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Nuclear sequestration of the exchange 
factor Cdc24 by Far1 regulates cell 
polarity during yeast mating 
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Cytoskeletal rearrangements during the cell cycle and in response to signals are regulated by small Rho-type GTPases, 
but it is not known how these GTPases are activated in a spatial and temporal manner. Here we show that Cdc24, the 
guanine-nucleotide exchange factor for the yeast GTPase Cdc42, is sequestered in the cell nucleus by Far1. Export of 
Cdc24 to a site of cell polarization is mediated by two mechanisms. At bud emergence, activation of the G1 cyclin-
dependent kinase Cdc28–Cln triggers degradation of Far1 and, as a result, relocation of Cdc24 to the cytoplasm. Cells 
overexpressing a non-degradable Far1 were unable to polarize their actin cytoskeleton because they failed to relocate 
Cdc24 to the incipient bud site. In contrast, in response to mating pheromones, the Far1–Cdc24 complex is exported 
from the nucleus by Msn5. This mechanism ensures that Cdc24 is targeted to the site of receptor-associated 
heterotrimeric G-protein activation at the plasma membrane, thereby allowing polarization of the actin cytoskeleton 
along the morphogenetic gradient of pheromone. Either degradation of Far1 or its nuclear export by Msn5 was 
sufficient for cell growth, suggesting that the two mechanisms are redundant for cell viability. Taken together, our 
results indicate that Far1 functions as a nuclear anchor for Cdc24. This sequestration regulates cell polarity in 
response to pheromones by restricting activation of Cdc42 to the site of pheromone receptor activation. 

he actin cytoskeleton of eukaryotic cells is a highly dynamic
structure which is required for maintenance of cell shape and
polarity, cell motility, chemotaxis, intracellular trafficking,

cytokinesis and phagocytosis1. Its rapid assembly and disassembly is
controlled by intracellular and extracellular signals and involves a
complex network of signalling pathways and actin-binding proteins.
Members of the Rho family of GTPases, including Rho, Rac and
Cdc42, have recently emerged as key regulators of the establishment
of cell polarity and of the organization and dynamics of the actin
cytoskeleton. It is thought that local activation of these Rho GTPases
regulates cell polarity, but little is known about their spatial and
temporal regulation. 

In the budding yeast Saccharomyces cerevisiae, activation of
Cdc42 by its guanine-nucleotide exchange factor Cdc24 is required
to orientate the actin cytoskeleton towards the incipient bud site or
towards the pheromone-secreting partner during mating. In the
absence of Cdc42 function, cells fail to grow in a polarized manner
and instead increase in size isotropically2. Activated Cdc42 interacts
with several effector proteins, which in turn organize the actin
cytoskeleton3,4. Cytoskeletal polarization also requires Bem1, a pro-
tein with two Src homology 3 (SH3) domains, which is thought to
function as an adaptor for Cdc42 and Cdc24 (refs 5, 6), and co-
immunoprecipitates with actin7. At bud emergence, Cdc24 is tar-
geted to the incipient bud site on the cell cortex8,9, possibly by inter-
acting with the small GTPase Rsr1/Bud1 (ref. 10). 

In contrast, during mating cells ignore the positional informa-
tion at the bud site and instead polarize the actin cytoskeleton
towards the site of the highest pheromone concentration11. Mating
pheromones activate a mitogen-activated protein kinase (MAP
kinase) signal transduction pathway, culminating in arrest of the cell
cycle, changes in gene expression and altered cell polarity and
morphology12. These responses are initiated by a cell-surface recep-
tor coupled to a heterotrimeric GTP-binding protein (G protein).
Activation of the pheromone receptor triggers dissociation of the
heterotrimeric G protein into Gα and Gβγ which, in turn, signal to
downstream effectors to induce cellular responses13. Far1 and Cdc24
are necessary for cell polarization towards the mating partner. Alle-
les of FAR1 (far1-s) and CDC24 (cdc24-m) have been identified

whose sole defect is a failure to locate the mating partner14,15. Far1
binds Gβγ and the polarity-establishment proteins Cdc24, Bem1
and Cdc42, suggesting that Far1 links Gβγ to the polarity-establish-
ment proteins during mating. Supporting this idea, Far1-s mutant
proteins fail to interact with either Gβγ or the polarity-establish-
ment proteins and, likewise, Cdc24-m proteins fail to bind Far1 (refs
8, 16). On the basis of these results, a model has been proposed to
explain how yeast cells orientate cell polarity in a morphogenetic
gradient. It is proposed that the presence of pheromones activates
the receptors, leading to local formation of Gβγ at the plasma mem-
brane. Far1 is recruited to the site by binding to Gβγ, thereby target-
ing the polarity-establishment proteins Cdc24, Bem1 and Cdc42 to
the site of receptor activation8,16. As a result, Cdc42 becomes locally
activated, which triggers polymerization of the actin cytoskeleton
towards the mating partner. Consistent with this model, Cdc24
assembles at the incipient bud site instead of the mating site in cells
that fail to form the Far1–Cdc24 complex14,15. Taken together, these
results suggest that Far1 is necessary for correct targeting of Cdc24
to Gβγ, but it may also prevent use of the incipient bud site in
response to pheromones. 

