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Conservation of Mechanisms Controlling Entry
into Mitosis: Budding Yeast Wee1 Delays Entry
into Mitosis and Is Required for Cell Size Control

requires coordination of cell growth and cell division. In
fission yeast, the Wee1 and Cdc25 proteins have been
shown to play critical roles in coordinating cell growth
and cell division at the G2/M transition [1, 2]. Wee1 is
a protein kinase that phosphorylates and inhibits Cdc2
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mitosis until cells reach a critical size [3, 4]. Cdc25 is
a phosphatase that removes the inhibitory phosphate
added by Wee1, thereby promoting entry into mitosisSummary
[5–8]. Loss of Wee1 function causes cells to undergo
premature entry into mitosis before sufficient growthBackground: In fission yeast, the Wee1 kinase delays
has occurred, leading to the formation of abnormallyentry into mitosis until a critical cell size has been
small cells [9]. Conversely, loss of Cdc25 functionreached; however, a similar role for Wee1-related ki-
causes delayed entry into mitosis, leading to growth ofnases has not been reported in other organisms. SWE1,
abnormally large cells [5].the budding yeast homolog of wee1, is thought to func-

Although Wee1 has a well-defined role in the coordi-tion in a morphogenesis checkpoint that delays entry
nation of cell growth and cell division in fission yeast,into mitosis in response to defects in bud morpho-
no such role has been demonstrated in other organisms.genesis.
Loss of function of Swe1, the budding yeast homologResults: In contrast to previous studies, we found that
of Wee1, has not been found to cause a small cell pheno-budding yeast swe1� cells undergo premature entry
type or premature entry into mitosis [10–12]. Instead, itinto mitosis, leading to birth of abnormally small cells.
has been proposed that Swe1 has evolved to functionAdditional experiments suggest that conditions that ac-
in a checkpoint that delays cell cycle progression intivate the morphogenesis checkpoint may actually be
response to defects in morphogenesis [11, 13, 14]. Acti-activating a G2/M cell size checkpoint. For example,
vation of the morphogenesis checkpoint occurs in re-actin depolymerization is thought to activate the mor-
sponse to depolymerization of the actin cytoskeleton orphogenesis checkpoint by inhibiting bud morphogene-
other conditions that inhibit the formation of a daughtersis. However, actin depolymerization also inhibits bud
cell, and it is thought that Swe1 specifically monitorsgrowth, suggesting that it could activate a cell size
the status of the actin cytoskeleton [11, 14, 15].checkpoint. Consistent with this possibility, we found

The finding that budding yeast Swe1 is not involved inthat actin depolymerization fails to induce a G2/M delay
coordination of cell growth and cell division is surprisingonce daughter buds pass a critical size. Other condi-
since Wee1-related kinases have been highly conservedtions that activate the morphogenesis checkpoint block
in evolution. In addition, Swe1 can fully complement abud formation, which could also activate a size check-
loss of Wee1 function in fission yeast, suggesting thatpoint if cell size at G2/M is monitored in the daughter
the basic functions of the fission yeast Wee1 have beenbud. Previous work reported that Swe1 is degraded
conserved in the budding yeast Swe1 [10]. We thereforeduring G2, which was proposed to account for failure
carried out new experiments to determine whether Swe1of large-budded cells to arrest in response to actin depo-
plays a role in coordinating cell growth and cell divisionlymerization. However, we found that Swe1 is present
in budding yeast.throughout G2 and undergoes hyperphosphorylation as

cells enter mitosis, as found in other organisms.
Conclusions: Our results suggest that the mechanisms

Resultsknown to coordinate entry into mitosis in other organ-
isms have been conserved in budding yeast.

swe1� Cells Enter Mitosis Prematurely
Previous studies concluded that swe1� cells do not

Introduction enter mitosis prematurely. One study utilized flow cy-
tometry and analyzed the relative sizes of 1N and 2N

Cells show extraordinary diversity in size. The molecular DNA peaks in wild-type and swe1� cells [10]. However,
mechanisms underlying the control of cell size are likely this approach may lack the sensitivity to detect a short-
to be complex and dynamic since single-celled organ- ening of G2, especially if there is a compensatory length-
isms are able to maintain a fairly constant size over ening of G1, as observed in fission yeast wee1� mutants
widely varying conditions. In addition, multicellular or- [9]. Other studies used DNA staining to assay nuclear
ganisms are composed of cells of many different sizes division in wild-type and swe1� cells at 15-min intervals
and include cells that are able to grow without dividing during the cell cycle after release from a G1 arrest [11,
(e.g., oocytes) and others that are able to divide without 12]. We analyzed the timing of entry into mitosis by
growing (e.g., fertilized embryos). determining the percentage of cells with short or long

