximately twice that of in isogenic wild-type strain (Figure 2A,
lane 2; see Materials and methods), suggesting that Swel kinase
activity is increased in the absence of ELM1. Tyrosine
phosphorylation on Cdc28 in the elm.1A strain was dependent on
SWE1 and on tyrosine 19, as tyrosine phosphorylation was absent in
the elm.1A swel A and elm.1A cac28V18F19 strains (Figure 2A, lanes 5
and 7, respectively).

In order to quantitate the amount of Cdc28, which is tagged
with the HA epitope, we stripped the original anti-phosphotyrosine
Western blot and reprobed it with HA antibody (Figure 2B). The
level of Cdc28 protein was essentially the same in every strain. This
indicates that the difference in tyrosine phosphorylation reflected
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either the difference in Swe1 kinase activity or the difference in Mihl
phosphatase activity in these strains.

Results similar to those shown in Figure 2 were obtained when
phospho-cdc2 antibody, which specifically recognizes the
phosphorylated Tyr15 residue of cdc2 protein (see Materials and
methods), was used to probe the blots.

Together, our cell morphology studies and Cdc28 tyrosine
phosphorylation analysis demonstrate that Elm 1 may act as a
negative regulator of Swe1 kinase activity and that Swe1 is
responsible for the phosphorylation of the tyrosine 19 of Cdc28.

" ----
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Figure 2. Cdc28 Y-19 phosphorylation is elevated in elm.1 mutants.
Extracts were prepared from wild-type strain yWW336, elm.1 strain
yWW411, swel strain yWW665, elm.1 swel strain yWW669, cdc28VF
strain yWW338, and elm.1 cac28VF strain yWW659. Cdc28-HA
protein was immunoprecipitated from the extracts using 12CA5 HA
antibody. The wild-type untagged strain yWW001 was included as a
control for the specificity of immunoprecipitation. Cdc28-HA
immunoprecipitates were resolved by SDS-PAGE, and the blot was
probed with Cdc28 phosphotyrosine 19 antibody. The relative
amount of tyrosine phosphoryaltion in each lane is indicated in
arbitrary units below the upper panel. To normalize the amount of
Cac28 protein loaded in each lane, the western blot was stripped of
phosphotyrosine antibody and reproved with 12CA5 HA antibody in
the lower panel.
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ELM1 regulates the level of Swel protein expression

There are a couple of possible ways by which Elm 1 might
negatively regulate the level of Cdc28 Y-19 phosphorylation: Elm1
may affect the activity of Mihl phosphatase or Elm 1 may affect the
activity of Swel kinase. We therefore examined the level of Swel
protein in elm.1 mutants and in wild-type cells. In order to visualize
Swe1 on Western blots, we have constructed a Swe1 fusion protein
fused to tandem copies of the Myc epitope (see Materials and
methods). We found that the elm.1A SWE1::myc13 cells exhibited
elongated bud morphology similar to that of elm.1A SWE1 cells,
suggesting that SWE1::myc13 was functional; SWE1::myc13 did not
appear to be hyper-active, as the SWE1::myc13 cells exhibited an
ovoid cell shape similar to wild-type cells (data not shown).

In order to compare the expression level of Swel-myc13 protein
in various strains, whole-cell lysates were prepared (see Materials
and methods). We observed that Swe1-myc13 was expressed in wild
type cells, as Myc antibody specifically identified a band of ~150 kd
(Figure 3A, lane 2) which was absent from the no tag control strain
(Figure 3A, lane 1). The level of Swel-myc13 protein expression in
elm 1A cells was higher than that in wild-type cells (Figure 3A, lanes 2
and 3). Probing the same blot with antibody after stripping the Myc
antibody (Figure 3B, lanes 2 and 3) demonstrated that equal amounts
of protein were loaded in lanes 2 and 3.

To quantitate the relative amount of Swel-myc13 in elm.1A and
wild-type cells, we loaded decreasing amounts of extracts from the
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elm 1A strain as follows: lane 3, 100%; lane 4, 67%; lane 5, 50%; and

lane 6, 33%. We found that the intensity of the Swe1-myc13 signal in
Figure 3A, lane 2 was between those of lane 4 and lane 5, i.e., elm.1A
cells accumulated Swe1-myc13 protein to a level 1.5- to 2.0-fold that
of wild-type cells. We therefore conclude that Elm 1 negatively
regulates Swel kinase activity at least in part through down
regulation of Swel protein level.

Accumulation of the Swe1 protein in elm.1A cells could be the
result of two types of regulation: ELM1 may affect SWE1 mRNA
expression; or ELM1 may regulate the stability of Swe1 protein. We
decided to study whether ELM1 affects the transcription from the
SWE1 promoter. It has been shown that SWE1 mRNA is
predominantly transcribed in the S phase of the cell cycle (Ma et al.,
1996) and increased Swel protein expression from the GAL1
promoter leads to a G2 delay or arrest (Booher et al., 1993). To
circumvent any effect of an altered cell cycle in elm.1A cells that might
have on the SWE1 mRNA stability, we replaced the open reading
frame of SWE1 with that of GFP and followed instead the expression
of the GFP mRNA. Yeast mRNA was isolated from wild-type,
swelA::pSWE1::GFP, and elm.1A swelA::pSWE1::GFP cells and
separated on a Northern blot. Expression of GFP mRNA from the
SWE1 promoter was detected using a GFP probe and gel loading was
controlled by probing the Northern blot with a PFY1 probe. We
found that expression of GFP mRNA was absent in the control strain
and was at comparable levels in ELM1 and in elm.1A strains (data not
shown). We therefore conclude that ELM1 does not affect the

promoter strength of SWE1.
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Taken together, we conclude that ELM1 regulates the level of
Swel protein and this regulation does not occur at the SWE1
promoter strength.

('
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Figure 3. Swe1 protein level is higher in elm.1 mutants. Whole-cell
lysates were prepared from control strain yWW018 (lane 1),
SWE1::myc, strain yWW588 (lane 2), and elm 1 SWE1::myc l, strain
yWW589 (lane 3). The blot was probed with Myc antibody.
Decreasing amounts of samples from elm 1 SWE1::myc, strain
yWW589 were loaded in lane 3 (100%), lane 4 (67%), lane 5 (50%),
and lane 6 (33%). To normalize the loading of protein samples, the
Western blot was stripped of Myc antibody and re-probed with Stel2
antibody as shown in the lower panel.
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Swel protein is stabilized in elm.1 mutants

Since we observed that Swe1 protein accumulated to higher
levels in elm.1 cells and that SWE1 promoter strength was not affected
in elm.1 mutants, we reasoned that the stability of Swe1 protein must
be affected in elm.1 mutants.

To test this hypothesis we carried out pulse-chase labeling
experiments to measure the stability of Swel protein in wild-type
versus elm.1 strains. The Swe1-myc13 fusion protein was expressed
under the control of a galactose inducible GAL1 promoter (see
Material and Methods). Wild-type and elm.1A cells containing the
Pear:SWE1::myc13 construct were grown in synthetic media omitted
for methionine to log phase, induced to express Swe1-myc13 with
galactose for 15 minutes. Newly synthesized cellular proteins were
then labeled with [*S]methionine for 10 minutes. SWE1::myc13
mRNA expression was switched off by filtrating the culture and
transferring the cells to glucose medium, and further labeling of
newly synthesized proteins were inhibited by the addition of excess
non-radioactive methionine. A time-course was followed at 0, 1, 2,

and 3 hours of chase. Swe1-myc13 fusion protein was
immunoprecipitated, separated on a SDS-PAGE gel, and exposed to a
Phosphorimager storage screen (Figure 4A, upper panel). We
observed that the rate of degradation of Swe1-myc13 protein was
lower in elm.1 mutants than in wild-type cells.

