Coupling morphogenesis to mitotic entry
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In eukaryotes, cyclin B-bound cyclin-dependent protein kinase 1
promotes mitotic entry but is held in check, in part, by Wee1
protein kinase. Timely mitotic entry in budding yeast requires
inactivation of Swe1 (Wee1 ortholog). Perturbations of the septin
collar at the bud neck lead to Swe1 stabilization, delaying the G2/M
transition. Swe1 is recruited to the neck and hyperphosphorylated
before ubiquitin-mediated degradation. Hsl1 kinase (Nim1 or-
tholog), a negative regulator of Wee1, is required for efficient
Swe1 localization at the neck but seems not to phosphorylate
Swe1. Here, we show that two other kinases targeted sequentially
to the neck, Clad/PAK and Cdc5/Polo, are responsible for stepwise
phosphorylation and down-regulation of Swe1. This mechanism
links assembly of a cellular structure to passage into mitosis.

Cdk1 regulation | mitotic progression | G2/M transition | Saccharomyces
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yclin-dependent protein kinases (Cdks) regulate cell cycle

progression in all eukaryotes (1). Entry into M phase is
induced by cyclin B (Clb)-bound Cdk1/Cdc2. In fission yeast and
higher eukaryotes, Cdkl1 is negatively regulated by phosphory-
lation at Tyr-15 by Weel (2, 3), a modification reversed by Cdc25
phosphatase (4). In budding yeast, Swel (Weel ortholog) phos-
phorylates Clb-bound Cdc28 (Cdkl/Cdc2 homolog) on the
equivalent residue (Tyr-19) (5), a modification reversed by Mih1
(Cdc25 ortholog) (6, 7).

During a normal cell cycle, Swel accumulates in S phase,
becomes sequentially hyperphosphorylated (8, 9), generating
multiple isoforms, and undergoes ubiquitin-mediated degrada-
tion (10-12). Defects in septin filament assembly at the bud neck
(9, 13, 14) result in hypophosphorylation and stabilization of
Swel and, as a result, Swel-dependent inhibition of CIb-Cdc28.
This Swel-imposed G, delay leads to elongated cells because the
cells fail to switch from polarized to isotropic growth during
budding (15). Thus, phosphorylation and degradation of Swel
seem critical for efficient activation of Clb-Cdc28 and timely
mitotic entry.

Hsll (Nim1/Cdr1 ortholog) is a primary negative regulator of
Swel (13, 16). Hsll activity and localization depend on septin
filament assembly at the neck (13, 17, 18). Hsl1 acts in concert
with Hsl7 (9, 19); absence of either protein dramatically reduces
Swel phosphorylation in vivo and causes cell elongation. Hsl1 is
required to tether Hsl7 at the neck (9), and both are required for
efficient recruitment of Swel to the same location (14, 19).
Contrary to the reported phosphorylation of Weel by recom-
binant Nim1/Cdr1 (20-22), Hsl1 seems unable to phosphorylate
Swel in vitro (23). This observation suggests that other neck-
associated kinase(s) may directly phosphorylate Swel.

Genetic findings implicated both Cla4 (PAK homolog) (24)
and Cdc5 (Polo homolog) (25, 26) in the G/M transition, but in
a manner not understood. Here, we show that the septin collar
serves as an organizing platform to permit Cla4 and Cdc5 to
sequentially phosphorylate Swel and that this cumulative mul-
tikinase-dependent modification is critical for Swel degradation
and therefore for proper onset of mitosis.
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Materials and Methods

Strain and Plasmid Construction. Yeast strains and plasmids used in
this study are listed in Tables 1 and 2, which are published as
supporting information on the PNAS web site. Detailed infor-
mation is provided in Supporting Materials and Methods, which is
published as supporting information on the PNAS web site.

Growth Conditions and Media. Yeast cell culture and transforma-
tions were carried out by standard methods. For cell-cycle
synchronization, MATa cells were arrested with 5 pg/ml a-
mating pheromone (Sigma) for 2 h at 30°C. Hydroxyurea
(Sigma) and nocodazole (Sigma) were used at the final concen-
trations of 200 mM and 15 pg/ml, respectively.