Maintenance of a specific cell size in dividing cells spindles at 10-min intervals as cells progressed through
the cell cycle after release from a G1 arrest. Previous
work has shown that formation of a short spindle is*Correspondence: kellogg@darwin.ucsc.edu
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Figure 1. swe1� Cells Enter Mitosis Prema-
turely

(A and B) Wild-type and swe1� cells were
arrested in G1 by the addition of � factor.
After release from the arrest, samples were
taken every 10 min, and cells were stained
with an anti-tubulin antibody. The percentage
of cells with (A) short spindles or (B) long
spindles was determined and plotted as a
function of time.

dependent upon synthesis of the mitotic cyclins, which in rapidly growing cultures. To identify this population
of cells, we stained with a septin antibody. Formationindicates that spindle assembly is a good marker for

entry into mitosis [16]. We found that swe1� cells enter of a polarized ring of septins is one of the first events of
bud emergence in late G1, and unbudded cells thatmitosis prematurely, as expected if the functions of fis-

sion yeast Wee1 have been conserved in budding yeast lack polarized septin staining are therefore in early G1
[18–20]. We measured the volumes of cells in early G1(Figure 1A). Formation of long spindles, which serves

as a marker for nuclear division, also occurs prematurely
(Figure 1B). Repeated counts of the same samples re-
vealed a maximum standard deviation of �2%. We ob-
tained the same results in six independent experiments.

While carrying out these experiments, we noticed that
a fraction of swe1� cells have multiple nuclei and multi-
ple microtubule-organizing centers. Examples of cells
with three and eight nuclei are shown in Figure 2. Cells
with multiple nuclei were always much larger than cells
with one nucleus, which is consistent with the fact that
cell size increases with ploidy. We determined that
7.5% � 1% of swe1� cells grown at 30�C have multiple
nuclei that can be detected by fluorescence staining;
however, this is likely to be an underestimate since cells
with only one additional nucleus may be difficult to iden-
tify. Fission yeast wee1� mutants also accumulate cells
with a greater than 1N DNA content, indicating another
similarity in the phenotypes caused by loss of function
of wee1 or SWE1 [17].

Swe1 and Mih1 Are Required for Cell Size Control
Since swe1� cells enter mitosis prematurely, one would Figure 2. A Fraction of swe1� Cells Are Multinucleate
expect newly born daughter cells to be smaller than Examples of swe1� cells with three and eight nuclei. swe1� cells were
normal, as observed in fission yeast wee1� mutants. grown to log phase at 30�C and were stained with an anti-tubulin

antibody and with a DNA stain. The scale bar represents 5 �m.We therefore measured the volume of cells in early G1
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Figure 3. swe1� Cells Are Born at a Smaller
Cell Volume and Undergo Compensatory
Growth during G1

Cells of the indicated strains were grown in
YPD at 30�C to 2 � 107 cells/ml and were
fixed with formaldehyde. Cells were stained
with an anti-Cdc11 antibody to allow identifi-
cation of cells in early or late G1 and with a
general cell stain to allow measurement of
cell size. Unbudded cells that do not show
polarized septin staining are in early G1,
whereas unbudded cells with polarized sep-
tins are in late G1 (see text).
(A) The volumes of 150 cells in early G1 were
measured as described in the Experimental
Procedures, and cell volume was plotted as
a function of the number of cells.
(B) The volumes of 75 cells in late G1 were
measured, and cell volume was plotted as a
function of the number of cells.

and then generated a histogram showing numbers of likely that the cell size phenotype we have observed is
dependent upon strain background.cells as a function of cell volume. For comparison, we