Bud growth and morphogenesis during different phases of the
cell cycle are regulated by cyclin-dependent kinases (CDKs). Bud
emergence and polarized growth in G1 is triggered by the activated
CDK–cyclin complexes Cdc28–Cln1 and Cdc28–Cln2, whereas acti-
vation of Cdc28–Clb kinases reverses the polar growth pattern to
uniform bud growth in G2 (ref. 17). The substrates that regulate
these cytoskeletal transitions are not known, however. At bud emer-
gence, Cdc28–Cln antagonizes Far1 by at least two mechanisms.
First, phosphorylation of Far1 by Cdc28–Cln is required to initiate
its ubiquitin-dependent degradation18,19. Phosphorylated Far1 binds
to the SCFCdc4 complex, which ubiquitinates Far1 and targets it to the
26S proteasome. Second, activation of the Cdc28–Cln kinase
represses FAR1 transcription, which is induced at the end of mitosis
and maintained throughout the G1 phase20. However, neither down-
regulation of FAR1 mRNA nor its ubiquitin-dependent degradation
explains the dependence of bud emergence on Cdc28–Cln. Far1 is
also regulated in a cell-type-specific manner. In diploid cells, expres-
sion of FAR1 mRNA is abolished, presumably by the a/α mating fac-
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tor heterodimer21. In haploid cells, the expression of FAR1 mRNA is
strongly induced in response to pheromones by the transcription
factor Ste12, leading to accumulation of Far1 during mating. 

Finally, Far1 is regulated at the level of subcellular localization. In
the absence of α-factor, Far1 is predominantly nuclear, but partially
relocates to the cytoplasm in response to pheromones16,22. Nuclear
localization is accomplished by a bipartite nuclear localization signal
(NLS) in the amino terminus of Far1 (ref. 22). In response to phe-
romones, Far1 is exported to the cytoplasm by the exportin Msn5,
which interacts with Far1 in a Gsp1-dependent manner (where Gsp1
is the yeast homologue of the Ran GTPase of other systems). Cells
expressing a Far1 mutant (Far1-∆NES) that is unable to interact with
Msn5 exhibit a bilateral mating defect, presumably because they are
unable to orientate growth towards the mating partner22. Thus,
nuclear export of Far1 by Msn5 is important for efficient mating. 

We have investigated the roles of Far1 and Cdc24 in establishing
cell polarity during budding and mating. We found that Cdc24 was
localized in the nucleus of haploid G1 cells, but was rapidly redistrib-
uted to the cytoplasm at bud emergence. Interestingly, the interaction
of Cdc24 with Far1 was required for its nuclear localization9, suggest-
ing that Far1 regulates Cdc24 in vivo. Relocation of Cdc24 at bud
emergence was triggered by activation of the Cdc28–Cln kinase,

which initiates ubiquitin-dependent degradation of Far1. In contrast,
Msn5 exported the Cdc24–Far1 complex in response to pheromones.
This mechanism ensures that Far1 targets Cdc24 to the site of acti-
vated Gβγ, enabling polarization of the actin cytoskeleton towards
the mating partner. Thus, by regulating the subcellular localization of
Cdc24, Far1 has an important role in the local activation of Cdc42
during vegetative growth and in response to extracellular signals. 

Results
Cdc24 is nuclear in the G1 phase of the cell cycle. To examine the
localization of Cdc24 through the cell cycle we analysed cdc24∆ cells
expressing a fully functional Cdc24 fused to green fluorescent pro-

Figure 1 Cell-cycle-dependent localization of Cdc24.  a, The localization of 
Cdc24–GFP (right column) was analysed by fluorescence microscopy at different 
stages of the cell cycle. The cell-cycle stage was determined by bud morphology 
viewed in phase contrast (left column). Note that Cdc24 is nuclear in the G1 phase 
of the cell cycle. b, Redistribution of Cdc24 to the cytoplasm occurs at bud 
emergence and coincides with expression of Cln2. Small G1 cells were collected by 
elutriation and monitored as they synchronously progressed through bud 
emergence. At every time point the percentage of cells with nuclear Cdc24 was 
determined by GFP staining. The budding index was determined microscopically; at 
least 300 cells were counted at each time point. An aliquot of cells was lysed and 
the proteins analysed by immunoblotting for the presence of Cln2–HA (upper gel) and 
actin (lower gel). DNA replication was followed by FACS analysis and is represented 
as percentage cells with a G1 DNA content. c, Expression of Cln2 is sufficient to 
trigger relocation of Cdc24. Cells deleted for the G1 cyclin genes CLN1, CLN2 and 
CLN3 but expressing Cln2 from the regulatable MET promoter (YMG258) (right two 
panels) were transformed with a plasmid expressing Cdc24–GFP. Cells were 
arrested by repression of the MET promoter (left two panels); activation of Cln2 
triggered relocation of Cdc24 from the nucleus into the cytoplasm even in the 
presence of Lat-A to prevent bud emergence. 
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Figure 2 Nuclear localization of Cdc24 depends on its ability to bind Far1. 
a, The localization of Cdc24–GFP (top three rows) or Cdc24-m1–GFP (bottom row) 
was analysed by GFP fluorescence microscopy in wild-type (WT; K699), far1-c (YS68) 
or far1∆ (YMP1054) cells as indicated. Where indicated, cells were exposed to α-
factor for 2 h (right panels). Left column of each pair, phase contrast; right column, 
GFP fluorescence. The levels of Cdc24–GFP or Cdc24-m1–GFP in the different 
strains were determined by immunoblotting with anti-Cdc24 antibodies (see gel). 
Only the relevant part of the gel is shown. b, The localization of Cdc24–GFP was 
analysed in a/α diploid cells transformed with an empty vector (top row) or a plasmid 
expressing Far1 from the GAL promoter (second row). For control, a diploid strain 
was also transformed with a plasmid expressing Far1–GFP from the inducible GAL 
promoter (third row). Left column, phase contrast; right column, GFP fluorescence. 
The expression of Far1 was also monitored by immunoblotting with anti-Far1 
antibodies (right); + indicates addition of galactose to induce expression of Far1 
from the GAL promoter. 
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tein (Cdc24–GFP; Fig. 1a). Consistent with earlier results8,9, Cdc24
was found at the presumptive bud site and in a crescent at the tip of
small-budded cells (Fig. 1a). Bud-tip staining was weak or undetec-
table in large-budded cells, suggesting that Cdc24 may be released
during the switch from polar to isotropic bud growth23. In addition,
Cdc24 was detected at the mother–bud neck at the end of mitosis,
supporting a possible role for Cdc24 during cytokinesis. Of greatest
importance, however, Cdc24 was nuclear in G1 cells; nuclear Cdc24
abruptly disappeared at the time of bud emergence, after which
Cdc24 was predominantly cytoplasmic9. Cdc24 reaccumulated in
the nucleus at later stages of cytokinesis (Fig. 1a), at a time that
coincides with inactivation of Cdc28–Clb kinase. Taken together,
these results suggest that Cdc24 is nuclear in the G1 phase of the cell
cycle, but rapidly relocates to the site of polarization at the time of
bud emergence.
Activation of Cdc28–Cln kinase or the mating pheromone path-
way induces nuclear export of Cdc24. To determine the timing of
Cdc24 relocation with respect to activation of the Cdc28–Cln2
kinase, we elutriated wild-type cells (YMT263) expressing Cdc24–
GFP and monitored nuclear localization of Cdc24, bud emergence
and expression of haemagglutinin-tagged Cln2 (Cln2-HA) (Fig. 1b)
as cells synchronously progressed through the cell cycle. Clearly,
Cdc24 was nuclear in small G1 cells, but was redistributed to the
cytoplasm immediately before bud emergence, concomitant with
expression of Cln2. Cdc24 remained predominantly cytoplasmic
after bud emergence, even after the disappearance of Cln2, demon-
strating that the continued presence of Cln2 was not necessary to
maintain Cdc24 in the cytoplasm. Cdc24 was nuclear in cells
arrested in G1 by depletion of the G1 cyclins (Fig. 1c), suggesting
that activation of Cdc28–Cln was required for relocation of Cdc24.
Indeed, expression of Cln2 in these cells triggered rapid relocation
of Cdc24 to the incipient bud site, even when actin polarization and
resulting bud emergence were prevented by the addition of latrun-
culin A (Lat-A). Taken together, these results indicate that activa-
tion of Cdc28–Cln2 kinase is necessary and sufficient to trigger
export of Cdc24 at bud emergence. 

