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Yeast cells induce the genes required for mating prior to the completion of mitosis. To ensure proper cell cycle
progression prior to mating differentiation, a key cytoplasmic regulator of cell fusion, Fus2p, is sequestered in the
nucleus by cyclin-dependent kinase (Cdk). In response to pheromone signaling, the mitogen-activated protein
kinase Fus3p phosphorylates Ser 84 in Fus2p to drive nuclear export. We found that Fus3p becomes active and
phosphorylates S84 as early as S phase, raising the question of how Cdk prevents inappropriate activation of Fus2p.
Countering Fus3p, Cdk and a p21-activated kinase, Cla4p, maintain Fus2p’s nuclear localization by phosphory-
lating Ser 67, which drives nuclear import and inhibits nuclear export. When Cdk and Cla4p activities drop after
cell division, Fus3p promotes Fus2p export both via S84 phosphorylation and by down-regulating S67
phosphorylation. Thus, potential premature activation of Fus2p in mitosis is prevented by cell cycle-dependent
phosphorylation that overrides the mating pheromone-induced phosphorylation that drives nuclear export.
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Cellular proliferation and differentiation are, in general,
mutually exclusive processes, which are carefully regu-
lated for proper development in higher eukaryotes. When
cells start to differentiate, they lose proliferative capacity
by transcriptional repression of cell cycle genes and co-
ordinate expression of specialized sets of genes, leading to
dramatic changes in cellular structures and functions. In
many systems, key cell cycle regulators participate in
controlling differentiation. Conversely, cell differentia-
tion decisions often directly regulate cell cycle progres-
sion (Zhu and Skoultchi 2001; Galderisi et al. 2003).
Thus, differentiation must be temporally coordinated
with cell cycle exit to prevent both premature differenti-
ation and re-entry into the cell cycle.

In the budding yeast Saccharomyces cerevisiae, pher-
omone from the opposite mating type stimulates vegeta-
tively growing haploid cells to arrest in G1, prior to entry
into the next cell cycle. Arrested cells differentiate into
specialized cells capable of cell and nuclear fusion to
produce diploid cells (White and Rose 2001). Mating
requires transcriptional activation of mating-responsive
genes and reorganization of the cytoskeleton, allowing
polarized cell growth to form a mating projection, often
called a ‘‘shmoo’’ (Kurjan 1993; Elion 2000).

At the molecular level, mating differentiation is initiated
by pheromone binding to its specific receptor (Ste2p or
Ste3p) on the cell surface. The receptor is coupled to a
heterotrimeric G protein (Ga/Gpa1p, Gb/Ste4p, and Gg/
Ste18p) and a downstream mitogen-activated protein (MAP)
kinase cascade. Upon activation, the Gbg complex is
released from the Ga subunit and recruits the scaffold
protein Ste5p to the plasma membrane. The MAP kinase
kinase kinase Ste11p is activated by a p21-activated kinase
(PAK), Ste20p, an effector protein of the GTPase Cdc42p.
Ste11p then phosphorylates and activates a MAP kinase
kinase, Ste7p, which in turn phosphorylates and activates
two partially redundant MAP kinases, Fus3p and Kss1p.
Either kinase is sufficient to activate the transcription
factor Ste12p responsible for mating-specific gene expres-
sion, although genetic studies indicate that Fus3p has
specificity for the mating pathway and cell fusion; Kss1p
is primarily involved in the filamentation response to
starvation (Madhani et al. 1997).

Differentiation into mating cells requires cell cycle arrest
in G1 to maintain the integrity of the genome following
nuclear fusion. Fus3p phosphorylates the cyclin-dependent
kinase (Cdk) inhibitor Far1p (Chang and Herskowitz 1992),
which physically interacts with and inhibits the G1 cyclin/
Cdk required for the initiation of the cell cycle (START),
ultimately leading to arrest in G1 (Peter and Herskowitz
1994). Once past START, cells must complete an additional
cell division cycle before being able to mate. The G1 cyclins

1Corresponding author.
E-mail mdrose@princeton.edu.
Article is online at http://www.genesdev.org/cgi/doi/10.1101/gad.187260.112.

1110 GENES & DEVELOPMENT 26:1110–1121 � 2012 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/12; www.genesdev.org

mailto:mdrose@princeton.edu


inhibit pheromone signaling and downstream cellular re-
sponse by promoting the phosphorylation and degrada-
tion of both Far1p (McKinney et al. 1993; Henchoz et al.
1997) and Ste5p, the MAP kinase cascade scaffold protein
(Garrenton et al. 2009) whose membrane association is also
disrupted to prevent signaling (Strickfaden et al. 2007).
However, as cells progress through mitosis, mating signal-
ing becomes active, leading to transcriptional induction
of pheromone-responsive genes (Strickfaden et al. 2007;
Ydenberg and Rose 2009). Thus, mitotic cells must pre-
vent the premature activation of mating differentiation
because inappropriate activation of the mating pathway
disrupts cell cycle progression and is detrimental to cell
survival (Strickfaden et al. 2007; Ydenberg and Rose 2009).

A key cytoplasmic mating regulator, Fus2p, is highly
induced by pheromone and acts together with Rvs161p, a
homolog of amphiphysin, to promote cell wall removal at
the zone of cell fusion (Brizzio et al. 1998; Gammie et al.
1998). Mating signaling leads to interaction with Rvs161p
and localization of the complex to a cortical site at the
shmoo tip, dependent on actin; a type V myosin, Myo2p; and
an integral membrane protein, Fus1p (Brizzio et al. 1998;
Paterson et al. 2008; Sheltzer and Rose 2009). Because
amphiphysins typically bind membranes and play important
roles in membrane remodeling, such as endocytosis and
vesicular trafficking (Dawson et al. 2006; Friesen et al. 2006),
it is likely that Fus2p/Rvs161p is associated with vesicles
clustered at the junction between the two mating cells
(Gammie et al. 1998; Paterson et al. 2008). Fus2p contains a
putative Rho-guanine nucleotide exchange factor (GEF) or
Dbl homology domain, suggesting that cortical Fus2p in-
teracts with a cortical Rho protein to regulate the removal of
the intervening cell walls (Paterson et al. 2008).