In order to obtain a quantitative result, signals from the
phosphorimager were quantitated using the ImageOuant software
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and plotted in Figure 4B. The half-lives of Swe1-myc13 were
deduced from the graph. We found the half-lives of Swel-myc13
were 63 minutes in wild-type cells versus 129 minutes in elm.1
mutants in asynchronous grown cultures.

One caveat of the above half-life result is that the stability of
Swel-myc13 was measured in asynchronous yeast cultures. One

conceivable possibility is that degradation of Swel-myc13 is
differentially regulated in various phases of the cell cycle and that
elm 1 mutants accumulate at a cell cycle stage when degradation of
Swel protein is slow. To eliminate this possibility, the pulse-chase
labeling experiment was repeated with yeast cultures arrested in G2
with nocodazole for 2 hours prior to the addition of galactose and the
nocodozole arrest was maintained throughout the experiment
(Figure 4A, lower panel). We found that in this case the half-lives of
Swel-myc13 were 67 minutes in wild-type cells versus 244 minutes in

elm 1 mutants (Figure 4B).
We conclude from our pulse-chase labeling experiments that

ELM1 affects the stability of Swe1 protein.
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Figure 4. Stabilization of Swel-myc, protein in elm.1 mutants. (A)
Pear■ :SWE1::myc, strain yWW648 and elm.1 Pear■ :SWE1::myc, strain
yWW684 were grown in raffinose medium and induced to express
Swel-myc, by addition of galactose for 15 minutes. Newly
synthesized proteins were pulse labeled with [S-35)methionine for 10
minutes. Cells were harvested and resuspended in YEPD
supplemented with 3m M non-radioactive methionine. Aliquots were
taken at the indicated time-points. Pear:SWE1::myc, strain grown in
raffinose medium was labeled with [S-35]methionine for 10 minutes

and served as a control. Experiments were carried out using
asynchronous cultures and nocodazole arrested cultures. In the
nocodazole arrest experiment, nocodazole was added to the media
for 2 hours prior to the addition of galactose and was maintained
throughout the experiment. *S-labeled Swel-myc, was subject to
immunoprecipitation. Proteins were separated by SDS-PAGE and
the gels were exposed to a Phosphorimager screen. (B) The signals
from the Phosphorimager screen were quantified using ImageOuant
software. The values of half-lives of Swel-myc, protein were
deducted from the plots.
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Moderately elevated expression of Swe1 protein mimics elm.1 phenotype

It has been observed that over-expression of Swel from a GAL1
promoter results in highly elongated bud phenotype (Booher et al.,
1993). Since we observed only moderate elevation of Swe1 protein
level and moderate increase in Swel protein stability in elm.1 mutants,
we asked whether moderately increasing the copy number of SWE1
gene would be sufficient in mimicking elm.1 mutant phenotype. We
generated an unmarked swelA:hisG strain (see Material and
Methods). We studied the cellular morphology of Swe1A:hisG
pRS316, swelA:hisG pKS316-SWE1, swelA:hisG pKS313-SWE1
pRS314-SWE1 pKS315-SWE1 pKS316-SWE1, and elm 1A swelA:hisG
pRS316–SWE1 strains (Figure 5A, panels a, b, c, and d). We found that
cells from the swelA:hisG pKS316 strain exhibited similar wild-type
oval bud morphology as that of swelA:hisG pRS316-SWE1. However,
about 10 percent of cells from the swelA:hisG pKS313-SWE1 pKS314
SWE1 pKS315-SWE1 pKS316-SWE1 strain exhibited an elongated bud
phenotype. In comparison, about 40 percent of cells from the elm 1A
swelA:hisG pKS316–SWE1 strain exhibited an elongated bud
phenotype.

In order to compare the level of Swe1 protein expression in
aforementioned strains, we isolated whole-cell yeast lysates and
separated proteins on a Western blot. A rabbit polyclonal Swe1
antibody was used to detect the expression of Swe1 protein (Figure
5B, upper panel). We observed that Swe1 protein was absent in
swelA:hisG pKS316 strain (lane 1), demonstrating specificity of the
Swel polyclonal antibody. We found that the level of Swel protein
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was higher in elm.1A swelA:hisG pKS316–SWE1 strain (lane 4) than in
swelA:hisG pKS316-SWE1 strain (lane 2), while even higher amount
of Swel protein was expressed in swelA:hisG pKS313-SWE1 pRS314
SWE1 pKS315-SWE1 pKS316-SWE1 cells (lane 3). Probing the same
blot with Ste12 antibody after stripping the Swe1 antibody
demonstrated that equal amounts of proteins were loaded in each
lane (Figure 5B, lower panel).

We conclude that moderate elevation of Swe1 protein
expression in budding yeast is sufficient in inducing elongated bud
phenotype.
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Figure 5. Moderately elevated expression of Swel is sufficient in
inducing elongated bud morphology in budding yeast. A) A swel
deletion strain carrying a) the cen-ars vector pKS316, yWW951; b) the
cen-ars prS316–Swe1 plasmid, yWW952; c) plasmids prS313-Swe1
pRS314-Swel prS315-Swel prS316-Swel, yWW953; and d) elm 1 swel
strain carrying the cen-ars prS316-Swel plasmid, yWW954 were
grown in synthetic glucose growth media with appropriate omissions
of nucleotides and amino acids to exponential growth phase.
Cellular morphologies were examined using Nomarski optics. B) In
order to compare the Swe1 protein expression levels in various
strains, total cell lysates were prepared from strains yWW951,
yWW952, yWW953, and yWW954. Proteins were resolved using
SDS-PAGE and the Western blot was probed with a rabbit Swe1
polyclonal antibody.
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Cdc28 Tyrosine 19 phosphorylation peaks in the G2 phase of the cell cycle

We were puzzled by the observation that even though Swel
protein expression in swelA:hisG pKS313-SWE1 pRS314-SWE1
pRS315-SWE1 pKS316-SWE1 strain was higher than that in elm.1A
swelA:hisG pKS316-SWE1 strain, the percentage of cells exhibiting an
elongated bud morphology was lower. This observation implied that
the level of Swe1 protein expression alone might not be solely
reflective of SWE1 activity. We therefore carried out a cell-cycle
synchrony study of Swel protein expression and its kinase activity.
A yeast strain MATa SWE1::myc13 CDC28::HA CLN2::HA was

generated from the diploid strain yWW703. Cells were treated with
alpha-mating factor for 90 minutes to arrest them in the G1 phase of
the cell cycle. At the release time-point, alpha-mating factor was
washed away and the cells were resuspended in fresh medium.
Aliquots of the culture were taken every 15 minutes. Whole-cell
lysates were prepared from the aliquots and proteins were separated
on a Western blot. A protein sample from an asynchronous grown
culture of MATa SWE1::myc13 CDC28::HA CLN2::HA was included as

control. Myc antibody was used to probe the high molecular weight
portion of the blot to detect the expression of Swel-myc13 protein
and Cdc28 phosphotyrosine 19 antibody was used to probe the low
molecular weight portion of the blot (Figure 6A).