Kinase Assays and Immunoblotting. Kinase assays were carried out
as described (27). For immunoblotting analyses, total cellular
proteins were separated by SDS/PAGE as indicated and trans-
ferred to poly(vinylidene difluoride) membrane (Millipore).
Proteins that interact with anti-Swel (a gift of Doug Kellogg,
University of California, Santa Barbara), anti-Myc (Santa Cruz
Biotechnology), and anti-Hsl7 antibodies (9) were detected by
using the enhanced chemiluminescence (ECL) detection system
(Pierce). To detect the phosphorylated, slow migrating, Swel
isoforms, it was necessary to use 8% SDS/PAGE (no SDS in the
separation gel).

Cell Staining and Immunofluorescence Microscopy. Indirect immu-
nofluorescence was performed as described (27). Briefly, cells
were fixed with 3.7% formaldehyde, and microtubules were
visualized by using YOL1/34 rat anti-tubulin antibody (Accurate
Chemical, Westbury, NY) and goat anti-rat CY3 antibody
(Jackson ImmunoResearch).

Results and Discussion

Cdc5 and Clad Phosphorylate Swe1 in Vitro. We tested six protein
kinases known to associate with (and/or to contribute to assem-
bly of) septin filaments at the bud neck (Cdc5, Cla4, Elm1, Gin4,
Hsll, and Kcc4) for direct phosphorylation of Swel. The en-
zymes were expressed and purified from Sf9 cells, incubated with
catalytically inactive GST-Swel(K473A) (23) and [y-32P]ATP.
None phosphorylated GST alone (data not shown), and GST-
Swel(K473A) was not phosphorylated in the absence of added
kinase (Fig. 1, lane 17). Hsll, Gin4, and Kcc4 (the three
Niml-related kinases in S. cerevisiae) and Elml catalyzed no
more than trace incorporation into GST-Swe1(K473A) (data not
shown), although all these preparations were active (as judged by
their autophosphorylation). In contrast, Cdc5 and Cla4 exhibited
robust phosphorylation of GST-Swel(K473A) (Fig. 1, lanes 9
and 11). Catalytically inactive Cdc5(N209A) (28) (Fig. 1, lane 2)

Abbreviation: Clb, cyclin B.
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Fig. 1. Cdc5 and Cla4 phosphorylate Swe1 in an additive manner. Recom-

binant HA-Cdc5-Flag, HA-Cdc5(N209A)-Flag, HA-Cla4-Flag, and HA-
Cla4(K594A)-Flag were immunoprecipitated from Sf9 cells by using an anti-
Flag antibody cross-linked to agarose beads (Sigma). The reactions were
carried out with or without kinase-inactive GST-Swe1(K473A) in the presence
of 5 uM ATP (10 uCi of [y-32P]ATP; 1 Ci = 37 GBq) for 30 min at 30°C, separated
in 10% SDS/PAGE, stained with Coomassie blue (Lower), and then subjected
to autoradiography (Upper). Asterisks indicate a contaminating protein that
copurified with Cdc5 and Cla4.

did not phosphorylate GST-Swel(K473A) (Fig. 1, lane 10).
Similarly, catalytically defective (but not completely inactive)
Cla4(K594A) (24) (Fig. 1, lane 4) displayed significantly reduced
incorporation into GST-Swel(K473A) (Fig. 1, lane 12). CdcS
and Cla4 cross-phosphorylated each other weakly (Fig. 1, lanes
5-8), but Cdc5 and Cla4 did not seem to phosphorylate GST-
Swel(K473A) synergistically (Fig. 14, lanes 13-16).