also measured the volume of cells lacking MIH1, the
budding yeast homolog of fission yeast cdc25. We found swe1� Cells Undergo Compensatory Growth
that swe1� cells show a smaller cell size distribution during G1
than wild-type cells, while mih1� cells are larger (Figure If swe1� cells are born at a smaller volume, one would
3A). Importantly, in five independent experiments, we expect them to spend more time in G1 undergoing com-
consistently observed a fraction of swe1� cells that were pensatory growth [22]. Similarly, mih1� cells should
significantly smaller than the smallest wild-type cells. spend less time in G1 since they are born at a larger
We did not include cells that had multiple nuclei in these size. To test whether this is true, we first determined
measurements; however, it is likely that our size mea- the fraction of unbudded cells in rapidly growing popula-
surements included some swe1� cells with multiple nu- tions of each strain. We found that wild-type cells were
clei that we could not discern by microscopy. Since 32% � 0.5% unbudded, mih1� cells were 27% � 0.2%
these cells are larger than cells with a single nucleus, it unbudded, and swe1� cells were 39% � 0.4% unbud-
is likely that the cell size measurements for swe1� cells ded, consistent with the idea that swe1� and mih1� cells
are skewed toward a larger size than would be measured are born at different sizes. A recent study independently
for a population of cells that was completely haploid. A reported that swe1� cells show a higher percentage of
recent study utilizing a Coulter Channelizer to systemati- unbudded cells [21].
cally measure cell sizes in the yeast gene deletion collec- To further test whether swe1� cells undergo compen-
tion also found that swe1� cells are smaller than wild- satory growth during G1, we measured the size of swe1�
type cells [21]. Since these experiments were carried cells in late G1. To identify these cells, we stained with

a septin antibody and looked for cells that had a polar-out in a different strain background than ours, it is un-



Budding Yeast Wee1 Is Required for Size Control
267

Figure 4. swe1� Cells Enter Mitosis at a Smaller Cell Size

Wild-type and swe1� cells were grown in YPD at 30�C to 1.2 � 107 cells/ml and were fixed with formaldehyde. Cells were stained with an
anti-tubulin antibody to allow measurement of spindle length and with rhodamine phalloidin to allow measurement of bud size.
(A) A diagram showing how the length of short spindles was measured.
(B) An example of a short spindle and the measured spindle length.
(C) Bud volume and spindle length were measured for 75 cells and were plotted against each other. Linear trend lines were calculated by
using the least squares fit for a line.

ized ring of septin staining, but no daughter bud, indicat- skew the size distribution toward larger cells. Alterna-
tively, Swe1 may participate in late G1 events requireding that they were just initiating bud emergence in late

G1 [18–20]. Although swe1� cells in early G1 were for timely bud emergence. In Figure 1, note that cells
arrested in G1 with � factor have time to undergo growth,smaller than wild-type cells (Figure 3A), we found that

swe1� cells in late G1 were slightly larger than wild- which explains why premature entry into mitosis in
swe1� cells is not obscured by a prolonged G1 delay.type cells (Figure 3B). Note that the size distributions of

both wild-type and swe1� cells in late G1 are larger than
in early G1 (compare Figures 3A and 3B), indicating that swe1� Cells Enter Mitosis at a Smaller Bud Size

We next determined whether swe1� cells enter mitosisgrowth occurred during G1, as expected. In addition,
swe1� cells in early G1 show a broader size distribution at a smaller size, as observed for fission yeast wee1�

mutants. After bud emergence, cell growth occurs al-than wild-type cells (see Figure 3A). This finding is con-
sistent with the idea that they are born at a smaller size most entirely in the daughter bud [23]. We therefore

measured the volume of daughter buds in cells enteringand then grow to approximately the same size as wild-
type cells. These results demonstrate that swe1� cells mitosis. To do this, we used immunofluorescence to

identify cells with short spindles, indicating that theyundergo compensatory growth during G1, which would
explain why only a fraction of cells in early G1 are smaller were in early mitosis. In addition, we stained the actin

cytoskeleton to reveal the outline of the daughter bud.than wild-type cells (Figure 3A). The fact that swe1�
cells initiate bud emergence at a slightly larger size may We then measured spindle length and the volume of the

daughter bud in the same cells. The dimension of thebe due to the presence of cells with multiple nuclei that
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short spindle that we measured is shown in Figure 4A, mined whether cells underwent nuclear division, which
allowed us to correlate bud size at the time of latrunculinand an example of a short spindle is shown in Figure

4B. We plotted bud volume as a function of spindle A addition with whether cells went into a checkpoint
arrest. To view the data, we plotted whether cells hadlength and found that swe1� cells enter mitosis at a

smaller bud size, as would be expected if they enter undergone nuclear division as a function of bud size at
the time of latrunculin A addition (Figure 6A). We foundmitosis prematurely (Figure 4C). As in Figures 3A and