We found that Swe1-myc13 protein expression was absent in
alpha-mating factor arrested cells at 0 minutes. Swel-myc13 protein
first appeared at 45 minutes, peaked at 60 minutes, and trailed off at
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75 minutes after the mating-factor release. Its expression level
increased again around 105 minutes during apparently the second
cell cycle.

To our surprise, Cdc28 tyrosine 19 phosphorylation first
appeared at 60 minutes and peaked at 75 minutes after the mating
factor release when Swe1 protein level was apparently low. Cdc28
tyrosine 19 phosphorylation was absent from 90 to 105 minutes after
release.

In order to control the cell cycle synchrony and the loading of
the gel, the blots were stripped of antibodies and re-probed with the
HA antibody. Probing the blots with the HA antibody to detect
Cdc28-HA demonstrated that the lanes were evenly loaded and
probing the blot with the HA antibody to detect the Cln2-HA
demonstrated that cells were synchronized in progressing through
the cell cycle.

We also examined bud size of cells from the culture aliquots in
order to visually monitor the synchrony of the release and to follow
the progression of the cell cycle. We found that small buds first
emerged at 45 minutes, indicating that the cells were in the G1/S
phase transition. The cells were large budded at 75 minutes,
indicating that the cells were in G2 phase. At 90 minutes, most cells
had divided and at 105 minutes small buds appeared indicating they
have progressed to the next G1/S phase transition (data not shown).

In order to understand the regulation of ELM1 on Swe1 kinase
activity, we generated a yeast strain MATa elm 1 SWE1::myc13

CDC28::HA CLN2::HA from the diploid yWW703 and carried out
identical alpha mating-factor cell cycle arrest and release experiments
(Figure 6B). Despite the abnormal bud morphology of elm.1 mutant
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cells, they responded similarly to alpha mating-factor treatment as
wild-type cells by generating shmoos to over 90 percent of the cell
population after 90 minutes of treatment. We found that in the elm.1
background Swe1-myc13 protein first appeared at 45 minutes and
peaked at 60 minutes after the release (Figure 6B), which was similar
to that in wild-type background (Figure 6A). However, Swe1-myc13
protein was still present at 75 minutes after the release. Cdc28
tyrosine 19 phosphorylation first appeared at 60 minutes and peaked
at 75 minutes, which is similar to that in wild-type background.
However, tyrosine 19 phosphorylation lingered till 90 minutes after
release.

We conclude from our cell-cycle synchrony study that while
Swel protein expression peaks earlier in the S phase of the cell cycle,
its kinase activity peaks in the G2 phase of the cell cycle. We also
conclude that ELM1 regulates both the cell cycle expression pattern of
Swel protein and that of its kinase activity.
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Figure 6. Cell cycle regulation of Cdc28 tyrosine 19 phosphorylation
in wild-type and in elm 1 mutants. A) Cells of MATa SWE1::myc,
CLN2::HA CDC28::HA strain grown in YEPD medium were treated
with alpha mating factor for 90 minutes and released from the G1
arrest by washing away the mating factor and resuspending in fresh
growth medium. Aliquots of the culture were taken at specified
time-points after release. A sample was also taken from a culture
that was not treated with mating factor to use as a control. Proteins
were resolved using SDS-PAGE. Myc antibody was used to probe
the high molecular weight portion of the blot and Cdc28
phosphotyrosine 19 antibody was used to probe the low molecular
weight portion of the blot. The blots were stripped of antibodies and
re-probed with HA antibody to detect Cln2-HA and Cdc28-HA
respectively. B) Identical experiments to that shown in A) were
carried out using cells of MATaelm] SWE1::myc, CLN2::HA
CDC28::HA Strain.
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Discussion

Function of Swe1 and Cdc28 Y-19 phosphorylation in budding yeast

SWE1 function in budding yeast is apparently important in
checkpoint mechanisms when either the actin cytoskeleton or the
septin ring is disrupted (Lew and Reed, 1995a; Sia et al., 1996; Barral
et al., 1999). In contrast to the finding in fission yeast that weel is
involved in cell size control, mutations in the SWE1 gene in budding
yeast did not initially yield any observable phenotype (Booher et al.,
1993). In a careful study of the daughter cell volume of swel and
wild-type cells, it is observed that newly born swel daughter cells are
smaller compared to that of wild-type cells (Harvey and Kellogg,
2003). In addition, swel cells undergo compensatory growth during
the G1 phase of the cell cycle. Thus it is argued that Swel functions
in a conserved bud size control mechanism in mitosis like that by
weel in fission yeast. We find that there is basal Swe1-dependent
tyrosine 19 phosphorylation of Cdc28, demonstrating that Swe1 is
active during a normal budding yeast cell cycle. In a mating factor
arrest and release study we find that Swe1 protein expression first
appears during the G1/S transition, peaks in S phase, and trails off in
the G2 phase of the cell cycle. Swe1 kinase activity, i.e., the level of
Cdc28 Y-19 phosphorylation, however peaks surprisingly later in the
G2 phase of the cell cycle when most of the Swe1 protein is absent.
This observation is consistent with the finding that Swe1 is a specific
inhibitory kinase towards Cdc28 complexed with a G2 cyclin, Clb2,
but not towards Cdc28 complexed with a G1 cyclin, Cln2 (Booher et
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47



al., 1993). This observation also suggests that the low level of Swe1
protein present in the G2 phase of the cell cycle is highly active and c)
contributes to the majority of Y-19 phosphorylation on Cdc28. Our 2. '
results support a role for Swe1 in a normal budding yeast cell cycle n º,

and suggest that the main function of Swe1 and Y-19 º
phosphorylation on Cdc28 is to prevent premature activation of the
Cdc28-Clb2 complex. A safeguard mechanism against premature
activation of the Cdc28-Clb2 complex may be important not only
because it allows buds to reach critical volume before mitosis but also

because Cdc28-Clb2 activity interferes with the formation of pre
replicative complex (Detweiler and Li, 1998).

Regulation of Swe1 degradation by Elm1

ELM1 has been identified in our screen for mutants that are

defective in the switch from polar to isotropic bud growth. ELM1 is
found to be a negative regulator of SWE1 function, since a mutation -->

in the SWE1 gene suppressed the elongated bud phenotype and G2 *-

delay of elm.1 mutants (Edgington et al., 1999; Sreenivasan and º
Kellogg, 1999). We find that elm.1 mutant cells contain higher levels
of Swe1 protein. We also demonstrate that Elm 1 negatively regulates
Swel at the post-transcriptional level, i.e., Elm 1 negatively regulates º,
the protein stability of Swel. The difference in Swel protein stability

ar

in wild-type cells and in elm.1 cells is more pronounced when the
protein half-life measurements are carried out in cells arrested in G2. y

The larger difference in Swel protein half-life may reflect º

physiological relevance, as G2 is the cell cycle phase in which Swe1 is v.
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most active and also when most of the Swe1 protein is turned over.
Our mating factor arrest and release experiments demonstrate that
Cdc28 tyrosine 19 phosphorylation in elm.1 mutants is extended for at
least 15 minutes longer in G2 when compared to that in wild-type
cells. ELM1 therefore is required for the timely down-regulation of
Swel kinase activity in the G2 phase of the cell cycle.