When initially induced, Fus2p accumulates in the nucleus
of mitotic cells and only exits the nucleus after cells
complete mitosis (Ydenberg and Rose 2009). Fus2p re-
tained in the nucleus is unable to activate cell fusion,
whereas premature nuclear exit is toxic (Ydenberg and
Rose 2009; E Andrianantoandro and MD Rose, in prep.).
Considering its biological function, it seems likely that
premature association with the cell cortex might disrupt
cell wall integrity. Previous work showed that Fus2p ex-
port from the nucleus is positively regulated by the mat-
ing signaling MAP kinase Fus3p via phosphorylation of
Fus2p S84 and negatively regulated by the yeast Cdk,
Cdc28p (Ydenberg and Rose 2009). However, the previous
study did not clarify how Cdk activity inhibits nuclear exit
or establish how cells transition from the mitotic to the
mating state. In this study, we describe the molecular
mechanism by which mitotic cells override pheromone
signaling to keep Fus2p in the nucleus for proper cell
cycle progression prior to mating differentiation.

Results

Fus2p contains a bipartite nuclear localization signal
(NLS) adjacent to a Crm1p-dependent nuclear export
signal (NES)

The N-terminal 104 amino acids are both necessary and
sufficient for regulated nucleo–cytoplasmic transport of

Fus2p, whereas localization to the shmoo tip requires the
C-terminal 105–677 residues (Fig. 1A; Supplemental Fig.
S1A,B; Ydenberg and Rose 2009). To identify the sequences
regulating transport, Fus2p1–104 deletions were generated in
which the truncated proteins were fused to C-terminal
triple GFP (GFP3, ;80 kDa) because small proteins (<40
kDa) are able to passively enter the nucleus. (Davis 1995).
GFP3 had little effect on Fus2p transport (data not shown).
The deletions were ectopically expressed in mitotic cells
under control of the GAL1 promoter to observe nuclear
import, after which their expression was repressed by
glucose and subsequently treated with a-factor for export.

Whereas Fus2p1–53 was diffusely cytoplasmic, Fus2p54–104

accumulated in the nucleus and was exported to the
cytoplasm by pheromone, like Fus2p1–104 (Fig. 1A; Supple-
mental Fig. S1A,B). When Fus2p54–104 was further dissected,
Fus2p65–104 and Fus2p54–79, removing 54KLNDKKFTNKR64

or 80KKIY83, were found to be broadly dispersed in the
cytoplasm (Fig. 1A; Supplemental Fig. S1A,B). Both se-
quences contain several basic residues, which are candi-
date NLSs. The basic residues were mutated to alanine in
the context of full-length Fus2p, which carries a single
internal GFP (Paterson et al. 2008). Mutations 54K and
58KK59 had little effect on nuclear localization, whereas
mutations 63KR64 and 80KK81 caused diffuse cytoplasmic
distribution (Fig. 1B), suggesting that they act as a bi-
partite NLS. All of the mutants localized normally to the
shmoo tip by pheromone (Fig. 1B).

To identify the karyopherins for Fus2p import, we
examined localization in a collection of mutants, includ-
ing temperature-sensitive srp1-31 and rsl1-4, affecting the
yeast importin a and importin b, respectively. Nuclear
accumulation of Fus2p54–99 was severely impaired at 37°C
in both mutants and at 25°C in rsl1-4, relative to wild type
(the protein was expressed normally in rsl1-4) (Fig. 1C).
However, none of the other importin mutant strains
showed defects in nuclear localization (Supplemental
Fig. S1C), indicating that Fus2p import is mediated pri-
marily by the classical importin a/b pathway.

We next investigated Fus2p export. The C-terminal
region of Fus2p54–104 is enriched in hydrophobic resi-
dues (90IFQNVVRLNL99), and its deletion blocked ex-
port by pheromone (Fig. 1A; Supplemental Fig. S1A,B).
This motif is an excellent match to the consensus NES
recognized by the exportin Crm1p [F1-(X)2–3–F2-(X)2–3–
F3-X–F4, where F is hydrophobic and X is any amino
acid] (Kutay and Guttinger 2005). Mutations of pairs of
hydrophobic residues in the context of full-length Fus2p
partially blocked and mutation of all six (Fus2pNES6A)
completely blocked Fus2p export (Fig. 1D). Moreover,
Fus2p54–99 remained in the nucleus of pheromone-
treated crm1-1 cells at the restrictive temperature (Fig.
1E). We conclude that the regulated nuclear export of
Fus2p is mediated by a Crm1p-dependent NES.