3B, we did not include cells with multiple nuclei in these that cells with small buds always arrested before nuclear
division, while cells with large buds always failed tomeasurements. However, note that a fraction of swe1�

cells (10/75) entered mitosis at a bud volume larger than arrest. To estimate the bud size at which cells were no
longer sensitive to actin depolymerization, we deter-most wild-type cells. These may represent cells with

multiple nuclei that we were not able to exclude by mined the average bud size defined by the upper size
that arrested in response to actin depolymerization andfluorescence staining.
the lower size that failed to arrest (dashed lines in Figure
6A). The calculated size of 9 fL (solid line in Figure 6A)

Depolymerization of the Actin Cytoskeleton Does agrees well with the size of 7 fL determined in Figure 5.
Not Induce a Cell Cycle Delay Once Daughter Examples of bud sizes are shown in Figure 6B. In addi-
Buds Have Reached a Critical Size tion to the data shown in Figure 6A, we determined
Work on the morphogenesis checkpoint has demon- whether nuclear division occurred in an additional 100
strated that depolymerization of the actin cytoskeleton cells with small buds (i.e., smaller than 5 fL) and found
with latrunculin A induces a Swe1-dependent G2/M de- that nuclear division was arrested in 98% of the cells.
lay [15]. Since actin is required for bud emergence, these These results suggest that actin depolymerization
results have led to the conclusion that Swe1 monitors causes a Swe1-dependent delay when buds have al-
bud morphogenesis. However, actin is also required for ready formed and are increasing in size. In addition,
growth of the daughter bud [23, 24]. In addition, recent these results demonstrate that cells with buds that have
work in fission yeast has shown that actin depolymeriza- grown beyond a certain size no longer undergo a G2/M
tion causes a G2/M delay, but only in cells that have delay in response to actin depolymerization.
not reached a critical size [25]. It therefore seemed pos- We also carried out this experiment in swe1� and
sible that depolymerization of the actin cytoskeleton in mih1� cells. Almost all of the swe1� cells failed to arrest
budding yeast may actually activate a cell size check- at G2/M, which is consistent with previous work showing
point by blocking growth and preventing cells from that the G2/M delay induced by actin depolymerization
reaching a critical size. To examine this issue further, is SWE1 dependent (Figure 6C) [15]. In mih1� cells, the
we determined when during the cell cycle actin depo- average volume at which cells became insensitive to
lymerization is capable of inducing a Swe1-dependent actin depolymerization was larger than that in wild-type
delay. We first released cells from a G1 arrest and added cells (13 fL) (Figure 6D). We found that mother cell size
latrunculin A at 10-min intervals to depolymerize actin. had no influence on whether cells arrested in response
All samples were incubated until 130 min after release to actin depolymerization (Figure 6E).
from the arrest, when cells would normally have exited
mitosis. We then assayed Cdc28 tyrosine phosphoryla-
tion and Swe1 protein levels (Figure 5A). We also deter- The Swe1 Protein Appears before Bud Emergence

and Is Present throughout G2 and Mitosismined the fraction of cells with buds and the average
bud size at the time that latrunculin A was added (Figures Previous work concluded that the Swe1 protein is de-

graded during G2, accounting for failure of cells with5B and 5C). We found that depolymerization of actin
early in the cell cycle caused cells to arrest with high large buds to arrest in response to actin depolymeriza-

tion [12, 15, 26]. These experiments were carried out bylevels of Swe1 and tyrosine-phosphorylated Cdc28.
However, when daughter buds reached an average size using Swe1 tagged with 12 copies of the myc epitope

and did not utilize molecular markers of cell cycle pro-of 7 fL at 70 min, the majority of the cells no longer
arrested. A small fraction of cells did arrest in response gression. Other experiments studying the behavior of

the endogenous Swe1 protein found that it is presentto actin depolymerization at 70 min, as revealed by the
presence of small amounts of Swe1 and phosphorylated throughout G2 and does not disappear until Clb2 levels

begin to decline as cells exit mitosis [27, 28]. To moreCdc28 at this time point. This is consistent with the
fact that the bud size distribution at 70 min overlaps carefully determine when the Swe1 protein is made rela-

tive to the events of bud formation and mitosis, wesomewhat with the size distribution at 60 min. The vari-
ability in bud size at each time point is due to imperfect released cells from a G1 arrest and monitored bud emer-

gence, spindle assembly, and levels of the Swe1 andsynchrony.
We used a second approach to determine when actin Clb2 proteins by using affinity-purified polyclonal anti-

bodies that recognize the endogenous proteins (Figuredepolymerization results in a cell cycle delay that did
not rely on synchronization with � factor. For this ap- 7). We found that Swe1 first appears during late G1, just