Cdc5 Is Required for Swe1 Phosphorylation in Vivo. If Cdc5-mediated
phosphorylation contributes to Swel down-regulation, then ab-
sence of CdcS should prevent efficient Swel degradation. To test
this prediction, and because CDCS5 is an essential gene, a cdc5A
strain expressing a weakly functional allele, cdc5-1, under control
of the GALI promoter was used; these cells are viable on
galactose-containing medium but are inviable when shifted to
glucose medium, which represses the GALI promoter. To com-
pare Cdc5-deficient to CdcS-containing cells, the strain was
transformed with either an empty centromeric (CEN) vector or
the same vector expressing wild-type CDC5 from its native
promoter (pCDCS5). To synchronize cells in Gy, cultures were
treated with a-factor mating pheromone and at the same time
were shifted to glucose medium to prevent expression of the
Cdc5-1 mutant protein. After 2 h, cells were washed and released
into glucose medium containing nocodazole (to permit passage
into, but not beyond, M phase). Samples were taken at various
times after release from the a-factor block and Swel was
examined by immunoblotting of cell extracts. When Cdc5 was
supplied from pCDC5, Swel accumulated during the first 30 min
after release and was only moderately phosphorylated; by 60 min
after release, however, Swel was almost completely absent and
the most hyperphosphorylated species (the most slowly migrat-
ing bands) were barely detectable (Fig. 24 Top, left side). In
contrast, in the Cdc5-deficient cells, Swel persisted for at least
180 min and the moderately phosphorylated species (as opposed
to the most hyperphosphorylated isoforms) accumulated (Fig.
2A Top, right side). Stabilization of Swel and reduction in the
most hyperphosphorylated species were not due to any delay in
cell cycle progression because the CdcS-deficient cells proceeded
through the cell cycle at a rate indistinguishable from cells
expressing Cdc5 (Fig. 6, which is published as supporting infor-
mation on the PNAS web site).

Because Hsll is critical for phosphorylation and localization of
Hsl7 to the bud neck (9, 18, 23) and both proteins are necessary
for efficient neck recruitment, phosphorylation, and degradation
of Swel, perturbation of the activity or localization of Hsll or
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Fig. 2. Requirement of Cdc5 and Cla4 for proper phosphorylation and degra-
dation of Swe1. (A) Strain KLY4864 (cdc5A HSL1-Mycyz + YCplac33-GAL1-cdc5-1)
transformed with either a centromeric CDC5 (pCDC5) (KLY4900) or a control
vector (KLY4899) was arrested in Gy by a-factor treatment immediately after
transferring to yeast extract/peptone (YEP)-glucose medium, then released into
nocodazole-containing medium. Total cellular proteins were prepared at the
indicated times and separated by 8% SDS/PAGE (without SDS in the separation
gel to detect the phosphorylated Swe1 isoforms). Immunoblotting analyses were
carried out by using antibodies against Swe1, c-Myc epitope (for Hsl1-Myc;3), and
Hsl7. P-Hsl7, phosphorylated Hsl7. Asterisks in A, B, D, and E are the same
nonspecific protein cross-reacting with anti-Swe1 antibody. (B) Strain KLY4497
(cdc5A HSL1-Myciz + YCplac33-GALT-PLKT) transformed with either a centro-
meric pCDC5 (KLY4532) or a centromeric pCDC5AC-CNM67 (KLY4533) were
cultured overnight in YEP-glucose medium, arrested with a-factor, and then
released into YEP-glucose medium containing nocodazole. Samples were ana-
lyzed as in A. (C) To determine the timing of Cdc5 localization to the bud-neck,
asynchronously growing KLY4816 cells, which express EGFP-CDC5 under endog-
enous CDC5 promoter control, were cultured overnight, fixed, and subjected to
immunostaining with anti-tubulin antibody. Arrows indicate the bud-neck local-
ized Cdc5. (Scale bar, 5 um.) (D) Strains KLY4071 (CLA4) and KLY4536 (c/la4A) were
grown either asynchronously or arrested with hydroxyurea (HU) or nocodazole
for 4 h before the preparation of total cellular lysates. (E) Strains KLY4913 (c/ad4A
+ pCLA4) and KLY4914 (cla4A + pcla4-as3) were arrested with either hydroxyu-
rea or nocodazole for 2 h before the addition of either 25 uM of 1-NM-PP1 or
control DMSO into the medium. Cells were cultured for additional 2 h before
harvesting the samples.
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Hsl7 in the absence of Cdc5 might account for the observed Swel
stabilization. However, depletion of Cdc5 did not alter Hsll
activity (Fig. 24 Middle), Hsl7 phosphorylation (Fig. 24 Bot-
tom), or targeting of GFP-Hsl7 to the neck (Fig. 7, which is
published as supporting information on the PNAS web site).