Phosphorylation within and adjacent to the NLS and
NES regulates the subcellular localization of Fus2p

A previous proteomic analysis identified three phosphor-
ylation sites: 67S, 84S, and 100S (Li et al. 2007). Because
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they are within or adjacent to the NLS or NES (Fig. 1A),
we asked whether phosphorylation regulates Fus2p lo-
calization. Fus2p54–104 was used because this shows
regulated transport and contains all three relevant phos-
phorylation sites. Electrophoretic mobility shifts were
analyzed using Phos-tag acrylamide, which specifically re-
duces the mobility of phosphorylated proteins (Kinoshita-
Kikuta et al. 2007). Fus2p54–104 gave rise to multiple
slower-migrating species (I, II, III, and IV) that were absent
in AAA, in which all three putative phosphorylation sites
were mutated to alanine (Fig. 2A). The fastest-migrating
species (I) was present in mitotic cells (Fig. 2A, lane 1) and
greatly reduced in pheromone-treated cells (Fig. 2A,
lane 3). The upper bands (II, III, and IV) were prominent
in pheromone-treated cells (Fig. 2A, lane 3), but essen-
tially absent in mitotic cells (Fig. 2A, lane 1). In the
pheromone-treated fus3D mutant, where Fus2p is nuclear
(Fig. 2A; Ydenberg and Rose 2009), there was a strong
reduction in the levels of bands II, III, and IV, as well as the
reappearance of mitotic band I (Fig. 2A, lane 4). The fus3D

mutant contained cln3D to suppress the cell cycle arrest
defect of fus3D (Elion et al. 1991). It is likely that the
partially redundant Kss1p is responsible for residual
phosphorylation in fus3D (Supplemental Fig. S2). These

results indicate a close relationship between phosphory-
lation and localization: Species I is correlated with
nuclear localization, and species II, III, and IV are corre-
lated with cytoplasmic localization (Fig. 2A).

To identify the bands, we individually mutated Ser 67,
Ser 84, and Ser 100 to alanine. As shown in Figure 2B,
S67A eliminated species I but not II, III, or IV. Species II
and IV were lost only in S84A, and III and IV were lost
only in the S100A (Fig. 2B). This clearly indicates that
slower-migrating bands I, II, and III correspond to S67,
S84, and S100 phosphorylated species, respectively. The
absence of band IV in both the S84A and S100A mutants
indicates that band IV corresponds to phosphorylation at
both sites.

We tested whether phosphorylation affects the regulated
transport of Fus2p. The ratio of nuclear to cytoplasmic fluo-
rescence (N/C ratio) for Fus2p54–104 was 3.2 6 0.7 (n = 63),
which was reduced to 1.1 6 0.7 (n = 33) in cells arrested with
pheromone (Fig. 2C,D). In contrast, AAA showed constitu-
tive weak nuclear localization in mitotic and pheromone-
arrested cells (N/C = 1.9 6 0.3, n = 40 and 1.8 6 0.2, n = 28,
respectively) (Fig. 2C,D). These results indicate that Fus2p
localization is regulated primarily by phosphorylation and
not by regulation of the transport machinery.

Figure 1. Identification and characterization of Fus2p NLS and NES. (A) Schematic representation and summary of the functional
sequences for Fus2p nuclear import (NI) and nuclear export (NE). (ND) Not determined. Essential sequences for nuclear import and
export are highlighted in green and blue, respectively. Phosphorylation residues Ser 67, Ser 84, and Ser 100 are highlighted in red. A
putative Dbl Rho-GEF domain is present at residues 116–321. (B) Fus2p point mutants (pMR6186, pMR6187, pMR6188, and pMR6189)
were expressed in fus2D (MY10174) under the GAL1 promoter for 3 h (left), after which glucose and a-factor were added for 2 h (right).
(C) Fus2p54–99 (pMR6159) was expressed under the GAL1 promoter in wild type (BY4741), srp1-31 (MY6457), and rsl1-4 (MY12131) for
30 min at 25°C; cells were then maintained at 25°C or shifted for 1 h to 37°C. Fus2p expression in rsl1-4 cells was shown by anti-GFP
immunoblot. (D) Fus2p point mutants (pMR5469, pMR6192, pMR6191, pMR6190, and pMR6193) were expressed in fus2D (MY10174)
under the GAL1 promoter for 3 h, after which glucose and a-factor were added for 2 h. (E) CRM1 (MY10239) and crm1-1 (MY10240)
cells were arrested with a-factor for 90 min at 25°C, then cells were shifted to 37°C, and Fus2p54–99 (pMR6159) was expressed from the
GAL1 promoter for 2 h. (B–E) Bar, 5 mm. (B,D) Cells were fixed and stained with DAPI. (C,E) GFP fluorescence was observed in living
cells.
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S67 phosphorylation promotes nuclear import of Fus2p

Because S67 is within the bipartite NLS and its phos-
phorylation is correlated with Fus2p nuclear localization,
we asked whether it regulates Fus2p import. Fus2p54–83

carries only S67 and lacks the NES, allowing us to
specifically examine the function of the NLS. Fus2p54–83

migrated as a doublet on Phos-tag gel (Fig. 3A) and
accumulated in the nucleus of mitotic cells (N/C = 3.36 6

0.74, n = 51) (Fig. 3B; Supplemental Fig. S3A). The S67A
mutant protein ran as a single band and was largely
cytoplasmic (N/C = 1.43 6 0.18; n = 45) (Fig. 3A,B),
demonstrating that S67 phosphorylation promotes nu-
clear localization. Furthermore, replacement of S67 with

a phosphomimetic aspartate (S67E) resulted in a protein
that was not phosphorylated, but that localized to the
nucleus like wild type (N/C = 3.48 6 0.83; n = 69) (Fig.
3A,B; Supplemental Fig. S3A).

We examined whether S67 phosphorylation modulates
interaction with the importin a Srp1p by coimmunopre-
cipitation. The S67 phosphorylation-defective Fus2p54–104-
AAA and S67 phosphomimetic Fus2p54–104-EAA were
used to exclude any effects of other phosphorylations.
The AAA mutant showed weak binding to Srp1-HA3

compared with the almost 4.5-fold higher binding of the
EAA mutant (Fig. 3C). Weak binding by the AAA mutant
explains the residual nuclear localization of Fus2p54–83-
S67A (Fig. 3B; Supplemental Fig. S3A). We conclude that
the Fus2p NLS has a basal level of nuclear import activity
and that the association with the importin Srp1p is
strongly enhanced by S67 phosphorylation, stimulating
nuclear import.