before bud emergence. Swe1 is initially in a hypophos-proach, we treated log phase cells with latrunculin A
for 1 hr and then fixed the cells. Since latrunculin A phorylated form, but it undergoes dramatic hyperphos-

phorylation as Clb2 appears and cells enter mitosis.completely stops the growth of the daughter bud [23],
the size of the bud in the fixed cells can be used to Swe1 remains present until Clb2 levels begin to decline

as cells form long spindles and exit mitosis. Thus, Swe1determine the size of the bud when latrunculin A was
added. We therefore measured bud sizes and deter- is present throughout G2, and degradation of Swe1 can-
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Figure 5. Depolymerization of the Actin Cy-
toskeleton Does Not Induce a Cell Cycle De-
lay Once Daughter Buds Have Reached a
Critical Size

(A) Wild-type cells were arrested in G1 by the
addition of � factor. After release from the
arrest, samples were taken at 10-min inter-
vals starting at 40 min, and latrunculin A was
added to each sample to depolymerize actin.
At 130 min after release from G1 arrest, all
samples were harvested and used for West-
ern blotting to assay Swe1 protein levels and
Cdc28 tyrosine phosphorylation.
(B) Budding index at the time of latrunculin A
addition.
(C) Mean bud size and standard deviation at
the time of latrunculin A addition.

not account for the failure of cells with medium-sized yeast, Wee1 is present throughout G2 and mitosis [30–
32]. A final peculiarity of mitosis in budding yeast is thatbuds to arrest in response to actin depolymerization.

Note that assembly of a short mitotic spindle is strongly it has been reported that spindle assembly is initiated
during S phase, rather than in G2/M [33].correlated with Clb2 protein levels, which is consistent

with the idea that spindle assembly is a mitotic event. In contrast to previous studies, we have found that
swe1� cells do enter mitosis prematurely and show a
small cell phenotype, while mih1� cells show a largeDiscussion
cell phenotype, suggesting that the well-characterized
functions of fission yeast Wee1 and Cdc25 have beenConservation of Mechanisms Controlling Entry
conserved in budding yeast. The fact that Swe1 caninto Mitosis
functionally replace fission yeast Wee1 further supportsA number of experiments have suggested that the mech-
the idea that the functions of Wee1 have been conservedanisms known to control entry into mitosis in other or-
in budding yeast [10]. We also found that Swe1 is notganisms have not been conserved in budding yeast.
degraded during G2. Rather, Swe1 is present throughoutFor example, although loss of Wee1 function causes
G2, undergoes hyperphosphorylation as cells enter mi-premature entry into mitosis in fission yeast and Xeno-
tosis, and remains present until cyclin levels begin topus [9, 29], budding yeast swe1� cells have not been
decline as cells exit mitosis. Finally, assembly of thefound to enter mitosis prematurely [10–12]. It has also
mitotic spindle requires mitotic cyclin synthesis [16] andbeen reported that the Swe1 protein is degraded during

G2 [12, 15, 26], whereas in Xenopus, humans, and fission is strongly correlated with mitotic cyclin levels (Figure
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Figure 6. Actin Depolymerization Induces a G2/M Arrest Only in Small-Budded Cells

Cells of the indicated strains were grown to log phase in YPD at 30�C, treated with latrunculin A for 1 hr, and fixed with formaldehyde. The
cells were stained with a general cell stain to allow measurement of bud volume and with an anti-tubulin antibody and a DNA stain to determine
whether nuclear division occurred.
(A) A plot showing whether wild-type cells underwent nuclear division as a function of bud volume. The dashed lines define the upper bud
size that arrested in response to actin depolymerization and the lower size that failed to arrest. The solid line is the average bud size between
these two limits.
(B) Examples of bud sizes. The scale bar represents 5 �m.
(C) A plot showing whether swe1� cells underwent nuclear division as a function of bud volume.
(D) A plot showing whether mih1� cells underwent nuclear division as a function of bud volume.
(E) A plot showing whether wild-type cells underwent nuclear division as a function of mother cell volume.
For [A], [C], and [D], a total of 135 cells were counted. For [E], a total of 75 cells were counted.