Swet1 Is Stabilized When Cdc5 Is Not Located at the Bud Neck. Cdc5
localizes to spindle pole bodies (SPBs) and then to the neck (27,
29). If Cdc5 at the neck is crucial for Swel down-regulation,
preventing Cdc5 localization to that site should stabilize Swel.
Hence, a catalytically active (but localization-defective) CdcS
truncation, CdcSAC, which cannot by itself complement the
inviability of cdc5A cells (data not shown), was fused to Cnmo67,
a component of the outer plaque of the SPB (30). This fusion,
expressed from the native CDC5 promoter, was introduced into
a cdc5A strain in which viability was maintained by GAL-driven
expression of a mammalian Polo kinase (PLKI) cDNA. The
CdcSAC-Cnm67 chimera complemented the inviability of cdc5A
cells on glucose medium and localized to the SPB but not the bud
neck (J.-E.P. and K.S.L., unpublished data). However, the
resulting cells displayed an elongated bud morphology, like that
of other mutants defective in Swel down-regulation (9, 16). To
examine Swel stability, cdc5A cells carrying pCDC5 or express-
ing CDC5AC-CNM67 from the same vector were synchronized
in G; with a-factor and released into nocodazole-containing
medium, as before. In cells with wild-type Cdc5, Swel was
progressively phosphorylated and then disappeared (Fig. 2B, left
side). In contrast, in cells containing just Cdc5AC-Cnm67, Swel
was markedly stabilized, and isoforms phosphorylated at an
intermediate level (as opposed to the most hyperphosphorylated
species) accumulated (Fig. 2B, right side). These differences
were not attributable to any difference in the rate of cell cycle
progression (Fig. 8, which is published as supporting information
on the PNAS web site) or to any perturbation in GFP-Hsl7
localization to the neck (data not shown). Thus, only Cdc5
molecules at the neck contribute to efficient Swel down-
regulation.

This observation also predicts that Cdc5 should normally
localize to the neck before onset of the G,/M transition.
Therefore, timing of localization of GFP-Cdc5 expressed at its
endogenous level, which is fully functional, was examined.
Structure of the spindle was monitored as an internal marker for
cell cycle position (Fig. 2C). Cdc5 localization to the bud neck
was detectable by the time cells formed a short spindle, and this
Cdc5 population remained at the neck until spindles were fully
elongated (Fig. 2C). Cdc5 is thus present at the neck by G, phase
and available early enough to contribute to Swel modification
before the onset of M phase.

Cla4 Is Required for Phosphorylation of Swe1 in Vivo. In cells lacking
Cdc5 or in which Cdc5 cannot be localized to the neck, the most
hyperphosphorylated Swel forms are eliminated and Swel is
greatly stabilized. However, Swel is phosphorylated to an in-
termediate level. Hence, some other kinase(s) is responsible for
the early phase of Swel phosphorylation. Cla4 is important for
septin collar assembly (31) and associates tightly with septins
(32). Because Cla4 was the only other neck-associated kinase
able to phosphorylate Swel in vitro, its contribution to Swel
phosphorylation and down-regulation in vivo was tested.

In asynchronous cultures, cla4A cells lack the most hyperphos-
phorylated Swel species seen in parental CLA4* cells (Fig. 2D
Top, Asyn., left bracket). Moreover, in S phase-arrested (hy-
droxyurea treated) cells, Swel accumulated predominantly in
hypophosphorylated form in the cla4A mutant, whereas in
control CLA4* cells the bulk of Swel was absent (Fig. 2D). Even
in M phase-arrested (nocodazole treated) cells, a small amount
of Swel was still detectable in cla4A cells that was not seen in
CLA4™" cells. Because cells lacking Cla4 are defective in septin
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filament assembly (31, 32), as indicated by diminished Hsll
autophosphorylation (Fig. 2D Middle) and reduced Hsl7 phos-
phorylation (Fig. 2D Bottom), the stabilization and decrease in
phosphorylation of Swel in Cla4-deficient cells might arise
indirectly.