Pheromones induced relocation of Cdc24 from the nucleus to
the shmoo site (the site of cell elongation during mating) shortly
before polarization of the actin cytoskeleton and hence to the tips of
mating projections (Fig. 2a). Cdc24 was, however, present in the
nucleus, as judged by specific staining, even after extended exposure
of cells to pheromones. This suggests that, in contrast to the situa-
tion at bud emergence, Cdc24 is not quantitatively exported in
response to α-factor. These results indicate that nuclear export of
Cdc24 may be regulated by distinct mechanisms in the two situa-
tions (see below).
Nuclear accumulation of Cdc24 requires its ability to bind Far1.
We found that the mutant Cdc24-m1 and m3 proteins15 did not
accumulate in the nucleus of G1 cells (Fig. 2a, and data not shown)9

although they were correctly localized to sites of polarized growth
during budding and shmoo formation. Because Cdc24-m mutants
fail to interact with Far1 (refs 8, 16), these results suggested that Far1
may be required for nuclear localization of Cdc24. In support of this
idea, no nuclear staining of Cdc24 was detected in far1-c cells, which
express a truncated Far1 unable to interact with Cdc24 (ref. 16). In
all these situations, the protein levels of Cdc24–GFP remained con-
stant (Fig. 2, gel), demonstrating that this relocation is not caused by
degradation of Cdc24. Interestingly, Cdc24 was cytoplasmic in a/α
diploid cells9, which do not express FAR1 (Fig. 2b). Nuclear Cdc24
staining was, however, restored upon expression of Far1 from the
GAL promoter, indicating that Far1 is sufficient to retain Cdc24 in
the nucleus. Nevertheless, Cdc24 was nuclear only in the G1 phase
of the cell cycle, demonstrating that the cell-cycle dependence of
Cdc24 localization was maintained. cln∆∆∆ cells harbouring the
far1-c allele were unable to polarize their actin cytoskeleton,
although Cdc24 was distributed throughout the cytoplasm, indicat-
ing that export of Cdc24 does not seem to be the essential function
of Cdc28–Cln kinase with respect to cytoskeletal polarization and

bud emergence (M.-P.G., Y.S. and M.P., unpublished observa-
tions). Thus, whereas activation of Cdc28–Cln is required for export
of Cdc24, cytoplasmic Cdc24 alone is not sufficient for production
of Cdc42–GTP in the absence of Cdc28–Cln activity. Taken