A significant amount of the S67 phosphomimetic
mutant Fus2p54–104-S67E was retained in the nucleus of
pheromone-treated cells (Fig. 3D) in spite of the presence
of the NES in this protein. This could arise from re-entry
into the nucleus, decreased nuclear export, or both. To
determine whether S67 phosphorylation affects export,
Fus2p’s association with Crm1p was measured by coim-
munoprecipitation. Crm1p binds to Fus2p54–104-AAA,
but binding was greatly decreased in the EAA mutant
(about fourfold reduction) (Fig. 3E), suggesting that S67
phosphorylation inhibits Fus2p export.

To verify this, we decoupled import and export using
cells containing both a temperature-sensitive allele of
srp1-31 and a leptomycin B (LMB)-sensitive allele of the
exportin crm1T539C (Neville and Rosbash 1999). The
srp1-31 crm1T539C cells were first arrested with a-factor
at the permissive temperature, after which Fus2p54–104

and the Fus2p54–104-S67E were expressed by the GAL1
promoter. The proteins were trapped in the nucleus by
treatment with LMB to inactivate Crm1p (N/C = 2.7 6

0.5, n = 22 for wild type, and 2.9 6 0.4, n = 24 for S67E)
(Fig. 3F). After Fus2p expression was blocked by glucose,
the temperature was raised to the nonpermissive tem-
perature for srp1-31 to block re-entry into the nucleus,
and the LMB was washed out to allow export. Almost all
of the wild-type Fus2p was able to exit from the nucleus
(N/C = 1.1 6 0.3, n = 29) (Fig. 3F), whereas very little of the
S67E mutant was able to exit (N/C = 2.6 6 0.43, n = 31).
We conclude that S67 phosphorylation strongly down-
regulates Fus2p nuclear export, consistent with the de-
creased binding to Crm1p.

S84 and S100 phosphorylation promote Fus2p
transport out of the nucleus

The phosphomimetic S84E mutant is significantly cyto-
plasmic (Ydenberg and Rose 2009). Two alternative
mechanisms might explain this result: activation of
nuclear export or inhibition of nuclear import. To exam-
ine whether S84 phosphorylation affects import, S84
mutations were introduced into Fus2p54–85-GFP3, which
lacks the NES. The S84A accumulated in the nucleus like

Figure 2. The regulation of Fus2p nuclear localization by
phosphorylations close to the NLS and NES. (A,B) Fus2p54–104

mutants (pMR6170, pMR6009, pMR6166, pMR6165, and
pMR6169) were expressed in FUS3 (MY10174) or fus3D cln3D

(MY10273) cells under the GAL1 promoter for 90 min during
mitosis or after a-factor arrest for 2 h. GFP fluorescence was
observed in living cells (A) and samples were run on 50 mM
Phos-tag gels (A,B). AAA refers to residues 67, 84, and 100. (A)
Each number of GFP fluorescence corresponds to that of lane in
the immunoblot. Bar, 5 mm. (C,D) Fus2p54–104 (pMR6009) and
AAA (pMR6170) mutants were expressed in fus2D (MY10174)
under the GAL1 promoter for 90 min during mitosis or after
a-factor arrest for 2 h. GFP fluorescence was observed in living
cells (C), and its intensity of the nucleus relative to the
cytoplasm was quantified (D) as described in the Materials and
Methods. (C) Bar, 5 mm. (D) The lines inside the box and whisker
plots indicate the median, the rectangles show the central 50%,
and the error bars indicate the entire range.
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the wild-type protein (N/C = 4.4 6 1.2, n = 77, compared
with 4.4 6 1.1, n = 64) (Fig. 4A; Supplemental Fig. S3B).
However, the S84E mutation caused some accumulation
in the cytoplasm of mitotic cells (N/C = 3.0 6 0.7, n = 47)
(Fig. 4A; Supplemental Fig. S3B), indicating that S84
phosphorylation partially down-regulates Fus2p import.
Similar results were obtained for equivalent Fus2p54–85

S84 mutants in which S67 was also mutated to alanine
(N/C = 2.3 6 0.36, n = 57 for S67A; N/C = 2.3 6 0.37,
n = 54 for S67A S84A; N/C = 1.3 6 0.2, n = 36 for S67A
S84E) (Fig. 4A), excluding possible confounding effects of
S67 phosphorylation.

We next examined the effects of S84 mutations on
Fus2p54–99-GFP3 export, which contains the NES. Both
wild-type Fus2p and the S84E mutant exited the nucleus
after a-factor treatment (N/C = 1.2 6 0.2, n = 26 and 1.2 6

0.2, n = 26, respectively) (Fig. 4B; Supplemental Fig. S3C).
However, S84A remained in the nucleus of pheromone-

treated cells (N/C = 2.9 6 0.3, n = 18) (Fig. 4B;
Supplemental Fig. S3C). Because S67 is not phosphor-
ylated efficiently in pheromone-treated cells (Figs. 2A,
4C), it is unlikely that its nuclear localization results
from reimport. To exclude any possible confounding
effects of S67 phosphorylation, equivalent S84 muta-
tions were constructed in Fus2p54–99-S67A, and similar
results were obtained (N/C = 1.1 6 0.17, n = 19 for
S67A; N/C = 1.8 6 0.21, n = 28 for S67A S84A; N/C =
1.0 6 0.1, n = 28 for S67A S84E) (Fig. 4B). We conclude
that S84 phosphorylation is required for Fus2p nuclear
export.