To confirm that Cla4 directly contributes to Swel phosphor-
ylation and down-regulation, we used an analog-sensitive cla4-
as3 allele (33) that is inhibitable by the cell-permeable com-
pound INM-PP1 (4-amino-1-tert-butyl-3-(1-naphthylmethyl)
pyrazolo[3,4-d]pyrimidine) (34). A CLA4" strain or an other-
wise isogenic cla4-as3 mutant were grown to mid-exponential
phase, arrested in either S phase (with hydroxyurea) or M phase
(with nocodazole), and treated for 2 h with solvent only (DMSO)
as a control or 25 uM 1NM-PP1 to acutely inhibit Cla4 function.
As observed in S phase-arrested cla4A cells, Swel was present
almost exclusively in hypophosphorylated form when S phase-
arrested cla4-as3 cells were treated with the analog, but not when
treated with solvent alone (Fig. 2E Upper). The analog had no
effect on Swel phosphorylation in CLA4™" cells. As expected if
septin filament assembly was not perturbed under these condi-
tions, Hsl7 was phosphorylated normally (Fig. 2E Lower) and
GFP-Hsl7 localized efficiently to the neck (Fig. 9, which is
published as supporting information on the PNAS web site) in
both cla4-as3 and CLA4 cells with or without the analog. Thus,
Cla4 activity does contribute directly to Swel modification in
vivo, consistent with its ability to phosphorylate Swel in vitro
(Fig. 14). However, as seen in cla4A cells (Fig. 2D), inactivation
of Cla4 failed to cause Swel accumulation in nocodazole-
arrested cells (Fig. 2E). Taken together, these observations
suggest that Cla4 contributes to Swel phosphorylation in S
phase, but Cdc5-dependent phosphorylation is able to mediate
Swel down-regulation by the onset of M phase.

Kinase Collaboration in Swe1l Inactivation. Prior genetic results
indicated that Hsll and Cdc5 act in parallel and upstream of
Swel to promote entry into mitosis (26). As an independent
means to assess whether Cla4 contributes in a physiologically
relevant way to Swel down-regulation along with Hsl1 and Cdc5,
we constructed double mutants. We combined a cla4A mutation
with either an Asl/A mutation or the temperature-sensitive
cdc5-3 allele. For the latter, we included the CDCI147AB6-!
mutation (35), which compensates for the mitotic exit defect, but
not the G,/M delay, of cdc5-3 mutant cells (26). When compared
to either cla4A or hsl1A single mutants, a cla4A hslIA double
mutant exhibited a more pronounced growth defect (Fig. 34); in
other strain backgrounds, cla4A hslIA cells are inviable (36).
More strikingly, the growth defect of cdc5-3 CDCI14™80-1 cells,
which are already somewhat defective in Swel down-regulation
at semirestrictive temperature (33°C) (26), was strongly exacer-
bated by absence of Cla4 (Fig. 34). As expected if the primary
problem in these strains is lack of efficient down-regulation of
Swel, introduction of a swelA mutation ameliorated the growth
and morphology defects of the cla4A hslIA double mutant and
the cdc5-3 CDCI1474B%1 clg4A cells (Fig. 3 B-D). Conversely,
reintroduction of SWEI on a CEN plasmid reimposed obvious
growth defects (Fig. 3 B and C) and marked morphology defects
(Fig. 10, which is published as supporting information on the
PNAS web site) in both AslIA cla4A swelA cells and cdc5-3
CDC147™15%1 cla4A swelA cells. This genetic synergy supports
the view that Cdc5, Cla4, and Hsll all contribute to Swel
down-regulation.