7), suggesting that spindle assembly is a mitotic event. ding yeast [11, 13–15]. In these experiments, it was
found that actin depolymerization inhibits bud morpho-Taken together, these observations argue that the basic

mechanisms that coordinate entry into mitosis in other genesis and causes a Swe1-dependent G2 delay. It is
important to note, however, that actin depolymerizationorganisms have been conserved in budding yeast, as

one might expect for so fundamental a process. also completely blocks daughter bud growth and could
therefore be activating a size checkpoint [23]. The mor-
phogenesis checkpoint is also thought to be activatedReevaluation of the Role of Swe1 in Budding Yeast

Previous studies reached the conclusion that Swe1 has by loss of function of CDC24 or CDC42 [11, 14, 15]. In
these cases, mutant cells fail to form a daughter budevolved to mediate a morphogenesis checkpoint in bud-
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Figure 7. The Swe1 Protein Is Present throughout G2 and Mitosis

Wild-type cells were arrested in G1 by the addition of � factor. After release from the arrest, samples were taken every 10 min at the indicated
times.
(A) Budding index as a function of time during the cell cycle.
(B) Percentage of cells with short or long spindles as a function of time.
(C) Western blot analysis of Swe1 and Clb2 protein levels as a function of time.

and undergo a Swe1-dependent G2 arrest as large un- cell cycle occurs almost entirely in the daughter cell [22,
23], one might expect that cell size at G2/M is monitoredbudded cells. However, if cell size at G2/M is monitored

in the daughter cell, the signal indicating that a critical in the daughter cell. Our finding that mother cell size
has no influence on whether cells arrest in response tosize has been reached would never be sent in mutants

that fail to form a daughter cell, and CDC24 and CDC42 actin depolymerization is consistent with the possibility
that size at G2/M is monitored in the daughter cell.mutants could therefore be activating a cell size check-

point. Since cell growth during the budded phase of the Experiments reported here are consistent with the
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possibility that actin depolymerization activates a size However, the cells are arrested in G2/M, when the Swe1
protein is normally present, and it is therefore possiblecheckpoint rather than a morphogenesis checkpoint.

First, we found that actin depolymerization causes a that the high Swe1 protein levels are a consequence of
the arrest, rather than the cause. The proposed role ofSwe1-dependent G2/M arrest in cells with small- and

medium-sized buds. Importantly, this result demon- Hsl7 in Swe1 stabilization might also be explained by
the fact that hsl7 mutants delay in G2 when Swe1 isstrates that actin depolymerization causes an arrest

when bud morphogenesis is largely complete and the stable, rather than by a direct role for Hsl7 in the regula-
tion of Swe1 stability [35].bud is primarily undergoing growth. We also found that

cells with buds that have grown beyond a certain size Work in Xenopus has suggested that Wee1 is inacti-
vated by hyperphosphorylation as cells enter mitosis,no longer arrest in response to actin depolymerization,

which is consistent with the existence of a checkpoint rather than by degradation [31]. It is therefore interesting
to note that the Swe1 protein is in the hypophosphory-that monitors bud size. Finally, we found that mih1�

cells become insensitive to actin depolymerization at lated form during the latrunculin A-induced arrest (com-
pare Figures 5A and 7C) and that Swe1 undergoes hy-a larger bud size, which would not be predicted by a

checkpoint that simply monitors bud morphogenesis. perphosphorylation as cells enter mitosis. We favor the
idea that Swe1 is regulated by hyperphosphorylation atExperiments in fission yeast also argue that actin de-

polymerization activates a size checkpoint rather than G2/M, as in Xenopus.
a morphogenesis checkpoint [25]. In these experiments,
it was found that actin depolymerization blocks cell Coordination of Cell Growth and Cell Division

at G2/M in Budding Yeastgrowth and causes a G2 delay that is dependent upon
tyrosine phosphorylation of Cdc2, as observed in bud- The finding that Swe1 delays entry into mitosis and is

required for cell size control has important implicationsding yeast. However, by manipulating cell size, it was
possible to clearly demonstrate that actin depolymeriza- for the mechanisms that coordinate cell growth and cell

division in budding yeast. Previous work has showntion has no effect upon entry into mitosis once a critical
cell size has been reached. that an intricate signaling network is required for proper

coordination of cell growth and cell division at G2/M [27,Taken together, experiments in both fission yeast and
budding yeast argue that Wee1-related kinases function 28, 35–42]. This signaling network includes the kinases