To verify the effects of S84 phosphorylation on both
nuclear import and export, the binding of Fus2p with
Srp1p or Crm1p was examined by coimmunoprecipita-
tion. Consistent with the localization analysis, binding of
the S84 phosphomimetic mutant (AEA) to Srp1 was
reduced ;50% relative to the phosphorylation-defective
AAA mutant (Fig. 4D), and binding of the AEA mutant to
Crm1p was increased about threefold (Fig. 4E). Thus, we
conclude that S84 phosphorylation weakly inhibits nu-
clear import and strongly stimulates nuclear export.

S100 is also phosphorylated by Fus3p, similar to S84
(Fig. 2A). To analyze a possible role in nuclear import,
S100 was mutated in Fus2p54–104-NES6A, which lacks
NES activity (Fig. 1D). Both NES6A-S100A (SSA) and
NES6A-S100E (SSE) showed similar high levels of nuclear
import (N/C = 5.0 6 1.0, n = 29 and 5.3 6 1.2, n = 33,
respectively) (Fig. 4F; Supplemental Fig. S3D). Similarly,
the S100E mutation (AAE) had little effect on coimmu-
noprecipitation with Srp1p (Fig. 4D). Next, a role in
export was analyzed with Fus2p54–104 with an intact
NES. Because S100 phosphorylation had no effect on

Figure 3. The role of S67 phosphorylation in Fus2p transport.
(A,B) Fus2p54–83 mutants (pMR6152, pMR6153, and pMR6154)
were expressed in fus2D (MY10174) under the GAL1 promoter
for 90 min. (A) Samples were run on 50 mM Phos-tag gels.
The arrow indicates the S67 phosphorylated species. (B) GFP
fluorescence was observed in living cells and quantified as
described in Figure 2D. (C,E) Fus2p54–104 mutants (pMR6170
and pMR6173) were expressed in SRP1-3HA (MY12172) or
CRM1-3HA (MY12170) cells under the GAL1 promoter for 90
min, and Srp1p or Crm1p was precipitated with anti-HA as
described in the Materials and Methods. The intensity of
copurified Fus2p was normalized by purified Srp1p or Crm1p
and expressed relative to AAA. Error bars represent the means 6

SEM of two independent experiments. AAA and EAA refer to
residues 67, 84, and 100. (D) The indicated plasmids (pMR6009
and pMR6168) were expressed in fus2D (MY10174) under the
GAL1 promoter for 90 min, after which glucose and a-factor
were added for 2 h. GFP fluorescence was observed in living
cells. Bar, 5 mm. (F) srp1-31 crm1T539C cells (MY12398) harbor-
ing the indicated plasmids (pMR6009 and pMR6168) were
arrested with a-factor for 90 min, then galactose and 100 ng/mL
LMB were added for 90 min at 25°C. After washing out the
inhibitor, cells were incubated in glucose-containing and LMB-
free medium for 90 min at 37°C. GFP fluorescence was observed
in living cells and quantified as described in Figure 2D. (NE)
Nuclear exit.
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import, any differences in nuclear accumulation must
result from different export rates. S100E (SSE) caused a
slight but significant reduction in nuclear localization
relative to the S100A (SSA). N/C ratio is 2.8 6 0.6, n = 40
versus 3.7 6 0.9, n = 32, respectively (Fig. 4F; Supplemen-
tal Fig. S3D), indicating that S100 phosphorylation con-
tributes to nuclear export. Similar results were obtained
with Fus2p54–100-AAA and Fus2p54–100-AAE mutants,
which exclude any possible confounding effects of other
phosphorylations (Fig. 4F). Furthermore, coimmunopre-
cipitation with Crm1p showed increased binding of
Fus2p54–100-AAE to Crm1p compared with Fus2p54–100-
AAA (Fig. 4E). The residual binding of the Fus2p54–100-
AAA mutant to Crm1p (Figs. 3E, 4E) suggests that the
nonphosphorylated NES has a basal nuclear exit activity,

consistent with the stronger nuclear localization when
the NES6A mutation was introduced (Fig. 4F).

To ask whether S84 and S100 phosphorylation syner-
gistically effect Fus2p export, we measured the nuclear
localization of Fus2p54–104-SAE, Fus2p54–104-SEA, and
Fus2p54–104-SEE mutants (Fig. 4F). The nuclear localiza-
tion of SEA was similar to that of SEE (N/C = 2.8 6 0.4,
n = 35 and 2.6 6 0.6, n = 36, respectively), whereas the
SAE mutant was significantly more localized in the
nucleus (N/C = 4.2 6 0.8, n = 46). Thus, S84 phosphor-
ylation is the major regulator, and S100 phosphorylation
makes a minor contribution to Fus2p export.

Fus3p down-regulates S67 phosphorylation
independently of S84 phosphorylation

S67 and S84 phosphorylation act antagonistically on
Fus2p transport. To test whether phosphorylation at
one site might block phosphorylation at the other site,
we examined phosphorylation of one site when the other
was mutated to mimic phosphorylation in Fus2p54–99. In
the S84E, S67 phosphorylation was equal to that of the
wild type (Fig. 5A). Likewise, in the S67E, S84 phosphor-
ylation by pheromone was equal to that of the wild type
(Fig. 5B). Thus, each phosphorylation appears to be in-
dependent of the other phosphorylation.