Biochemical criteria also support the conclusion that Cdc5 and
Cla4 collaborate (albeit at different stages of the cell cycle) to
regulate Swel modification and stability in vivo. In S phase-
arrested cla4A cells, Swel accumulated in hypophosphorylated
form regardless of whether Cdc5 was present or not (Fig. 3E Left,
lanes 3 and 4), presumably because Cdc5 does not translocate to
the neck until early G, (Fig. 2C). When Cla4 is present,
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Fig.3. Cdc5, Cla4, and Hsl1 function in pathways distinct from one another. (A)
Strains KLY1546 (wild type), KLY4651 (cdc5-3 CDC14TABE-T), KLY2869 (hs/1A),
KLY4649 (cla4A), KLY4653 (cdc5-3 CDC14™4861 cladA), and KLY5098 (hs/1A cla4A)
were cultured overnight. These cultures were serially diluted, spotted on YEP-
glucose, and incubated at the indicated temperature. (B and C) Strain KLY5097
(hslTA clad4A swelA) (B) or strain KLY4756 (cdc5-3 CDC14TAB6 T cladA swelA) (C)
was transformed with either a centromeric SWET (pSWET) or control vector. The
resulting transformants were cultured overnight, serially diluted, and spotted on
synthetic minimal plate (SDM) lacking histidine (B) or uracil (C) to select for the
presence of the introduced plasmid. (D) To examine the morphologies of the
strains used in A-C, cells cultured overnight at 23°Cwere fixed and then examined
by differential interference contrast (DIC) microscopy. The synthetically elon-
gated bud morphologies were manifest among cdc5-3 CDC147™861, claqA, and
hslTA mutants even at 23°C. (Scale bar, 5 um.) (E) To examine whether Cdc5 and
Cla4 cooperate to regulate the Swe1 stability, c/la4A was introduced into strains
KLY4714 (cdc5A + pGALT-cdc5-1 + YCplac22) and KLY4715 (cdc5A + pGALT-
cdc5-1 + YCplac22-CDC5), generating KLY4811 and KLY4813, respectively. All
four strains were cultured overnight in YEP-galactose medium, shifted to YEP-
glucose medium containing either HU or nocodazole, and cultured for an addi-
tional 4 h. Longer exposure time was required to detect Swe1 from nocodazole-
arrested samples (Right). Asterisks, a cross-reacting protein with the anti-Swe1
antibody.
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moderately phosphorylated forms of Swel are observed and
appear to be stable (Fig. 3E Left, lanes 1 and 2), presumably
because of lack of subsequent modification by CdcS. Thus, Cla4
contributes to the early phase of Swel phosphorylation in a
Cdc5-independent manner. In M phase-arrested cells, after CdcS
has relocated to the neck, Swel is barely detectable when both
Cdc5 and Cla4 are present (Fig. 3E Right, lane 1), whereas when
only Cdc5 is absent, the moderately phosphorylated Swel species
that largely depend on Cla4 for their formation accumulate (Fig.
3E Right, lane 2). In the absence of Cla4, the hypophosphory-
lated form of Swel accumulates whether or not Cdc5 is present;
however, presence of CdcS seems to be able to drive further
phosphorylation and degradation of some of the Swel (Fig. 3E
Right, compare lanes 3 and 4). Taken together, our observations
suggest Cla4 functions early and Cdc5 functions later during cell
cycle progression, and that their combined activities are neces-
sary for proper phosphorylation and efficient degradation of
Swel. Swel is still phosphorylated significantly in the absence of
both Cla4 and Cdc5 (Fig. 3E, lane 4), suggesting that an
additional kinase(s), e.g., Clb-Cdc28 (see below), also contrib-
utes to Swel phosphorylation.