Currently the protein machinery involved in the degradation of
Swel in budding yeast is not well understood. It has been reported
that the SCF-Met:30 E3 ubiquitin ligase acting in conjunction with the
E2 ubiquitin-conjugating enzyme Cdc24 are involved in the
degradation of Swe1 (Kaiser et al., 1998). However, it has been
observed that at least under certain circumstances, Met30 is not

involved in the degradation of Swe1 (McMillan et al., 2002). In
fission yeast Tome-1 associates with Skp1 and affects the degradation
of weel, thus appears to act as an E3 ubiquitin ligase (Ayad et al.,
2003). No sequence homolog of Tome-1 is present in budding yeast.

It has been observed that Swel itself is a phospho-protein and
the phosphorylation on Swe1 is reduced in elm.1 mutants in vivo
(Sreenivasan and Kellogg, 1999). We have observed that yeast lysates
prepared from elm.1 mutants exhibit reduced phosphorylation on
Swel in an in vitro study (data not shown) compared to yeast lysates
prepared from wild-type cells. Currently there is no direct evidence
to indicate that Swe1 is a substrate of Elml kinase, and it is not

known whether phosphorylation of Swel is required for its
degradation. Cdc28-Clb2 kinase itself has been shown to be able to
phosphorylate Swel (McMillan et al., 2002). It is yet to be established
whether Cdc28 phosphorylation of Swel plays any role in Swel
degradation.
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Elml has been shown to localize to the yeast bud neck (Moriya
and Isono, 1999; Bouquin et al., 2000; Thomas et al., 2003; our
unpublished results). It is found that localization of Elm1 to the bud
neck is dependent on the integrity of the septin ring (Bouquin et al.,
2000; Thomas et al., 2003; our unpublished results). Elm 1 therefore
apparently acts in the same bud morphogenesis checkpoint that
involves the septins, nim1 homologues, and Swe1 (Barral et al., 1999).
Interestingly Swe1 is localized to both the nucleus and the bud neck.
Localization of Swel to the bud neck is dependent on the function of
its interacting protein Hsl7 (Shulewitz et al., 1999; Longtine et al.,
2000; Cid et al., 2001). It is therefore plausible that the negative
regulation of Swel by the cohorts of Elml and nim.1 homologues is
spatially restricted at the bud neck.
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Chapter 3.

Function of Elm1 in the bud morphogenesis
checkpoint pathway
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Abstract s
sº

º,

Elml is a protein kinase that regulates budding yeast . º,

morphogenesis through down-regulation of the Swel kinase activity. º \º
To better understand Elml function we have studied the cellular

localization of Elm1 protein. We find that Elm 1 is localized
specifically to the bud neck and this localization is dependent on the
septin ring integrity. We find that the C-terminal domain of Elm 1 is
necessary and sufficient for its localization to the bud neck. We find
that like elm.1 mutants, septin mutants contain elevated levels of
Swel-dependent Cdc28 tyrosine 19 phosphorylation. We argue that - 'ºt º'

Elml is involved in a bud morphogenesis checkpoint pathway that * : *

monitors the septin ring integrity. -
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Introduction

In order to undergo one round of successful cell division, a
budding yeast cell must coordinate accurately multiple critical events
both temporally and spatially. Checkpoint mechanisms exist in
budding yeast that monitor the completion of DNA replication, DNA
damage, and mitotic spindle assembly (Enoch and Nurse, 1990;
Rhind et al., 1997, Li and Murray, 1991). These checkpoint
mechanisms prevent aberrant progression of the cell cycle before
critical events are accomplished or damage is repaired. Yeast cells
divide by generation of a new bud and its subsequent enlargement to
a critical size before mitotic division. Morphogenesis checkpoint
mechanisms in budding yeast that monitor the actin cytoskeleton
assembly and the septin ring integrity have been described (Lew et
al., 1995; Barral et al., 1999). Cyclin-dependent kinase, Cdc28,
apparently is the target of the morphogenesis checkpoints, as both
actin cytoskeleton disruption and the septin ring defect result in a
Swel-dependent G2 delay.

Septins are a family of GTP-binding proteins that were first
identified in a screen for temperature sensitive mutants defective in
cell cycle progression (Hartwell, 1971; Hartwell, 1973). Mutations in
the septin genes lead to formation of elongated buds with multiple
nuclei; cells remain attached due to a defect in cytokinesis. Members
of the septin family of proteins, Cdc2, Cdc10, Cdc11, Cdc12, and
Sep7, form into a ring of 10-nm filaments at the bud neck that is
associated with the plasma membrane (Byers and Goetsch, 1976; Ford
and Pringle, 1991; Kim et al., 1991; Frazier et al., 1998). Localization
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of a large number of proteins to the bud neck requires the function of
the septins. In particular, the nim.1 homologues in budding yeast are
localized to the bud neck in a septin-dependent manner (Okuzaki et
al., 1997; Longtine et al., 1998; Barral et al., 1999). Mutations affecting
the S. cerevisiae nim.1 homologues also confer an elongated-bud
phenotype (Ma et al., 1996; Altman and Kellogg, 1997; Longtine et al.,
1998; Barrall et al., 1999). It has been observed that the morphological
phenotypes of mutants defective in septins or in the nim.1
homologues are reversed by mutations in SWE1 (Ma et al., 1996;
Longtine et al., 1998; Barral et al., 1999). Interestingly, Swe1 itself has
been demonstrated to localize to both the nucleus and the bud neck

(Longtine et al., 2000). Localization of Swe1 to the bud neck is
dependent on Hsl1 and the septins. These findings suggest that Swe1
functions in the apical to isotropic switch and that septins and the
nim1 homologues may control Swel activity at the bud neck.

Many proteins function at specific locations of the cell. In order
to better understand Elm1 function in budding yeast, we have
examined the cellular localization of the Elml protein. We find that
Elml is localized to the bud neck. We demonstrate that Elml protein
C-terminal domain is both necessary and sufficient for its bud-neck
localization. We observe that localization of Elm1 to the bud neck is

dependent on the septin ring integrity. We find that like in elm.1
mutants, septin mutants contain elevated level of Swe1-dependent
Cdc28 tyrosine 19 phosphorylation. We argue that Elm 1 is involved
in a morphogenesis checkpoint mechanism that monitors the septin
ring integrity.
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Materials and methods

DNA manipulations, yeast strains, and media

Yeast strains used in this study are listed in Table 1. Yeast growth
media and genetic manipulations were as described (Guthrie and
Fink, 1991). DNA manipulations are as described in Sambrook et al.
(1989).