Figure 3 Relocation of Cdc24–GFP at bud emergence requires degradation 
of Far1.  a–c, Cells expressing stable Far1-22 (YMP126) or wild-type Far1 
(YMP128) from the inducible GAL promoter were transformed with an empty control 
vector or plasmids encoding wild-type Cdc24–GFP or cytoplasmic Cdc24-m1–GFP. 
The cell morphology and localization of Cdc24–GFP (a) or Cdc24-m1–GFP (c) was 
analysed by phase-contrast (phase) and GFP microscopy (GFP) 6 h after addition of 
galactose. The actin cytoskeleton of the cells was visualized with rhodamine–
phalloidin staining (a, bottom row). The three rows in c represent three different cells 
at the same time point (6 h). Cells were also plated on medium containing glucose 
(GAL promoter off, lower half of plate) or galactose (GAL promoter on, upper half of 
plate), and photographed after 3 days at 30 °C (b). Note that expression of 
cytoplasmic Cdc24-m1 partially restores viability of cells overexpressing non-
degradable Far1-22. d, Temperature-sensitive cdc4-1 (YMT668) or cdc34-2 
(YMT670) cells unable to degrade Far1 or, for control, cdc7-2 cells (YMP586) were 
arrested at 37°C and the localization of Cdc24–GFP was examined by GFP 
microscopy. Note that nuclear staining of Cdc24 persists after bud emergence in 
the absence of Far1 degradation. e, The localization of Cdc24–GFP was examined 
in wild-type cells expressing non-degradable Far1-22 (top row), Far1-22/nls1 with a 
mutated nuclear localization signal (middle row) or wild-type Far1 (bottom row) from 
their native promoter. Note that nuclear localization of Cdc24 is detectable 
throughout the cell cycle in the presence of stable Far1.
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together, these results suggest that activation of the Cdc28–Cln
kinase overcomes nuclear sequestration of Cdc24 by Far1.
Export of Cdc24 at bud emergence requires degradation of Far1.
Far1 is rapidly degraded at bud emergence by a ubiquitin-depend-
ent mechanism, and ubiquitination requires phosphorylation of
Far1 by the Cdc28–Cln kinase18,19. Thus, Cdc28–Cln2 kinase may
release Cdc24 by inducing degradation of its binding partner Far1.
In support of this model, overexpression of a non-phosphorylated,
stable form of Far1 (Far1-22) is highly toxic and leads to accumula-
tion of large unbudded cells with an unpolarized actin
cytoskeleton19, a phenotype reminiscent of loss of Cdc24 function.
Indeed, Cdc24 was efficiently retained in the nucleus of cells over-
expressing Far1-22 (Fig. 3a), but not in that of cells overexpressing
wild-type Far1. Expression of cytoplasmic Cdc24-m1 was able to
partially restore growth of these cells (Fig. 3b, c), suggesting that
non-degradable Far1 prevents export of Cdc24 to the cytoplasm in
vivo. Most cells exhibited an aberrant morphology, however, prob-
ably because Far1 still interferes with the function of the G1 cyclins.
Furthermore, Cdc24 was cytoplasmic in cdc7-4 cells, but nuclear in
cdc34-2 or cdc4-1 cells (Fig. 3d), which are defective in ubiquitina-
tion and degradation of Far1 (ref. 19) and arrest with long buds
before S phase. Finally, nuclear staining of Cdc24 was sustained
throughout the cell cycle in cells expressing low levels of stable Far1
(Fig. 3e), confirming that the loss of nuclear Cdc24 in cells after bud
emergence results from degradation of Far1. Nuclear localization of
Cdc24 is dependent on the ability of Far1 to localize to the nucleus,
as mutating one of the nuclear localization signals (nls1)22 of Far1
led to partial accumulation of Cdc24 in the cytoplasm. Taken
together, these results demonstrate that export of Cdc24 at bud
emergence is triggered by degradation of Far1, which is induced by
activation of the Cdc28–Cln kinase.

Nuclear export of Far1 by Msn5 triggers relocation of Cdc24 in
response to pheromones. To determine whether degradation of
Far1 is involved in the export of Cdc24 in response to pheromones,
we next examined the localization of Cdc24 in cln∆∆∆ cells treated
with α-factor (Fig. 4a). Clearly, the Cln-depleted cells were able to
polarize the actin cytoskeleton and localize Cdc24 to the shmoo tip,
suggesting that, in contrast to bud emergence, export of Cdc24 in
response to pheromones is independent of the G1 cyclins. To cor-
roborate these results, we arrested cells by overexpression of non-
degradable Far1-22 in the presence or absence of α-factor. Interest-
ingly, these cells were able to form mating projections when treated
with α-factor (Fig. 4b) and, as in wild-type cells, Cdc24 was found
at the shmoo tip and in the nucleus. Likewise, far1∆ cells expressing
Far1-22 from the endogenous promoter were able to relocate
Cdc24 efficiently when treated with α-factor. Finally, cdc34-2 cells
shifted to the restrictive temperature were able to form mating pro-
jections (data not shown). We conclude that export of Cdc24 in
response to pheromones does not require degradation of Far1. We
found previously that Far1 is exported by Msn5 in response to α-
factor22. Interestingly, Cdc24 remained nuclear in msn5∆ cells (Fig.
4c), suggesting that Msn5 exports the Far1–Cdc24 complex in
response to pheromones. In contrast, export of Cdc24 is not
dependent on Msn5 in vegetatively growing cells, suggesting that
Msn5 does not function as an export factor for Cdc24 and is not
required to degrade Far1 at bud emergence. In addition, Cdc24
remained predominantly nuclear in far1∆ cells expressing Far1-22/
∆NES (Fig. 4c), which is unable to interact with Msn5 (ref. 22), sug-
gesting that nuclear export of Cdc24 in response to pheromones
requires Far1. Taken together, these results indicate that during
mating a fraction of Cdc24 is transported into the cytoplasm bound
to Far1, which is exported by Msn5 in response to pheromones. 

Figure 4 Export of Far1 by Msn5/Ste21 is required to relocate Cdc24 in 
response to pheromones.  a, b, The localization of Cdc24–GFP was determined 
by GFP microscopy in cells arrested by depletion of the G1 cyclins (YMG258; a) or 
overexpression of non-degradable Far1-22 (YMP126; b). Where indicated, cells were 
exposed to α-factor for 2 h. The morphology of the cells was examined by phase-
contrast microscopy (phase); actin polarization was analysed after staining with 
rhodamine–phalloidin (actin). Note that the G1 cyclins and degradation of Far1 are 
not required to polarize the actin cytoskeleton in response to pheromones. c, The 
localization of Cdc24–GFP was examined by GFP microscopy in msn5∆ (PAY20), 
msn5∆ far1∆ (YMP1067), or far1∆ (YMP1054) cells expressing Far1, Far1-c, or Far1-