Absence of Cdc5 or Clad Phosphorylation Sites Stabilizes Swe1. To
confirm the physiological significance of CdcS5- and Cla4-
dependent phosphorylation of Swel, we phosphorylated GST-
Swel(K473A) with each enzyme in vitro with excess ATP, and
the sites phosphorylated were mapped within tryptic peptides by
using mass spectrometry. Sites not definitively determined were
predicted by using NETPHOS 2.0 (37) and the known consensus
phosphoacceptor motifs for Polo D/E-X-S/T-®-X-(D/E) (38)
and for yeast PAKs (R-X-S/T-X-®; see refs. 32 and 39), where
X is any residue and ® is a hydrophobic residue. Seventeen
definitive and four potential sites for Cdc5, and seven definitive
and five potential sites for Cla4, were identified in Swel (Tables
3 and 4, which are published as supporting information on the
PNAS web site). Eight tryptic peptides contain apparent “com-
mon” sites for both enzymes. The number of Swel isoforms seen
in immunoblots of yeast extracts in this study and in prior work
(8, 9) verity that Swel is phosphorylated at many sites. To date,
only three sites have been determined in Swel recovered from
yeast cells; but reassuringly, these are identical to in vitro sites we
mapped (see legend of Table 3). Site-directed mutagenesis was
used to introduce mutations (S to A or T to A) at individual sites
in a functional (c-Myc)2-tagged Swel (12). The resulting con-
structs were integrated at the URA3 locus in a strain carrying an
mihIA mutation, which potentiates Swel-dependent inhibition
of Clb-Cdc28 (19). Aside from one mutation (S118A) that
unexpectedly destabilized Swel for unknown reasons (data not
shown), no single point mutation detectably affected Swel
stability (as judged by immunoblotting with anti-Myc mAb) or
caused elongated cell morphology diagnostic of a G,/M delay
(data not shown). Therefore, we generated Swel derivatives with
mutations in (7) all 20 of the apparent Cdc5 phosphorylation sites
(except S118), designated Swel(20A); (ii) all 12 of the apparent
Cla4 sites, dubbed Swel(12A); (iif) the “common” sites (namely,
S111A, S288A, S379A, S395A, S438A, T629A, S682A, and
T688A), termed Swel(c8A); (iv) the 24 combined CdcS and Cla4
sites, designated Swel(24A); (v) just the 11 most N-terminal sites
(S36A, T66A, S102A, S111A, T131A, S136A, S156A, S169A,
S185A, S223A, and S225A), called Swel(11A); (vi) just the 8
internal sites (S254A, T280A, S288A, S312A, S379A, S395A,
S438A, and T501A), termed Swel(8A); and (vii) just the 5 most
C-terminal sites (S610A, T629A, T676A, S682A, and T688A),
designated Swel(5A). These multiply mutated constructs were
integrated in epitope-tagged form at the URAJ locus in the
mihIA strain and examined, as above. Compared to parental
cells expressing endogenous SWEI, cells expressing the addi-
tional Swel-Myci, copy displayed only a slight increase in
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Fig. 4. Mutations in the Cdc5- and Cla4-dependent phosphorylation sites

onto Swe1 induce elongated bud morphology as a result of Swe1 stabilization
at the bud-neck. (A) An mih1A strain (M-600) was integrated with control
vector or various forms of SWET-Myc;, at the URA3 locus. The resulting strains
(KLY4802-KLY4810) were cultured overnight, fixed, and subjected to DIC
microscopy (A) to measure the cell size (Fig. 11). (Scale bar, 5 um.) (B) To
determine the steady-state level of various Swe 1-Mycs; proteins, total cellular
lysates were prepared from the asynchronously growing strains used in A.
Samples were separated in 10% SDS/PAGE and then subjected to immuno-
blotting with anti-Swe1 antibody. Asterisk indicates a nonspecific band. (C) To
examine the localization of various Swe1 proteins, the wild-type and mutant
forms of SWET in the strains used in A were C-terminally tagged with three
copies of GFP by replacing the Myc;, epitope. The resulting strains were then
cultured at 23°C, arrested with hydroxyurea for 3 h to enrich the Swe1 protein,
and subjected to confocal microscopy. (Scale bar, 5 um.)

average cell length (only mother cells were measured, to avoid
the inherently greater heterogeneity of buds) (Figs. 44 and 11,
which is published as supporting information on the PNAS web
site). Indeed, Swel-Myc;, appears to be as unstable as endog-
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Fig.5. Modelillustrating the Swe1 phosphorylation and degradation events
during the cell cycle (see text for details).

enous Swel, based on their steady-state level of expression in the
same cell (Fig. 4B, lanes 1 and 2). In contrast, Swel(20A) and
Swel(12A) caused pronounced cell elongation (Figs. 44 and 11).
The greatest increase in cell elongation was observed in cells
expressing Swel(24A), in which all of the Cdc5 and Cla4
phosphorylation sites were mutated (Figs. 44 and 11), further
supporting the conclusion that Cdc5 and Cla4 act in concert to
promote Swel down-regulation. All of the remaining mutants
[Swel(c8A), Swel(11A), Swel(8A), and Swel(5A)] caused sim-
ilar degrees of cell elongation (Figs. 44 and 11). Thus, no one
region within Swel seems uniquely responsible, when phosphor-
ylated, for conferring instability (although absence of the C-
terminal phosphorylation sites had a somewhat more pro-
nounced effect).