Plasmid constructions

ELM1 deletion. A 3.4 kb Xbal fragment of the genomic sequence
containing the ELM1 gene was cloned in plasmid pKS306 (Sikorski
and Hieter, 1989). The plasmid was cut with HpaI, releasing most of
the ELM1 ORF. The 6.0 kb fragment containing the pKS306 backbone
and the 5' and 3’ flanking region of the ELM1 ORF was ligated to a
1.1 kb TRP1 fragment, resulting in a plasmid in which the ELM1 ORF
was replaced by TRP1. The resulting elm.1A:TRP1 plasmid was cut
with Clal to target the disruption of the ELM1 gene in the yeast
genome.
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Table 1. Strains used in this study. sº
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pRS316-ELM1:GFP. A BamhI site was introduced just before the
stop codon of ELM1 by a three-part ligation reaction. Fragment 1: a
plasmid containing the ELM1 gene was used as template for PCR
amplification using primers 5’-
AGTCAATTGCCGCGGCATTAATAC-3' and 5'-

CCTGTAGTTTCATCTAGGATCCACCATTATCTGCAAAG

-3. The PCR product was digested with SacII and BamhI at the sites
underlined. Fragment 2: the PCR product using the ELM1 plasmid as
template and primers 5’-
CTTTGCAGATAATGGTGGATCCTAGATGAAACTACAGG-3 and

5'-CTTCATGGAATTGTCGACAGAAGGACT-3 was digested with
BamhI and Sal■ at the sites underlined. Fragment 3: the plasmid
pRS316 (Sikorski and Hieter, 1989) was digested with SacII and Sall.
A ligation reaction was carried out using the three digested DNA
fragments, yielding plasmid pKS316-ELM1(BamhI). This plasmid
was cut with BamhI and ligated to a GFP BamhI fragment (kindly
provided by P.M. Pryciak), yielding the plasmid pKS316-ELM1:GFP.

pRS316-ELM1::HA, pKS316-ELM1(BamhI) was cut with BamhI and
ligated to an HA, BamhI fragment, yielding the plasmid pKS316–
ELM1::HA2.

pRS305-CDC12. A 211 CDC12 plasmid was digested with Pst■ and
Xbal to yield a 2.1 kb fragment containing the CDC12 gene. This
fragment was inserted into plasmid pKS305 (Sikorski and Hieter,
1989) digested with Pst■ and Xbal, yielding plasmid pKS305-CDC12.
pRS305-CDC12 was cut with BstEII to target integration at the leu2
genomic locus.

sº º

º
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pRS305-Peixº-GFP, pFS305-Peixº-GFP-ELM1(1-640), pKS305- Priya
GFP-ELM1(1-420), and pKS305-Peixº-GFP-ELM1(420-640). pKS316
ELM1 was used as the template in all subsquent PCR reactions unless
indicated otherwise. A prS305-PELM, plasmid was generated by
cutting pKS305 with SacII and BamhI and ligated to a PCR fragment
generated using the primers: 5'-
AGTCAATTGCCGCGGCATTAATAC-3' and 5'-

CGGTATAAGCTGTCGGGATCCCATTTCATGCTAAGT-3'.

ELM1(1-640) was generated by a PCR reaction using the primers: 5'-
CTTAGCATGAAATGGGATCCCGACAGCTTATACCG-3' and 5'-

CTGTAGGTCGACCTATATTTGACCATTATCTGC-3'. This PCR

fragment was digested with BamhI and Sall. ELM1(1-420) was
generated by a PCR reaction using primers: 5'-
CTTAGCATGAAATGGGATCCCGACAGCTTATACCG-3' and 5'-

GTTCACCTCGAGCTATGAAATTTGACTGTGATTCCT-3'. This

PCR fragment was digested with BamhI and XhoI. ELM1(420-640)
was generated by a PCR reaction using the primers: 5'-
ATTTCAGGATCCAGTGTGAACCCCGTAAGAAAC-3' and 5'-

CTGTAGGTCGACCTATATTTGACCATTATCTGC-3'. This PCR

fragment was digested with BamhI and Sall. These digested PCR
fragments were ligated to pKS305-PELMI plasmid digested with
appropriated restriction enzymes, resulting in pRS305-PELM-ELM1(1-
640), pKS305-Peixn-ELM1(1-420), and pKS305-Peixn-ELM1(420-640)
plasmids. prS305-PELMI, pKS305-Peixn-ELM1(1-640), pKS305-Peixn
ELM1(1-420), and pKS305-Pºlyn-ELM1(420-640) were digested with
BamhI and ligated to a GFP BamhI fragment (kindly provided by

~..
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P.M. Pryciak), resulting in plasmids prS305-Perºn-GFP, pFS305
Petrº-GFP-ELM1(1-640), pKS305- Pºlyn-GFP-ELM1(1-420), and
pRS305-Perºn-GFP-ELM1(420-640).

SWE1 deletion strains

The plasmid pSWE1-10g (Booher et al., 1993) was cut with HindIII
and BamhI and used in yeast transformations to obtain Swea::LEU2
Strains.

SWE1::myc13:hiss' strains

Yeast extract preparation for immunoprecipitations

Cells were grown to exponential phase (OD600 ca. 0.8). For each
immunoprecipitation reaction, 50 ml of yeast culture was pelleted.
All subsequent manipulations were carried out at 4°C. To the cell
pellet, 0.5 ml glass beads and 0.6 ml lysis buffer (50 mM Tris [pH 7.5],
1 mM EDTA, 100 mM NaCl, 0.1% NP-40, 10 mM NaF, 50 mM 3
glycerolphosphate, 0.1 mM Na:WO, and 1 tablet of protease cocktail
[Amersham]) were added. The contents were vigorously
homogenized with a multi-beadbeater (BioSpec Products) for four 1
min periods. Glass beads and cell debris were pelleted by
centrifugation, and the crude extract clarified by three 10 min
microfuge spins. Protein concentration of the yeast extract was
measured using the Bio-Rad protein assay. Yeast extracts from
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various strains were adjusted to the same protein concentration using
lysis buffer.

Whole-cell lysates

1.5 ml of yeast culture at OD. ca. 0.7 was pelleted and resuspended
in 150 ul 1 M NaOH, 0.074% B-mercaptoethanol for 10 min at 4°C.
150 pul 50% w/v trichloroacetic acid (TCA) was added and incubated

for 10 min at 4°C. The contents were spun for 2 min in a microfuge at
4°C, and the pellet was washed with 1 ml ice-cold acetone. After a
short microfuge spin, acetone was removed and 150 ul of SDS-PAGE
sample buffer was added. Contents were boiled for 5 min before
loading on SDS-PAGE mini-gels.

Immunoprecipitation

12CA5 HA monoclonal antibody was cross-linked to protein A
Sepharose beads (Harlow and Lane, 1989) with a ratio of 2 ul
antibody per 40 ul beads. 40 ul of coupled beads was added to yeast
extracts of the same volume and of the same protein concentration
from various strains. After incubation at 4°C with gentle shaking for
2 hours, the beads were pelleted, washed three times with lysis
buffer, and resuspended in 150 ul SDS-PAGE sample buffer.

Polyacylamide gel electrophoresis and Western blotting
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Samples were fractionated using 10% SDS-polyacrylamide mini-gels.
Proteins were transferred to nitrocellulose filters in transfer buffer

(0.2M glycine, 0.03 MTris, 0.1% SDS, 20% methanol). Filters were
blocked for 1 hour in phosphate-buffered saline (PBS; 137 mM NaCl,
2.7 mM KCI, 8.1 mM Na,HPO, 1.5 mM KH,PO, [pH 7.2]) containing
0.1% Triton X-100 and 2% nonfat dry milk. 12CA5 HA monoclonal
antibody (Berkeley Antibody Company), phosphotyrosine antibody
(Transduction Laboratories), phospho-cdc2 antibody (kindly
provided by NEB Biolabs), myc monoclonal antibody (Berkeley
Antibody Company), or Ste12 antibody (kindly provided by Mary
Maxon) was added at the recommended concentrations. Antigen
was visualized using the Amersham ECL detection kit.

Stripping of Western blots

Filters were stripped of previously applied antibodies by immersing
in stripping buffer (62.5 mM Tris (pH 6.8), 2% SDS, 100 mM B
mercaptoethanol) at 70°C for 30 min, and washed extensively in PBS.