Gin4, Cla4, Elm1, and Hsl1, as well as a number ofin a conserved checkpoint that coordinates cell size and
cell division at G2/M. An alternative view is that Wee1- proteins that are required for regulation of these kinases,

including Nap1, Cdc42, Hsl7, and the septins. Loss ofrelated kinases simply control the timing of entry into
mitosis, rather than mediating a cell size checkpoint. function of any of these proteins can cause cell growth

to continue during a prolonged G2 delay, leading to theAccording to this view, the cell size defects observed
in wee1� or swe1 mutants are due simply to premature formation of highly elongated cells that are significantly

larger than wild-type cells. Deletion of the SWE1 geneentry into mitosis, rather than to a failure in a cell size
checkpoint. However, the effects of actin depolymeriza- largely reverses this phenotype [27, 35, 40, 41]. In addi-

tion, the signaling network is required for full hyperphos-tion on G2/M progression indicate that Wee1-related
kinases link cell cycle progression to the successful phorylation of Swe1 in vivo [27, 28]. Taken together,

these observations argue that the signaling network iscompletion of an event that is dependent upon actin
filaments. Since cell growth is dependent upon actin required for normal regulation of Swe1 activity.

It has been argued that inactivation of this signalingfilaments, this result is consistent with the possibility
that Wee1-related kinases monitor cell size. network causes a G2 delay and excessive cell growth

by activating the morphogenesis checkpoint, leading toIt should be noted that our experiments do not rule
out the possibility that Swe1 functions both in a cell size activation of Swe1 and inhibition of Cdc28 activity [40,

41]. However, the finding that Swe1 regulates entry intocheckpoint and in a checkpoint that functions earlier to
monitor bud emergence. In addition, it is possible that mitosis and is required for cell size control suggests

that the signaling network may regulate Swe1 to coordi-Swe1 monitors the total amount of growth that occurs,
rather than absolute cell size. nate cell growth and cell division. Many of the proteins

that function in the signaling network have been highly
conserved, suggesting that similar networks function in

Control of Swe1 Protein Levels all eukaryotic cells. Gin4, for example, is the budding
Previous work led to the conclusion that Swe1 is de- yeast homolog of fission yeast Cdr2, which was identi-
graded during G2 in an SCF complex-dependent man- fied in a screen for mutants unable to alter G2/M size
ner, and that the morphogenesis checkpoint induces a control in response to nitrogen limitation [43]. A number
G2 arrest at least in part by stabilizing the Swe1 protein of observations suggest that the budding yeast signaling
via a pathway that works through Hsl7 [12, 15, 26]. In network may also play a role in responding to nutrient
contrast, we found that the Swe1 protein is present limitation, since mutations in proteins that regulate Swe1
throughout G2 and undergoes dramatic hyperphosphor- lead to increased filamentous growth on low-nitrogen
ylation as cells enter mitosis (Figure 7 and [27, 28]). media, while loss of Swe1 leads to a slight decrease
Furthermore, a recent study failed to find any evidence in filamentous growth characteristics [42, 44, 45]. The
that Swe1 is degraded in an SCF complex-dependent existence of intricate signaling networks that coordinate
manner [34]. We did find that treatment of small budded cell growth and cell division at G2/M seems likely since
cells with latrunculin A causes an arrest with high Swe1 cells must regulate their growth and size over widely

varying conditions.levels and tyrosine-phosphorylated Cdc28 (Figure 5).
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size of cells in early G1 (Figure 3A), cells were grown overnight inA Bud Size Checkpoint?
YPD media at 30�C to a cell density of 2 � 107 cells/ml and wereOur results show that G2/M progression becomes insen-
then fixed for 1.5 hr in 3.7% formaldehyde. We stained the cellssitive to actin depolymerization once daughter buds
with an antibody against the Cdc11 septin to identify cells that had

pass a critical size. In addition, mother cell size has no not yet polarized their septins and were therefore in early G1. To
influence on when cells commit to enter mitosis. These reveal the outline of the cell, we also stained the cells with tetrameth-

ylrhodamine succinimidyl ester (Molecular Probes). Briefly, after re-results suggest that there may be a size checkpoint that
moving the cell wall with zymolyase, cells from 0.5 ml of cultureoperates specifically in the daughter bud. The existence
were resuspended in phosphate-buffered saline (PBS) containingof such a checkpoint is perhaps expected since cells
0.05% Tween 20, and tetramethylrhodamine succinimidyl ester wasmust ensure that nuclear division does not occur before
added to 0.25 �M from a 25 �M stock made in methyl sulfoxide

the bud is large enough to accommodate the nucleus. and stored at �80�C. After 10 min at room temperature, cells were
How might cells monitor the size of the daughter bud? washed twice with PBS containing 0.05% Tween 20 and were then