S67 phosphorylation was strongly reduced in phero-
mone-arrested wild-type cells but not in fus3D mutant
cells (Fig. 2A), suggesting down-regulation by Fus3p. If
so, in pheromone-arrested fus3D, Fus2p import may be
facilitated. To verify an influence of Fus3p on S67
phosphorylation, the nuclear localization of Fus2p54–83

and S67E mutant was measured in pheromone-arrested

Figure 4. The role of S67 and S100 phosphorylation in Fus2p
transport. (A) Fus2p54–99 mutants (pMR6151, pMR6155,
pMR6156, pMR6214, pMR6215, and pMR6157) were expressed
in fus2D (MY10174) under the GAL1 promoter for 90 min. GFP
fluorescence was observed in living cells and quantified as
described in Figure 2D. (B,C) Fus2p54–85 mutants (pMR6159,
pMR6218, pMR6160, pMR6161, pMR6162, and pMR6163) were
expressed in fus2D (MY10174) under the GAL1 promoter for 90
min, after which glucose and a-factor were added for 2 h. (B)
GFP fluorescence was observed in living cells and quantified as
described in Figure 2D. (C) Samples were run on 50 mM Phos-tag
gels. The arrow indicates the S84 phosphorylated species. (D,E)
Fus2p54–104 mutants (pMR6170, pMR6178, and pMR6179) were
expressed in SRP1-3HA (MY12172) or CRM1-3HA (MY12170)
cells under the GAL1 promoter for 90 min and coprecipitated as
described in Figure 3, C and E. The intensity of copurified Fus2p
was normalized by purified Srp1p or Crm1p and expressed
relative to AAA. Error bars represent the means 6 SEM of two
independent experiments. AAA, AEA, and AAE refer to residues
67, 84, and 100. (F) Fus2p54–104 mutants (pMR6184, pMR6185,
pMR6169, pMR6177, pMR6182, pMR6183, pMR6170, pMR6179,
pMR6175, pMR6176, and pMR6174) were expressed in fus2D

(MY10174) under the GAL1 promoter for 90 min. GFP fluores-
cence was observed in living cells and quantified as described in
Figure 2D. SSA, SSE, AAA, AAE, SAE, SEA, and SEE refer to
residues 67, 84, and 100.
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GENES & DEVELOPMENT 1115



FUS3 or fus3D cells. These proteins lack the NES and
Fus3p-dependent phosphorylation sites; nuclear import is
dependent solely on the activity of the NLS. Wild-type
Fus2p54–83 was partially nuclear in the FUS3 cells (N/C =
2.1 6 0.3, n = 34), which increased to 2.7 6 0.4, n = 64 in
the fus3D mutant (Fig. 5C). The nuclear localization of
S67E in FUS3 cells (N/C = 2.8 6 0.4, n = 37) was
comparable with that of wild type in fus3D cells and
was not affected by fus3D (2.9 6 0.5, n = 54) (Fig. 5C).
Thus, Fus3p down-regulates S67 phosphorylation and
Fus2p import independent of S84 phosphorylation. Fus3p
might regulate S67 phosphorylation by inhibiting the S67
kinase activity or interfering with substrate accessibility.

Mitotic Cdk facilities Fus2p nuclear import
via S67 phosphorylation

Cells in the G2/M phase of the cell cycle exposed to
pheromone do activate mating signaling, but Fus2p is
retained in the nucleus, dependent on the Cdk Cdc28p
(Ydenberg and Rose 2009). Cdc28p might regulate local-
ization by activating import (via S67 phosphorylation or
by regulating the nuclear import machinery) or inhibiting
export (by regulating S84 phosphorylation or the nuclear
export machinery.

To assess the role of Cdk, its activity was modulated
using the cdc28-as1 mutation, which is specifically
sensitive to the inhibitor 1-NM-PP1 (Bishop et al. 2000).
Cells were arrested in S phase with hydroxyurea or in
G2/M with nocodazole and then treated with a-factor

and/or 1-NM-PP1, after which Fus2p54–99 was induced by
the GAL1 promoter. Mitotic arrest was verified by Cdc3p,
a septin that splits into two rings at cytokinesis (Longtine
and Bi 2003). As expected, Fus2p was nuclear in cells
arrested in S and G2/M but cytoplasmic in cells treated
simultaneously with both a-factor and 1-NM-PP1 (Fig.
6A). In both S- and G2/M-arrested cells, addition of
a-factor induced expression of FUS1-lacZ, a reporter for
pheromone signaling (Fig. 6B), showing that pheromone
signaling can occur in both S and G2/M. Moreover, S84
phosphorylation was evident in cells treated with a-fac-
tor, showing that pheromone signaling is not restricted to
transcriptional activation (Fig. 6B). The minor reduction
in signaling and phosphorylation relative to cells treated
with both a-factor and 1-NM-PP1 was due to residual
G1-phase Cln/Cdk activity. Cln/Cdk blocks pheromone
signaling by phosphorylation of Ste5p (Strickfaden et al.
2007); 1-NM-PP1 addition had no effect in a ste5-8A
mutant (Fig. 6C), which is refractory to Cln/Cdk in-
hibition (Strickfaden et al. 2007). Taken together, these
results indicate that Clb/Cdk activity does not inhibit
pheromone signaling or Fus3p phosphorylation of Fus2p
in S or G2/M.