Quantitation of Cdc28-HA tyrosine phosphorylation

To ensure that we immunoprecipited the same amount of Cdc28-HA
protein, yeast extracts of the same volume and of the same protein
concentration from various strains were prepared. To compare the
relative amount of tyrosine phosphorylation in two strains, Cdc28
HA immunoprecipitates from strains exhibiting higher tyrosine
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phosphorylation, i.e., the elm.1A strain or cdc12-6 strain, were diluted
serially. The dilution that exhibited the same level of tyrosine
phosphorylation with the reference, i.e., wild-type strain, determined
the fold difference between the two strains.

Immunofluorescence

Immunofluorescence of yeast cells was carried out as described in
Pringle et al. (1991). Cells were grown to exponential phase, fixed
with 3.5% formaldehyde for 30 min, washed with PBS, and then
spheroplasted. Spheroplasted cells were applied to polylysine-coated
slides, submerged in -20°C methanol for 6 min and in -20°C acetone
for 30 sec. Cdc2 polyclonal antibody (kindly provided by J. Frazier;
Frazier et al., 1998) was used at a 1:500 dilution. Fluorescein

conjugated anti rabbit-IgG antibody was used as the secondary
antibody.

Photography and image processing

An Olympus BX 65 microscope was used to visualize GFP signals
and photographed with Kodak T-MAX 400 Pro film. For
immunofluorescence experiments, cells were photographed with
Kodak Elite II film. For morphological studies, cells were visualized
with a Zeiss Axioskop and photographed with Polaroid film. Images
were processed using Adobe Photoshop software.

*
*
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Results

Elongated bud phenotypes of elm.1 and septin mutants require SWE1
function

Several observations suggest that hyperactive SWE1 activity
leads to elongated bud phenotype. For example, cells that
overexpress SWE1 produce highly elongated buds (Booher et al.,
1999; Figure 1A); the elongated-bud phenotype of mutants defective
in the nim.1-like kinase HSL1 requires an intact SWE1 gene (Ma et al.,
1996; Barral et al., 1999). It has been observed that the elongated bud
phenotype of elm.1 mutants is suppressed by a mutation in the SWE1
gene, thus suggesting that ELM1 negatively regulates SWE1 function
(Edgington et al., 1999). We set out to confirm that the behavior of
elm 1 mutants is due to hyperactive SWE1. We carried out
morphological studies to test whether the elongated-bud phenotype
of elm.1 mutants requires SWE1. An elm.1A swelA strain was
constructed by crossing the two single mutants. Isogenic wild-type
and swelA strains exhibited normal morphology (Figure 1B); the
elm 1A strain formed chains of elongated cells. In contrast, the elm.1A
swelA strain formed cells of near wild-type morphology. These cells
remained attached as in the elm.1 SWE1 strain. Thus the elongated
bud phenotype of the elm.1A strain requires SWE1.

Because septin mutants, like elm.1A mutants, show an
elongated-bud phenotype, they too might have increased SWE1
activity. Indeed, it has been observed that formation of elongated
cells by a cdc12-1 strain is suppressed by deletion of SWE1 (Barral et

º
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al., 1999). We have tested another allele of CDC12, cac12-6, to see

whether it exhibited increased SWE1 activity. The elongated bud º
phenotype of this strain was also partially suppressed by a swel 2. * 1.

deletion (Figure 1C): after shift from permissive (25°C) to restrictive
temperature (37°C) for two hours, cells of the cdc12-6 swelA strain
were less elongated than the cdc12-6 SWE1 strain.

From the morphological studies, we conclude that the
elongated bud phenotypes of both elm.1 and septin mutants require
intact SWE1 function. • *

º.
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Figure 1. Mutants overexpressing Swe1 or defective in elm.1 form
elongated buds. (A) Overexpression of Swe1 leads to elongated bud
formation. Wild-type strain yWW001 and strain yWW489, which
contains the Poala-SWE1-HA, plasmid, were grown in raffinose
medium to exponential phase. Galactose was added to the cultures
for 2 hours and cellular morphology was observed using Nomarski
optics. (B) Deletion of SWE1 suppresses the morphological defect of
elm 1 mutants. Exponential-phase cultures of wild-type strain
yWW001, swel strain yWW305, elm 1 strain yWW274, and elm 1 swel
strain yWW447 were examined by Nomarski optics. (C) Deletion of
SWE1 partially suppresses the morphological defect of septin
mutants. Cultures of cdc12-6 strain yWW576 and cdc12-6 swel strain
yWW584 were grown at 25°C to exponential phase and then shifted
to 37°C for 2 hours. Cellular morphology was followed using
Nomarski optics.
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Elm1 localizes to the bud neck

Because of the dramatic morphological defect of elm.1 mutants,
we suspected that Elm1 might function at specific cellular locations
that are relevant to morphogenesis. In order to explore possible
modes of regulation of Elm 1 activity, we investigated the localization
of Elml protein using a fusion of green fluorescent protein (Prasher
et al., 1992) to the carboxyl terminus of Elml. A low copy (CEN-ARS)
plasmid carrying this ELM1:GFP fusion fully complemented the
elongated bud phenotype of elm.1A strains (data not shown). We
observed that Elm1-GFP localized to the bud neck in cells that

contain buds ranging in size from very small to large (Figure 2A). In
these cells, Elm 1-GFP localized as a single ring structure at the mid
point between mother and bud.

In order to facilitate visualization of the Elml-GFP signal, we
sought to observe its localization in synchronized cell populations.
We therefore examined localization of Elml-GFP in cdc28 mutants

that arrest at different stages of the cell cycle: cac28-13 cells arrest in
G1 without DNA replication or bud formation, whereas cdc28-1N
cells arrest in G2 with large buds and undivided nuclei (Piggott et al.,
1982; Surana et al., 1991). In calc28-13 mutants arrested at 37°C, Elm1

GFP was not localized (<1/100); in cdc28-1N mutants arrested at

37°C, Elm1-GFP was localized at the bud neck in nearly every cell
(93/105) (Figure 2B). Localization of Elm] to the bud neck was
confirmed using immunofluorescence of an Elml-HA2 fusion (see

Materials and methods) expressed under control of the ELM1
promoter on a CEN-ARS plasmid (data not shown).

:
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Our data demonstrate that Elm1 kinase is localized

predominantly to the bud neck.
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Figure 2. Elml localizes to the bud neck. (A) Localization of Elm1
GFP fusion protein to the bud neck. Cultures of a wild-type strain
carrying the CEN-ARS ELM1:GFP plasmid yWW515 were grown in
SD-URA medium to exponential phase. GFP signals in living yeast
cells were examined by UV-fluorescence microscopy (a).
Corresponding cell morphology was followed using phase optics (b).
The position of the bud neck is indicated in selected cells with an
arrow. (B) Localization of Elm 1-GFP fusion protein in cell cycle
mutants. Cultures of cdc28-13 elm.1 and cdc28-1N strains harboring
the CEN-ARS ELM1:GFP plasmid (strains yWW582 and yWW520,
respectively) grown at 25°C to exponential phase were shifted to
37°C for 3 hours. Elml-GFP localization in these arrested cells was

examined by UV-fluorescence microscopy. Corresponding cell
morphology was followed by Nomarski optics.
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Localization of Elml to the bud neck is dependent on the integrity of the
Septin ring