stained for septins with an anti-Cdc11 polyclonal antibody and aA commonly invoked model for measuring cell size pos-
fluorescein-conjugated secondary antibody. Cells were also stainedtulates the existence of a diffusable cytoplasmic mole-
with DAPI to visualize nuclei, and cells with multiple nuclei were notcule that is gradually diluted as the cell grows larger.
measured. The length and width of cells without polarized septinsThis kind of model, however, could not specifically moni-
were measured in digital images, and cell volume was determined

tor bud size without a mechanism to prevent diffusion by using the formula for a prolate spheroid ([�/6]lw2) [52]. To deter-
into the mother cell. A more attractive model is that cells mine the size of cells in late G1 (Figure 3B), we measured the volumes

of cells that had polarized septins but no detectable bud.monitor the concentration of a membrane-associated
The percentage of unbudded cells was determined by stainingmolecule. This model is particularly appealing because

cells with an anti-Cdc11 antibody and counting the number of cellsrecent work has shown that the septins are required for
without polarized septins. The reported numbers represent an aver-maintenance of a specialized membrane domain in the
age of 3 independent counts of over 300 cells. Cells in each strain

daughter cell [46, 47]. In addition, loss of septin function were grown to the same density (2 � 107 cells/ml).
causes cells to arrest at G2/M while growth continues, To measure the size of buds in cells entering mitosis, cells were

grown overnight at 30�C to a density of 1.2 � 107 cells/ml. Cells wereresulting in the formation of highly elongated daughter
fixed and stained with an anti-tubulin antibody and a fluorescein-buds. Thus, loss of septin function might cause mislocal-
labeled secondary antibody. The cells were also stained with rhoda-ization of molecules that are normally restricted to the
mine phalloidin to stain the actin and reveal the outlines of thedaughter bud. This, in turn, could result in a failure to
daughter bud. Cells with short spindles were identified, and spindle

sense that a critical size has been reached and in contin- length and bud volume were determined for 75 cells. We only mea-
ued growth of the bud. This model could also explain sured cells that were lying on their side, such that the outlines of

the bud were clear. Bud volume was plotted as a function of spindlethe phenotypes caused by loss of function of proteins
length, and trend lines were calculated by using the least squareslike Elm1, Gin4, and Nap1, since these proteins are re-
fit for a line.quired for proper septin localization. Other models are

possible, however, and it is clear that additional work
needs to be done to better understand how cell growth Latrunculin A Treatment

For Figure 5, cells were grown overnight at room temperature toand cell division are coordinated at G2/M.
1.2 � 107 cells/ml, arrested with � factor, and then released into
fresh YPD media at 30�C. After 60 min, � factor was added back toExperimental Procedures
the culture to prevent a second round of cell division. Starting at
40 min after release from � factor arrest, 1.6 ml samples were takenYeast Strains and Culture Conditions
every 10 min, and latrunculin A was added to each sample to a finalExcept where noted, all yeast strains were grown in yeast extract-
concentration of 100 �M. All samples were incubated at 30�C withpeptone-dextrose (YPD) media. All yeast strains are in the W303
gentle mixing until 130 min after release from � factor, and thestrain background (leu2-3,112 ura3-52 can1-100 ade2-1 his3-11
samples were then used for Western blotting. A second sample wastrp1-1 ). The following yeast strains were used: DK186: MATa, bar1�;
taken at each time point when latrunculin A was added, and cellsHT179: MATa, bar1�, mih1�::URA3; and SH24: MATa, bar1�,
were fixed and stained with tetramethylrhodamine succinimidyl es-swe1�::URA3.
ter to allow measurement of bud size and budding index.

For Figure 6, cells were grown overnight at 30�C to an opticalCell Cycle Arrests, Immunofluorescence,
density of 1.0 � 107 cells/ml. Latrunculin A was added to 350 �l ofand Western Blotting
each culture to a final concentration of 150 �M, and the culturesArrest with � factor was carried out for 3–3.5 hr at room temperature
were mixed at 30�C for 1 hr. The samples were then fixed withat a final concentration of 0.5 �g/ml. Fixation and staining of mitotic
formaldehyde and were stained with tetramethylrhodamine succini-spindles and DNA were carried out as previously described [48].
midyl ester, anti-tubulin antibody, and DAPI.For Cdc28 phosphotyrosine detection, Western blotting was carried

out as previously described [49], except that the blot was blocked
in P-Tyr buffer containing 5% BSA and was incubated overnight at Acknowledgments
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