To examine how Cdk regulates Fus2p import, we used
the NES-defective Fus2p54–104-NES6A. This protein
showed very high levels of nuclear localization (N/C =
5.6 6 1.3, n = 30), which was reduced by 1-NM-PP1
(N/C = 4.0 6 0.7, n = 32), demonstrating that Cdk activity
simulates Fus2p nuclear import (Fig. 6D). If Cdk activity
regulated import via S67 phosphorylation, then we expect
that the S67 phosphomimetic mutation will be epistatic
to varying Cdk activity. Indeed, inhibition of Cdc28p-as1
had no effect on the S67E-NES6A nuclear localization
(N/C = 6.4 6 1.6, n = 41 versus mock-treated cells 6.41 6

1.4, n = 33) (Fig. 6D). Moreover, the equivalent S67A
mutant showed lower levels of nuclear localization,
which were unaffected by Cdk inhibition (N/C = 3.5 6

0.6, n = 33 and 3.5 6 0.4, n = 26 in mock-treated and
1-NM-PP1-treated cells, respectively) (Fig. 6D). These
results demonstrate that the Cdk regulates Fus2p local-
ization via S67 phosphorylation and not by regulation of
the import machinery, consistent with Figure 2D.

Finally, we examined whether S67 phosphorylation
was dependent on Cdk. S67 phosphorylation was par-
tially decreased in 1-NM-PP1-treated cells (Fig. 6E),
consistent with the effects on nuclear import. However,
the high residual level phosphorylation suggests that S67
is a not a direct substrate of Cdk, but must be phosphor-
ylated by a kinase that is regulated by Cdk.

The PAK kinase Cla4p phosphorylates S67
and promotes Fus2p nuclear import

To identify potential S67 kinases, mutations affecting 113
of the 126 predicted yeast kinases were tested for their
effects on Fus2p54–99-S84E (SE) import. The S84E phos-
phomimetic mutant is exquisitely sensitive to the level
of S67 phosphorylation in mitotic cells; the AE is essen-
tially cytoplasmic (N/C = 3.1 6 0.7, n = 63 for wild type
and SS and 1.7 6 0.2, n = 87 for AS, compared with 1.9 6 0.5,

Figure 5. Regulation of S67 and S84 phosphorylation. (A,B)
Fus2p54–99 mutants (pMR6162, pMR6159, and pMR6160 for A;
pMR6162, pMR6159, and pMR6219 for B) were expressed in
fus2D (MY10174) under the GAL1 promoter for 90 min during
mitosis (A) or after a-factor arrest for 2 h (B). Samples were run
on 50 mM Phos-tag gels. AA, SS, SE, and ES refer to residues 67
and 84. (A) The arrow indicates the S67 phosphorylated species.
(B) The arrow indicates the S84 phosphorylated species. (C)
Fus2p54–83 mutants (pMR6152 and pMR6154) were expressed in
FUS3 (MY10174) or fus3Dcln3D (MY10273) from the GAL1

promoter for 90 min after a-factor arrest for 2 h. GFP fluores-
cence was observed in living cells and quantified as described in
Figure 2D.
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n = 97 for SE and 1.1 6 0.2, n = 24 for AE) (Fig. 7A). A
strong defect was observed in cla4D cells lacking the PAK
kinase Cla4p (N/C = 1.4 6 0.2, n = 43) (Fig. 7A,B). We next
examined S67 phosphorylation in the cla4D cells. In wild-
type cells, Fus2p54–99-SE migrated as a doublet due to S67
phosphorylation, but in cla4D cells, it migrated identi-
cally to the unphosphorylated AA mutant (Fig. 7C). Thus,
Cla4p is required for normal Fus2p nuclear import and for
S67 phosphorylation.

To verify a role in Fus2p import, Cla4p and a kinase-
dead mutant (Cla4pKD and Cla4pK594A) were ectopically
expressed in a-factor-arrested cells, where S67 phosphor-
ylation is not observed and Fus2p is normally cytoplas-
mic. Ectopic expression of Cla4p resulted in S67 phos-

phorylation (Fig. 7D) and caused relocalization of Fus2p
to the nucleus (Fig. 7E). Expression of the Cla4pKD was
ineffective for either S67 phosphorylation or nuclear
localization. Therefore, Cla4p kinase activity is both
required and sufficient for S67 phosphorylation and Fus2p
import.

To determine whether Cla4p directly phosphorylates
S67, we performed an in vitro kinase assay using GST-
tagged Cla4p and His6-tagged Fus2p fragments (Fus2p1–328)
purified from Escherichia coli. Phosphorylation was
determined by the electrophoretic mobility shift on
Phos-tag gels. Incubation with Cla4p led to the com-
plete conversion of Fus2p to the phosphorylated spe-
cies (Fig. 7F), but not the Fus2p-S67A, indicating S67

Figure 6. Cdk involvement in Fus2p nuclear
import. (A–C) cdc28-as1 (MY10323) or cdc28as-1

ste5-8A (MY10469) harboring fus1-LacZ (pMR0727)
and PGAL-Fus2p54–99-GFP3 (pMR6254) were arrested
in S phase with 0.2 M hydroxyurea or in G2/M
phase with 15 mg/mL nocodazole, then treated
with a-factor and 500 nM 1-NM-PP1 in galactose
medium. (A) Cells were fixed and stained with
DAPI. Bar, 5 mm. (B,C) Pheromone signaling was
measured by induction of pheromone-responsive
genes using fus1-LacZ expression as described in
Ydenberg and Rose (2009). Data are mean 6 SD
from three independent experiments. For S84
phosphorylation, samples were run on 50 mM
Phos-tag gels. Arrows indicates the S67 or S84
phosphorylated species. (D) cdc28-as1 (MY10323)
harboring Fus2p54–104 mutants (pMR6193,
pMR6389, and pMR6388) were treated with 500
nM 1-NM-PP1 for 30 min, after which galactose
was added for 90 min. GFP fluorescence was
observed in living cells and quantified as described
in Figure 2D. (E) cdc28-as1 (MY10323) harboring
Fus2p54–104 (pMR6009) were treated with 500 nM
1-NM-PP1 for 30 min, after which galactose was
added for 90 min. Samples were run on 50 mM
Phos-tag gels. The arrow indicates the S67 phos-
phorylated species. Intensity of phosphorylated
S67 was normalized by that of total Fus2p and
expressed relative to an untreated sample.
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phosphorylation. Moreover, phosphorylation was not ob-
served for the Cla4pKD, showing that Cla4p was re-
sponsible for the phosphorylation. We conclude that
Fus2p-S67 is a direct substrate for the Cla4p kinase.