The localization pattern observed for Elm 1 is similar to that of
the septins, Cdc2, Cdc10, Cdc11, and Cdc12, which localize to the
bud neck as ring structures (Haarer and Pringle, 1987; Ford and
Pringle, 1991; Kim et al., 1991). Septins are required for the
localization of a number of proteins to the bud neck, including Budé,
Bud4, Chs3, Myo1, Gin 4, and Hsl1 (Chant et al., 1995; Sanders and
Herskowitz, 1996; DeMarini et al., 1997; Lippincott and Li, 1998; Bi et
al., 1998; Longtine et al., 1998b; Barral et al., 1999). We therefore
tested whether Elml localization also depends on the septins. The
ELM1::GFP CEN-ARS plasmid was introduced into isogenic cac12-6
and CDC12 strains, and the Elm1-GFP signal was examined after
shifting cells to high temperature. Previous studies show that septins
are no longer localized in cdc12-6 mutants after shifting to the
restrictive temperature for five minutes (Ford and Pringle, 1991; Kim
et al., 1991; Longtine et al., 1996). We observed that the GFP signal
was lost within 15 minutes after shift to high temperature and
remained absent during the course of the experiment (for three
hours) (Figure 3A). In contrast, Elm 1-GFP was localized in the
CDC12 strain incubated at high temperature (Figure 3B and Table 2).
Localization of Elm 1-GFP in cdc3, cac10, and cdc11 mutants was

similar to that in the cdc12-6 mutant (data not shown).

In order to determine whether localization of Elm1 and septins
are mutually dependent, we tested whether septin localization is
affected in elm.1 mutants. In particular, we examined the localization
of Cdc2 in wild-type and elm.1A strains using immunofluorescence

76



microscopy. We found that the Cdc2 antiserum (see Materials and
methods) identified a structure at the bud neck in wild-type cells as
expected (Haarer and Pringle, 1987; Ford and Pringle, 1991; Kim et al,
1991). Although the morphology of elm] mutants is aberrant, Cdc2
protein was localized to bud neck-like constrictions in the elm.1A
mutant tested (Figure 3B).

We conclude that localization of Elm] to the bud neck is

dependent on septins, but not vice versa.
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Figure 3. Localization of Elml-GFP to the bud neck is septin
dependent, but not vice versa. (A) Localization of Elm 1-GFP to the
bud neck is dependent on the septins. Wild-type and cdc12-6 strains
containing the ELM1:GFP plasmid (strains yWW583 and yWW525,
respectively) were grown in SD-URA medium at 25°C to log phase.
Cultures were shifted to 37°C for 15 minutes. GFP signals in living
yeast cells were observed by UV-fluorescence microscopy (panels a,
b, c, and d). Corresponding cell morphology was followed by
Nomarski optics (panels a, b, c, and d'). (B) Localization of Cdc2 to
the bud neck is independent of ELM1. Wild-type strain yWW001 and
elm 1 strain yWW274 were grown to exponential phase. The
localization of Cdc2 protein was followed using immunofluorescence
microscopy (a). DNA staining (b) and cell morphology (c) of the
corresponding cells are shown. Arrows indicate the bud neck in
Selected cells.
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Table 2. Localization of Elml-GFP to the bud neck is dependent on the septin Cdc12.

25°C (t=0) 37°C (t=15 min)

cdc12–6 ELM1::GFP 34% (n=34/101) <1% (n=0/100)

CDC12 ELM1::GFP 28% (n=37/133) 47% (n=47/101)

Wild-type and cdc12-6 strains harboring the CEN-ARS ELM1:GFP plasmid
(yWW525 and yWW583, respectively) were grown in SD-URA medium to
exponential phase. The cultures were shifted to 37°C for 15 min. Cells exhibiting
GFP signals were counted before and after the temperature shift.
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C-terminal 220 amino acid sequence of Elm1 is necessary and sufficient for
its bud neck localization

We were interested in further pursuing the element in Elml
protein primary structure that is important for its bud neck
localization pattern. Elml is a protein kinase of 640 amino acids and
can be divided into the N-terminal kinase domain (amino acids 1

420) and the C-terminal domain (amino acids 420-640). Elml protein
has been demonstrated to possess protein kinase activity in vitro
(Koeler et al., 1997). Elm1 kinase domain shows low homology to the
kinase domains of two other protein kinases in budding yeast, Tos3
and Pak1 (Sutherland et al., 2003; Hong et al., 2003). The C-terminal
portion of Elm 1 has been reported to play an auto-inhibitory role in
relation to its kinase activity (Sutherland et al., 2003).

We have constructed a series of integrating plasmids that carry
GFP fusions to various segments of the Elm1 protein. All fusion
proteins were expressed under the transcriptional control of the
ELM1 promoter (see Material and Methods). We examined GFP
signals in yeast strains carrying these plasmids (see Table 3). We
found non-specific or uniform GFP localization pattern in yeast strain
yWW617 expressing GFP only and in yeast strain yWW618
expressing GFP-Elm1(1-420). In contrast, GFP signals were
concentrated at the bud neck in yeast strain yWW619 expressing
GFP-Elm1(420-640) and in yeast strain yWW620 expressing GFP
Elml (1-640). We therefore conclude that the C-terminal domain of

Elm1 is necessary and sufficient for its bud neck localization.
We also asked whether the C-terminal bud neck localization

domain of Elm1 is required for its regulation of Swe1. The

80



aforementioned set of plasmids was introduced into an elm.1 strain
and the morphologies of the resulting strains were examined. We
found that yeast strain yWW630 carrying GFP-Elm1(1-640) exhibited
wild-type morphology, however, yeast strain yWW627 carrying GFP
only, yeast strain yWW628 carrying GFP-Elm1(1-420), and yeast
strain yWW629 carrying GFP-Elm1(420-640) exhibited elongated bud
phenotype. We therefore conclude that both the kinase domain and
the C-terminal bud neck localization domain are required for Elml
function.
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Table 3. C-terminal domain of Elm is necessary and sufficient for bud neck localization.

GFP signal at the bud neck" Rescue of elm.1 phenotype"
pRS305-Pelºn-GFP

-

pRS305- Pavº GFP-ELM1(1-640) + +

prS305. Pºlº GFP-ELM1(1-420)
-

pRS305- Pavº GFP-ELM1(420-640) +

a. Tested in W303 MATo strain background.
b. Tested in W303 MATa elm.1::TRP1 strain background.
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Swe1 kinase is hyperactive in septin mutants

We have observed that Swel kinase activity is elevated in elm.1
mutants (see Chapter 2). Because the elongated bud phenotype of
septin mutants, like that of elm.1A mutants, requires intact SWE1
function, they too might have increased Swe1 kinase activity. We
assayed the effect of the cdc12-6 mutation on Swe1-dependent
tyrosine phosphorylation of Cdc28. Strains grown at 25°C were
shifted to 37°C for one hour and then assayed for tyrosine
phosphorylation (see Material and Methods). Normalizing the
amount of tyrosine phosphorylation (Figure 4A) to the amount of
Cdc28 protein (Figure 4B) we observed that after one hour at
restrictive temperature, tyrosine phosphorylation in cdc12-6 mutants
was three-fold that of wild-type cells (Figure 4A, lanes 2 and 4). At
permissive temperature, cdc12-6 mutants exhibited a similar amount
of tyrosine phosphorylation to wild-type cells (Figure 4A, lanes 1 and
3). We confirmed that the tyrosine phosphorylation observed in the
cdc12-6 mutant strain was dependent on SWE1 (Figure 4A, lanes 5
and 6). The cdc12-6 mutants thus exhibited increased Swe1 kinase

activity.
Based on our analysis of cell morphology and Cdc28 tyrosine

phosphorylation, we conclude that Cdc12 is a negative regulator of
Swe1 kinase activity.