22/∆NES from the inducible GAL promoter. Where indicated, cells were exposed to 
α-factor for 3 h. The percentage of cells with mating projections (shmooing cells) was 
determined microscopically and is shown below. Note that Cdc24 is nuclear in 
msn5∆ cells exposed to pheromones, but cytoplasmic Cdc24 is unable to localize to 
the plasma membrane and is thus not sufficient to rescue the shmoo defect of 
msn5∆ cells. d, Wild-type (K699) or msn5∆ (PAY20) cells harbouring Cdc24–GFP 
(pYS47) or cytoplasmic Cdc24-m1–GFP (pYS51) were transformed with an empty 
control plasmid (vector) or a plasmid expressing Far1 from the inducible GAL 
promoter (ACB435). The cells were grown on selective medium containing galactose 
(upper plate) or glucose (lower plate) and grown for 3 days at 30 °C. 
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msn5∆  cells exhibit a strongly reduced ability to form mating
projections22, raising the possibility that this defect may be caused
by a failure to export Cdc24. However, msn5∆ far1-c cells still failed
to form mating projections, although, as expected, Cdc24 was cyto-
plasmic in these cells (Fig. 4c). Similarly, msn5∆ cells expressing
cytoplasmic Cdc24-m1 were unable to form mating projections. In
both situations, Cdc24 was distributed uniformly throughout the
cytoplasm, suggesting that these cells fail to recruit Cdc24 to the
plasma membrane. Thus, cytoplasmic Cdc24 is not sufficient to
suppress the shmoo defect of msn5∆ cells, suggesting that besides
Far1, additional proteins involved in shmoo formation must be
exported by Msn5.
Degradation of Far1 and Msn5-dependent nuclear export are
redundant for viability. Why are cells expressing stable Far1 at
physiological levels viable? Whereas nuclear export of Far1 by Msn5
is stimulated by activation of the MAP kinase Fus3, low levels of
Far1 are exported constitutively22. Thus, export of Far1 by Msn5
may partially compensate for a lack of degradation of Far1 in the
absence of pheromones. Indeed, msn5∆ cells were unable to grow
with a plasmid expressing Far1-22 (data not shown). Similarly,

overexpression of wild-type Far1 interfered with growth of msn5∆
cells (Fig. 4d), and the cells accumulated as unpolarized cells with
nuclear Cdc24 (Fig. 4c). These results suggest that cellular polariza-
tion of haploid cells requires export of Cdc24, triggered either by
Cln-dependent degradation of Far1 or by nuclear export of Far1 by
Msn5. By analogy with the response of msn5∆ cells to pheromones,
however, expression of cytoplasmic Cdc24-m was unable to restore
growth of the haploid cells, suggesting that the polarization defect
is not solely due to a failure to export Cdc24. Cdc24-m was uni-
formly distributed throughout the cytoplasm in these cells (data not
shown), indicating that Msn5 may export an additional factor(s)
involved in recruitment of Cdc24 to the membrane. Because Far1
antagonizes the activity of Cdc28–Cln in the nucleus22,24 and
Cdc28–Cln is needed for membrane recruitment of Cdc24 at bud
emergence (M.-P.G., Y.S. and M.P., unpublished observations), we
speculate that this factor may be Cdc28–Cln. 

Discussion
Local activation of Cdc42 is thought to be responsible for directed
cell polarization, but it is not known how Cdc42 is activated at spa-
tially restricted sites. In yeast, cell polarity is manifested at bud emer-
gence during vegetative growth and projection formation during
mating3. During vegetative growth, the site of bud formation at the
cell cortex (landmark) is defined in a genetically programmed
manner25, whereas during mating, cells polarize towards their mat-
ing partner by responding to a morphogenetic pheromone
gradient26,27. Here we show that the Cdc42 guanine-nucleotide
exchange factor, Cdc24, is sequestered in the nucleus by the adaptor
protein Far1 (ref. 9), but is rapidly exported to the cytoplasm after
degradation of Far1 at bud emergence or by Msn5-dependent export
of Far1 in response to pheromones. Our results suggest that nuclear
sequestration of Cdc24 by Far1 ensures efficient targeting of Cdc24
to the site marked by Gβγ where the pheromone signal is received.

It is clear that nuclear accumulation of Cdc24 is not essential for
viability. Cells with cytoplasmic Cdc24 are able to grow efficiently
and exhibit no obvious defects in bud growth, morphogenesis or
bud-site selection15. What, therefore, is the function of nuclear
Cdc24? Several lines of evidence suggest that nuclear sequestration
of Cdc24 by Far1 may be crucial for establishing cell polarization
along a pheromone gradient during yeast mating (Fig. 5). First,
FAR1 is a haploid-specific gene whose transcription is repressed in
a/α diploid cells, which are the product of the mating reaction21.
Second, formation of a Far1–Cdc24 complex is required to polarize
growth along a pheromone gradient. Cells expressing either mutant
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Figure 5 Model for the localization of Cdc24 during budding and mating.  
a, In the G1 phase of the cell cycle, Far1 localizes Cdc24 in the nucleus. b, 
Activation of the Cdc28–Cln kinase triggers degradation of Far1 in the nucleus, 
allowing rapid export of Cdc24 to the cytoplasm. Cytoplasmic Cdc24 is then 
recruited to the incipient bud site, possibly marked by Rsr1/Bud1-GTP. c, In the 
presence of pheromones, the Far1–Cdc24 complex is exported by Msn5 into the 
cytoplasm, where Far1 targets Cdc24 to Gβγ at the site of activated receptor. As 
a result, the actin cytoskeleton polarizes towards the position of the mating partner, 
signalled by the morphogenetic pheromone gradient.