In keeping with their phenotype, all of the multiple phosphor-
ylation site mutants were more stable than Swel-Myci, or
endogenous Swel present in the same cell, as judged by immu-
noblotting of asynchronous cultures (Fig. 4B, lanes 3-9). Because
all of these Swel derivatives caused cell cycle delay and cell
elongation, they must all be catalytically active. Moreover, their
observed accumulation cannot be due to some indirect effect
because endogenous Swel in the same cells did not accumulate
(Fig. 4B). Furthermore, GFP-tagged versions of these variants
are recruited to the bud neck. Only when highly overexpressed
from a multicopy vector to overcome its instability could wild-
type Swel-GFP be detected at the neck in some (47%) cells (n =
87); when expressed at a near endogenous level from a low-
copy-number (CEN) plasmid, Swel-GFP was undetectable at
the neck (Fig. 4C). In contrast, when expressed from the same
CEN plasmid, three different multiple phosphorylation site
mutants, Swel(20A)-GFP, Swel(12A)-GFP, and Swel(24A)-
GFP, all displayed accumulation at the neck in >60% of the cells
(n > 120 for all three mutants) (Fig. 4C). Thus, absence of Cdc5
and Cla4 phosphorylation does not perturb intracellular target-
ing but greatly stabilizes Swel in vivo.

A Novel Mechanism Integrates Multiple Signals to License Passage
into Mitosis. Our data demonstrate that septin collar formation
establishes a platform that allows for cumulative phosphoryla-
tion of Swel by multiple kinases (Fig. 5). Sequential multistep
phosphorylation by Cla4 and Cdc5 makes Swel susceptible to
subsequent degradation. Cla4-mediated Swel modification oc-
curs in S phase, whereas Cdc5-mediated phosphorylation hap-
pens before entry into mitosis. Consistent with this view, Cla4
binds tightly to and phosphorylates septins and promotes septin
filament assembly (32). Also compatible with this proposed
order, as documented here, Cdc5 translocates to the neck before
the onset of M phase, and this localization is critical for Swel
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phosphorylation and down-regulation. It has been demonstrated
amply that tethering of Swel to septin filaments at the neck
requires Hsll and Hsl7 (9, 14, 19), and there is some evidence
that Hsl1 and Hsl7 also are required for efficient recruitment of
Cdc5 to this location (C. F. Hardy, personal communication).
Thus, cumulative phosphorylation of Swel at the neck could
represents a means to integrate, in one protein, stepwise signals
that indicate completion of prior cell cycle events before entry
into mitosis is allowed.

Presence of Cla4 at the neck may serve as a signal that proper
morphogenesis is underway and initiates Swel modification.
Subsequent recruitment of Cdc5 to the neck after short spindles
have formed may serve as a signal that septin filament assembly
has been completed and further promotes Swel phosphoryla-
tion. Finally, given that Clb-Cdc28 also associates with and
phosphorylates Swel (refs. 10 and 12; D. Kellogg, personal
communication), accumulation of Clb-Cdc28 complexes may
serve as a signal that adequate supplies of the enzyme are present
to efficiently promote mitosis and, hence, Clb-Cdc28-mediated
phosphorylation of Swel could act, in a positive feedback
mechanism, as the final step of Swel inactivation (Fig. 5). Once
unleashed from negative regulation by Swel, Clb-Cdc28 can
induce mitotic entry unimpeded.

Our findings show that phosphorylation at multiple sites
scattered throughout the protein are necessary to dictate effi-
cient Swel degradation. This cumulative phosphorylation by the
Cla4, Cdc5, and Clb-Cdc28 kinases must establish landmarks in
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the protein or induce a conformational change (or both) that
makes Swel susceptible to subsequent ubiquitination. There is
evidence that the APC may be a ubiquitin ligase (E3) that
contributes to Swel ubiquitination (ref. 40; C. F. Hardy, personal
communication), but there is also evidence that a SCF-like E3
is involved in Weel destruction (ref. 41; T. Hunter, personal
communication). Cumulative multisite phosphorylation by a
single kinase is responsible for efficient degradation of the Cdk
inhibitor, Sicl (42). However, action of multiple kinases on a
single protein to promote its degradation has not been seen
previously.

In summary, because septin filament assembly requires Cla4,
and septin filament assembly is required for localization and
function of Hsl1 and Hsl7, which are, in turn, required to ensure
proximity between CdcS and Swel, the phosphorylation of Swel
by neck-localized kinases links morphogenetic events with
proper spatial and temporal control of mitotic entry.
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