Taken together, we conclude that ELM1 may act in a
morphogenesis checkpoint pathway that monitors that integrity of
the bud neck similar to that described in Barral et al. 1999.
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Figure 4. Cdc28 tyrosine 19 phosphorylation is increased in septin
mutants. (A) Cultures of wild-type strain yWW586 (lane 3), cdc12-6
strain yWW585 (lane 1), and cdc12-6 swel strain yWW587 (lane 5)
were grown at 25°C to early log phase and then shifted to 37°C for 1
hour (lanes 4, 2, and 6). Cdc28-HA protein was immunoprecipitated
from yeast extracts and resolved by SDS-PAGE. The blot was probed
with cdc2-phosphotyrosine antibody. The relative amount of tyrosine
phosphorylation in each lane is indicated in arbitrary units below
panel (A). (B) To normalize the amount of Cdc28 protein loaded in
each lane, the western blot shown in (A) was stripped of cdc2
phosphotyrosine antibody and reprobed with 12CA5 HA antibody.
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Discussion

Increased Swe1 kinase activity in morphological mutants

Although an elm.1 mutant, the hsl1 ginA kcc4 triple mutant, and
septin mutants do not exhibit identical phenotypes, they all form
elongated buds. Furthermore, their elongated bud phenotypes are all
dependent on an intact SWE1 gene (Edgington et al., 1999; Barral et
al., 1999; this study). Using phosphotyrosine and phospho-cdc2
antibodies against immunoprecipitated Cdc28, we found that Swe1
kinase activity was higher in elm.1 (see Chapter 2) and in cdc12-6
mutants than in wild-type cells. We also observed increased Swe1
kinase activity in hsl1 mutants using the same assay (data not
shown). Whether other morphological mutants exhibit elongated
buds due to hyperactive SWE1 remains to be examined.

Functions of Elm1 and septins that are independent of SWE1

Although the elongated bud phenotype of elm.1 mutants was
dependent on SWE1, we found that deletion of SWE1 did not
suppress the cell separation defect of elm.1 mutants (see Figure 1B).
The elm.1 swel mutants remained attached to each other, resulting in
clusters of cells, similar to those of elm.1 mutants. These observations

indicate that ELM1 has a role in cytokinesis that does not involve
SWE1. Similarly, although a SWE1 deletion partially suppressed the
elongated bud phenotype of a cdc12-6 strain, the cdc12-6 swelA strain
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was still temperature sensitive for growth, indicating that septins
have essential functions that do not involve SWE1. Using an
analogue-sensitive allele of ELM1, it has been demonstrated that
inhibition of Elml kinase activity leads to a delay in bud emergence.
This observation suggests a role of Swe1 in early
G1 phase unrelated to its function in the regulation of Swe1
(Sreenivasan and Kellogg, 2003). Elm 1 may also function as an
upstream activating kinase in the regulation of the SNF1 complex in
response to metabolic stress in budding yeast (Sutherland et al., 2003;
Hong et al., 2003).

Localization of Elm 1 and nim.1-related kinases to the bud neck

Since our study of Elm 1 localization in budding yeast, a
number of other labs have published their observations confirming
our data (Moriya and Isono, 1999; Bouquin et al., 2000; Thomas et al.,
2003). It is striking to note that the nim.1-related protein kinases have
also been localized to the bud neck (Okuzaki et al., 1997) and that

their localizations are also septin-dependent (Longtine et al., 1998b;
Barral et al., 1999), suggesting that Elml and the nim.1-related kinases
may have direct interactions. Indeed, it has been proposed that Elm1
act upstream of Hsl1 in the regulation of Swe1 (Edgington et al.,
1999). However, a model in which Elm 1 and Hsl1 act independently
to regulate Swe1 cannot be excluded. The localization of Elml and
nim1-related kinases to the bud neck is somewhat different: we

found Elml-GFP localized as a single ring at the mid-point between
the mother and the bud, whereas nim.1-related kinases localize as
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double rings at the neck region (Longtine et al., 1998b; Barral et al.,
1999). The difference in localization of Elm1-GFP and the nim.1-

related kinases does not appear to be due to a difference in
procedures used for localization, as we have observed that Hsl1-GFP
formed double rings at the bud neck (data not shown).

Localization of Elm1 to the bud neck may be important for the
function of Elm1 in a couple of ways: Elml kinase activity may
require bud neck localization in order to be activated; or localization
to the bud neck may provide a physical site for Elm 1 to interact with
its substrates. We have found that the C-terminal domain of Elm1 is

necessary and sufficient for Elml to localize to the bud neck. It has
been suggested that the C-terminal domain is auto-inhibitory to the
kinase activity of Elml (Sutherland et al., 2003). It is thus tempting to
suggest that Elm1 localize to the bud neck via its C-terminal domain,
releasing the kinase domain, permitting the activation of the kinase
activity.

Regulation of Elm1 by the septins

Suppression of the elongated-bud phenotype of elm.1 and septin
mutants by a SWE1 deletion suggests that ELM1 and the septins
possibly act in the same pathway that leads to the inhibition of Swe1
activity. Indeed, we found that Elm] was localized to the bud neck
and that this localization was dependent on the septins. The fact that
Elml localization to the bud neck was disrupted within fifteen
minutes after shifting to restrictive temperature suggests that the
interaction between Elm1 and the septins may be direct. The
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mechanism by which the septins regulate Elm1 remains to be
determined. It is possible that the septin complex is required for the
activation of Elml kinase activity or that septins simply provide the
platform for Elm1 to interact with its substrates.

The Elm1-Swe1 pathway may function in the switch from apical to isotropic
bud growth

To produce an ovoid cell shape, cells must switch from apical
to isotropic bud growth at a certain point after the G1/S transition.
Our data support the hypothesis that the bud neck is the cellular
structure that initiates the signal for the morphogenetic switch (Barral
et al., 1999). Appearance of the bud neck at the G1/S transition
provides an obvious landmark event to indicate that a cell has
committed to cell division. The bud neck also serves as the site of

cytokinesis at the end of mitosis. Different sets of proteins are likely
to be localized to the bud neck at different stages of the cell cycle to
accomplish different tasks. Transcription of the ELM1 gene has been
shown to peak in the G2 phase of the cell cycle (Cho et al., 1998;
Spellman et al., 1998). It is possible that accumulation of Elm1 and
other proteins at the bud neck in G2 may be the signal for the
morphogenetic switch (see Figure 5). The septins therefore play an
important role in this signal pathway as the structural component of
the bud neck.
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Figure 5. A model for the signal transduction pathway from the
septins to Cdc28 that results in the morphogenetic switch. In
budding yeast, Cln/Cdc28 activity promotes bud formation and
apical bud growth, whereas Clb/Cdc28 activity promotes isotropic
bud growth (Lew and Reed, 1993). Localization of Elml and the
nim1-related protein kinases to the bud neck leads to the inhibition of
Swe1 kinase activity, resulting in the activation of the Clb/Cdc28
kinase activity (see also Barral et al., 1999). The growth of the bud is
switched to the isotropic mode in order to produce the ovoid shape
of a yeast cell. In addition to participating in the Swel-dependent
morphogenetic switch, Elm1 and the septins also play a role in
cytokinesis that is independent of Swe1.
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