    Table 1 Strain list
Strain name Relevant genotype Background Source

YMG315 Mat a cdc24∆-1:: HIS5 pGN6 S288C This study
YMT263 Mat a cln2::CLN2-HA3::LEU2 W303 M. Tyers
YMG258 Mat a cln1::HisG, cln2::∆, 

cln3::leu2::HisG, 
trp1::MET-CLN2::TRP1

W303 This study

K699 Mat a W303 K. Nasmyth
YS68 Mat a far1-c::URA3 W303 This study
YMP1054 Mat a far1::LEU2 W303 Ref. 19
YMP562 Mat a/α W303 Ref. 19
YMP126 Mat a trp1::GAL-FAR1-22::TRP1 

bar1-1
W303 Ref. 19

YMP128 Mat a trp1::GAL-FAR1::TRP1 bar1-1 W303 Ref. 19
YMT668 Mat a cdc4-1 W303 M. Tyers
YMT670 Mat a cdc34-2 W303 M. Tyers
YMP586 Mat a cdc7-4 W303 R. Deshaies
PAY20 Mat a msn5::HIS3 W303 Ref. 22
YMP1067 Mat a msn5::HIS3, far1::LEU2 W303 Ref. 22
© 2000 Macmillan Magazines LtdNATURE CELL BIOLOGY | VOL 2 | FEBRUARY 2000 | cellbio.nature.com 121



articles
Far1 unable to bind Cdc24 or mutant Cdc24 unable to interact with
Far1 fail to polarize the cytoskeleton towards the mating partner.
Finally, msn5∆ cells, which are unable to export the Far1–Cdc24
complex, fail to polarize their actin cytoskeleton in response to
pheromones22. In the G1 phase of the haploid cell cycle, Far1 local-
izes Cdc24 to the nucleus (Fig. 5a). In the absence of Far1, Cdc24 is
predominantly cytoplasmic and is able to recognize the landmark at
the incipient bud site (Fig. 5b). The biochemical nature of the bud-
ding landmark is poorly understood, but available evidence sug-
gests a crucial role for the small GTPase Rsr1/Bud1 (refs 3, 25).
Rsr1/Bud1 was originally identified as a multicopy suppressor of
cdc24-5 cells28 and was subsequently shown to bind Cdc24 in a
GTP-dependent manner29. In addition, Rsr1/Bud1 is necessary for
shmoo formation in pheromone-treated cdc24-m cells, which have
lost their ability to polarize towards the mating partner and instead
use the Rsr1/Bud1 GTPase module8. Thus, after degradation of
Far1, Cdc24 is rapidly exported to the cytoplasm, where it may
interact with Rsr1/Bud1-GTP at the plasma membrane, thereby
promoting activation of Cdc42 at the incipient bud site (Fig. 5b). In
contrast, in response to pheromones, Cdc24 is exported in a com-
plex with Far1 (Fig. 5c); in the cytoplasm, the adaptor Far1 binds
directly to Gβγ (refs 7, 14) (Fig. 5c), which is formed at the site of
activated pheromone receptor. Thus, Far1 targets Cdc24 to the site
of polarization established by the activated pheromone receptor
and Gβγ, leading to local activation of Cdc42 at the mating land-
mark and thus polarization of the actin cytoskeleton towards the
mating partner. By analogy with Ste5 (ref. 30), it is possible that
nuclear localization of Far1 and/or Cdc24 is required to allow their
recruitment to the plasma membrane. Why is Cdc24 not targeted to
the budding landmark in response to pheromones? In the absence
of Far1 or in cells expressing Cdc24-m proteins that are unable to
interact with Far1 (refs 8, 16), Cdc24 is found at the incipient bud
site, suggesting that Far1 is not only required to target Cdc24 to Gβγ
but may also prevent mistargeting of Cdc24 to the budding land-
mark. Consistent with this hypothesis, overexpression of cytoplas-
mic Far1 was found to interfere with the predetermined budding
pattern22. We speculate that Cdc24 may be unable to assemble at the
budding landmark when it is bound to Far1. This model would

explain why cells need two distinct mechanisms to relocate Cdc24
during the cell cycle and in response to pheromones (Fig. 5): degra-
dation of Far1 at bud emergence enables Cdc24 to assemble at the
incipient bud site (Fig. 5b), whereas export of Far1 by Msn5 targets
Cdc24 to Gβγ in response to pheromones (Fig. 5c).

Our results suggest that degradation of Far1 or its export from
the nucleus by Msn5 are redundant for cell viability. Thus, although
export of Far1 is stimulated by pheromones22, basal rates of Far1
export must accumulate sufficient cytoplasmic Cdc24 to trigger
bud emergence. The G1 cyclins target Far1 for ubiquitin-dependent
degradation by phosphorylation of Ser 87 (ref. 19). Interestingly,
cln1∆ cln2∆ msn5∆ or swi4∆ msn5∆ cells are non-viable31, possibly
because they fail to relocate Cdc24 into the cytoplasm. Degradation
of Far1 is not, however, the function of G1 cyclins that is essential
for bud emergence, and available evidence suggests that G1 cyclins
also have a key role in membrane recruitment of Cdc24 (M.-P.G.,
Y.S. and M.P., unpublished observations). Interestingly, cytoplas-
mic Cdc24-m failed to localize to the plasma membrane in msn5∆
cells overexpressing Far1, perhaps because Msn5 may be involved
in exporting the G1 cyclins. Thus, although degradation of Far1 and
Msn5-dependent export of Far1 are redundant mechanisms in the
export of Cdc24 at bud emergence, Msn5 may also be involved in
efficient membrane recruitment of Cdc24. In contrast, ubiquitin-
dependent degradation of Far1 cannot compensate for the loss of
Msn5 during mating. Cells deleted for MSN5 are unable to polarize
efficiently in response to pheromones22, possibly because, in the
absence of an active export system, increased levels of Far1 pro-
duced in response to pheromones trap Cdc24 in the nucleus. In
addition to inducing FAR1 transcription21, activation of the phe-
romone pathway may also decrease ubiquitin-dependent degrada-
tion of Far1 (ref. 18, and M. Blondel and M.P., unpublished
observations). As with bud emergence, however, the shmoo defect
of msn5∆ cells could not be restored by expression of cytoplasmic
Cdc24, suggesting that Msn5 may export an additional target
required for shmoo formation. Alternatively, Cdc24 may be unable
to localize to Gβγ at the plasma membrane in the absence of cyto-
plasmic Far1, although cells deleted for Far1 are able to polarize
towards the bud site14,32. In addition to Far1, Msn5 is required to
export the MAP kinase scaffold Ste5 (ref. 30) and, interestingly,
expression of cytoplasmic Ste5 restores shmoo formation of msn5∆
cells (G. Ammerer, personal communication). Thus, formation of
a mating projection in response to pheromones may require export
of Ste5, whereas correct orientation of polarized growth in a mor-
phogenetic gradient requires cytoplasmic Far1 (ref. 22).

Several possible mechanisms could explain how nuclear locali-
zation of Cdc24 depends on its ability to interact with Far1. First,
Far1 may be required for nuclear import of Cdc24. Consistent with
this possibility, Far1 contains a functional bipartite NLS in its N-
terminal domain22. Nuclear localization of Cdc24 is not, however,
abolished in far1∆ cells, demonstrating that Cdc24 still travels to the
nucleus in the absence of Far1. In addition, Cdc24 is nuclear in cells
unable to export Far1, suggesting that shuttling of Far1 between the
nucleus and cytoplasm is not required for nuclear import of Cdc24.
The sequence of Cdc24 contains several potential bipartite NLSs,
but without a functional characterization of these putative signals
and/or the identification of the importin(s) for Cdc24 it is difficult
to distinguish between direct or indirect mechanisms for nuclear
import of Cdc24. Alternatively, Far1 may function as a nuclear
anchor for Cdc24. Cdc24 may simply have a greater binding affinity
for Far1 than for the export system, or binding of Far1 to Cdc24 in
the nucleus may mask a nuclear export signal (NES) on Cdc24. In
both cases, degradation of Far1 or its export by Msn5 in response to
pheromones would enable Cdc24 to leave the nucleus. We favour
the latter possibility because it would explain the observation that
in response to pheromones Cdc24 is exported only when com-
plexed with Far1. Distinguishing between these models will, how-
ever, require identification of the proteins responsible for nuclear
import and export of Cdc24. 

Table 2 Plasmids and oligonucleotides
Plasmid Relevant characteristics Source

pGN6 CDC24 URA3 CEN This study
pYS24 CYC1 CDC24–GFP LEU2 CEN This study
pYS37 CDC24–GFP LEU2 CEN This study
pYS65 CYC1 CDC24–GFP URA3 integrative This study
pYS49 CYC1 CDC24–GFP TRP1 CEN This study
pYS47 CYC1 CDC24–GFP URA3 CEN This study
pYS51 CYC1 CDC24m1–GFP URA3 CEN This study
pYS52 CYC1 CDC24m3–GFP URA3 CEN This study
ACB435 GAL FAR1 LEU2 CEN Ref. 16
pTP62 GAL FAR1 URA3 CEN Ref. 19
pTP68 GAL FAR1–GFP URA3 CEN Ref. 19
pNP162 ADH FAR1 URA3 CEN This study
pNP160 ADH FAR1-22 URA3 CEN This study
pBM18 FAR1 URA3 CEN Ref. 22
pBM19 FAR1-22 URA3 CEN Ref. 22
pBM29 FAR1-NLS1/22 URA3 CEN Ref. 22
pBM125 GAL FAR1 22/∆NES URA3 CEN This study
pTP77 GAL FAR1-C URA3 CEN This study

Oligonucleotide Sequence 5′ to 3′
oTP463 CCAAGGATCCAGATCATGGCGATCCAAACC
oTP516 CATGATCTGGATCCTTGGATTAGCAGACAGGTCTTGATAGGG
oTP517 CGCACCGCGGCCGCCGGGCTGATCACTTTATCGTGC
oTP600 TAGCTCGAGGATACAGACGAATGTTCAAGAATTTCTC
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Relocation of Cdc24 at bud emergence occurs very rapidly and
is likely to require an active nuclear export system. Ubiquitin-
dependent degradation of Far1 takes place in the nucleus (M. Blon-
del and M.P., unpublished observations), suggesting that export of
Cdc24 is independent of Far1. The exportin mediating this reloca-
tion is unknown, but may not be Msn5, because msn5∆ far1∆ cells
are able to bud efficiently and do not accumulate Cdc24 in the
nucleus (data not shown, and ref. 20). In addition, the binding sites
for Msn5 and Cdc24 on Far1 are distinct16,22, indicating that Cdc24
is not necessary for export of Far1. Thus, unless Far1 is required for
nuclear import of Cdc24 (see above), two distinct exportins may be
involved in nuclear export of Cdc24. At bud emergence, an
unknown exportin relocates Cdc24 after degradation of Far1,
whereas in response to pheromones, Cdc24 is exported together
with Far1 by Msn5. Because Cdc24 is predominantly cytoplasmic in
the absence of Far1, its nuclear export rate must exceed the import
rate. It is conceivable that cytoplasmic retention of Cdc24 contrib-
utes to this distribution. Good candidates for cytoplasmic anchors
may be Rsr1/Bud1 or Bem1, which both interact with Cdc24 at the
cell cortex. Further work will be required to determine whether
these proteins influence the localization of Cdc24 in vivo. 

Several proteins have now been shown to interact with proteins
that regulate their subcellular localization33,34. For example, the
transcription factor NF-κB is kept in an inactive form in the cyto-
plasm by association with IκB which blocks its nuclear import35,36

and promotes nuclear export37. In S. pombe, the stress-activated
kinase Arf1 was proposed to function as a nuclear anchor for the
transcription factor Spc1 in the presence of osmotic stress38.
Nuclear compartmentalization of the exchange factor Cdc24 by
Far1 provides an elegant mechanism for targeting Cdc24 to distinct
sites, thereby spatially restricting assembly of the actin cytoskeleton
at bud emergence or in response to extracellular signals (Fig. 5).
Interestingly, the putative Cdc42-exchange factor Scd1/Ral1 in fis-
sion yeast is also found in the nucleus39, suggesting that nuclear
sequestration of exchange factors may be conserved. In mammalian
cells, G-protein-coupled receptors are required for directed cell
migration, invasion and locomotion. In all these cases, local activa-
tion of Cdc42 is involved in polarizing the actin cytoskeleton
towards the morphogenetic signal, but it is not known how Cdc42
is activated in a spatially restricted manner. Although no mamma-
lian Far1 homologues have been discovered to date, the binding site
for Far1 on Cdc24 has been conserved and is present in the human
exchange factor Dbl15. Very little is currently known about the sub-
cellular localization of mammalian exchange factors but, intrigu-
ingly, a few studies reported a nuclear fraction of Vav40. It will thus
be interesting to investigate whether compartmentalization of
exchange factors may also be involved in directed cell polarization
in higher eukaryotes. h

Methods
Yeast strains and genetic experiments.
Yeast strains are described in Table 1. The genotypes of the yeast strains are: W303: ade2-1, trp1-1, can1-

100, leu2-3,112, his3-11,15, ura3, GAL+, psi+, ssd1-d2; and S288C: ade2-101, ura3-52, lys2-801, trp1-∆1, 

his3∆200, leu2-∆, unless noted otherwise. Standard yeast growth conditions and genetic manipulations 

were used as described41. Pheromone response and mating assays were performed as described42. 

Replacements of the FAR1 locus with FAR1-C marked with URA3 were performed with the plasmid 

pCY340 digested with NotI21.

DNA manipulations.
Plasmids and oligonucleotides are described in Table 2. Standard procedures were used for recombinant 

DNA manipulations43. PCR reactions were performed with the Expand polymerase kit as recommended 

by the manufacturer (Boehringer Mannheim). Oligonucleotides were synthesized by Genset (France). 

CDC24 fused to green fluorescent protein (GFP) at the carboxy terminus was constructed as follows. The 

CDC24 coding sequence was amplified by PCR using the primers oTP463 and oTP600 and genomic 

DNA isolated from either wild-type or cdc24-m strains15, and cloned as a BamHI/XhoI fragment into 

pRS315 containing the GFP coding sequence with the S35T mutation44. Expression of Cdc24 was driven 

by the constitutive CYC1 or ADH promoters45 or from its endogenous promoter, which was amplified by 

PCR using the primers oTP517 and oTP516. The Cdc24–GFP fusion protein was able to fully rescue the 

growth defect of cells deleted for CDC24 (YMG315). The CYC1–CDC24–GFP DNA fragment was also 

cloned into the integrating vector pRS306; integration was targeted to the URA3 locus by digesting the 

plasmid with StuI. Plasmids expressing wild-type Far 1 or various mutant forms19,22 from the constitutive 

ADH promoter were constructed by replacing the SacI–XhoI fragment encoding the GAL1 promoter22 

with the ADH fragment isolated from pRS416(ADH)45.

Antibodies and western blots.
Standard procedures were used for yeast cell extract preparation and immunoblotting46,47. Polyclonal 

anti-Far1 and anti-Cdc24 antibodies have been described previously16,19. Antibodies specific for actin or 

the haemagglutinin (HA) epitope (HA11) were purchased from Boehringer Mannheim or Babco 

(Berkeley Antibody Company), respectively, and used as recommended by the manufacturer. 

Analysis of Cdc24–GFP in cells depleted of G1 cyclins.
The strain YMG258 harbouring a plasmid encoding CDC24–GFP (pYS47) was grown to early log phase 

at 30°C in selective medium (SD-URA/MET), at which time methionine (final concentration 2 mM) was 

added to shut off expression of Cln2 (ref. 48). After 3 h (time 0), cells were washed twice and released 

into medium lacking methionine in the presence or absence of latrunculin A (Lat-A, 200 µM final 

concentration; stock solution 10 mM in DMSO). The localization of Cdc24–GFP was visualized by GFP 

microscopy at time 0 or 1 h after removal of methionine.

Cell synchronization.
Wild-type cells (YMT263) carrying CDC24–GFP (pYS65) integrated at the URA3 locus were grown in 

selective medium (SD-URA) to early log phase and elutriated using a Beckman JS 5.0 system essentially 

as described49. Small unbudded cells were inoculated into prewarmed selective medium (25  °C); samples 

were collected as indicated and cell-cycle progression was monitored by FACS analysis. Cells were 

examined microscopically and the actin cytoskeleton was visualized after staining with rhodamine–

phalloidin. At least 300 cells were counted for each time point. Protein extracts were prepared as 

described above; western blots were quantified using the Aida200 software (Raytest Isotopenmessgeräte 

GmbH).

Microscopy and flow cytometry.
Yeast actin was visualized with rhodamine–phalloidin (Molecular Probes) as described previously22. 

Proteins tagged with GFP were visualized using a Zeiss axiophot fluorescence microscope using a 

Chroma GFPII filter (excitation 440–470 nm), photographed with a Photometrics CCD camera and 

analysed with Photoshop 4.0 software (Adobe). 

Flow cytometry was carried out as described50. Briefly, cells were fixed in 70% ethanol, washed and 

digested with RNase A for 5 h. The DNA was then stained with propidium iodide and cells analysed on 

a FACScan (Becton-Dickinson). 
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