To determine whether Cla4p has the same effect on
full-length Fus2p as the N-terminal fragments, the cellu-
lar distribution of full-length Fus2p was examined in
mitotic cla4D cells (Fig. 7G) and pheromone-treated cells
in which Cla4p was ectopically expressed (Fig. 7H).

Nuclear localization of full-length Fus2p in mitotic cells
was reduced in cla4D relative to the wild-type cells
(N/C = 2.3 6 0.42, n = 33 for cla4D and 3.1 6 0.5, n = 22 for
wild type) (Fig. 7G). Moreover, Cla4p overexpression
resulted in nuclear accumulation of full-length Fus2p in
pheromone-treated cells (Fig. 7H). Thus, Cla4p regulates
the transport of full-length Fus2p.

Discussion

In this study, we show how budding yeast spatially
regulates a key mating regulator, Fus2p, to temporally
coordinate cell proliferation and mating differentiation.
Fus2p is largely nuclear in mitotic cells at steady state.
However, nuclear accumulation became even more pro-
nounced in crm1-1 cells at 37°C or when the NES was
mutated or deleted (Fig. 4F; Supplemental Fig. S4), show-
ing that even in mitotic cells, Fus2p shuttles between the
nucleus and cytoplasm. Therefore, shifts in nuclear/
cytoplasmic localization must result from regulated
changes in the rates of import and/or export.

We found that Fus2p import and export are regulated by
three phosphorylation sites (S67, S84, and S100) adjacent
to or within the NLS and NES. S67 phosphorylation

Figure 7. S67 phosphorylation and Fus2p import by a PAK
kinase, Cla4p. (A–C) Wild type (BY4741) harboring Fus2p54–99

mutants (pMR6159, pMR6161, pMR6160, pMR6163, and
pMR6162) or cla4D (MY12156) harboring Fus2p54–99-S84E
(SE, pMR6160) was expressed from the GAL1 promoter for
90 min. SS, AS, SE, AE, and AA refer to residues 67 and 84. (A)
GFP fluorescence was observed in living cells and quantified
as described in Figure 2D. (B) Bar, 5 mm. (C) Samples were run
on 50 mM Phos-tag gels. The arrow indicates the S67 phos-
phorylated species. (D,E) cla4D cells (MY12156) harboring
Fus2p54–99 (pMR6254) were transformed with PGAL-CLA4
(pMR6194) or PGAL-CLA4KD (pMR6195). Cells were arrested
with a-factor for 2 h, and then galactose was added for 90 min.
(D) Samples were run on 50 mM Phos-tag gels. The arrows
indicate the S67 or S84 phosphorylated species. (E) GFP
fluorescence was observed in living cells. Bar, 5 mm. (F)
Fus2p1–328-His6 (pMR5630), Fus2p1–328-S67A-His6 (pMR6181),
GST-Cla4p (pMR6196), and GST-Cla4pKD (pMR6197) were
purified in Escherichia coli as described in the Materials and
Methods. Purified Fus2p and Fus2p-S67A mutants were
treated with equivalent amounts of either purified GST-Cla4p
or GST-Cla4pKD in the presence of ATP for 1 h at 30°C as
described in the Materials and Methods. Phosphorylation was
detected by anti-6XHis immunoblot after running on 50 mM
Phos-tag gels. The arrow indicates the S67 phosphorylated
Fus2p. (G) Full-length Fus2p (pMR5738) was expressed in wild-
type (BY4741) or cla4D (MY12156) cells under GAL1 promoter
for 3 h. GFP fluorescence was observed in living cells and
quantified as described in Figure 2D. (H) Wild-type cells
harboring PGAL-full-length Fus2p (pMR5738) or wild-type cells
harboring both PGAL-full-length Fus2p (pMR5738) and PGAL-
Cla4p (pMR6194) were arrested with a-factor for 2 h, and then
galactose was added for 90 min. GFP fluorescence was ob-
served in living cells. Bar, 5 mm. (I) A model for the regulated
Fus2p transport during mitosis and after mitosis in phero-
mone-treated cells. See the Discussion for details.
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dictates nuclear localization by promoting the associa-
tion with the import receptor and down-regulating asso-
ciation with the export receptor (Fig. 3). Dual regulation
of import and export was also characteristic of S84
phosphorylation, which functioned in the opposite way
to facilitate nuclear export (Fig. 4). However, phosphomi-
metic mutations at S67 and S84 did not inhibit phosphor-
ylation at the other site (Fig. 5A,B). This is somewhat
surprising for S67, which is located within the S84 MAP
kinase docking site described below. It is possible that the
phosphomimetic glutamate residue may be insufficient
to inhibit Fus3p docking where the presence of a phos-
phate at that site may sterically occlude binding. How-
ever, we observed that pheromone treatment caused S84
phosphorylation, but not nuclear export, in cells arrested
in mitosis when S67 is also phosphorylated (Fig. 6B,C).
These results indicate that S84 phosphorylation at least
does not block S67 phosphorylation, suggesting that the
two sites do not function as a bistable switch. Neverthe-
less, the two phosphorylation sites act antagonistically
toward each other’s functions; S84 phosphorylation sup-
pressed the ability of S67 phosphorylation to promote
interaction with Srp1p and nuclear import (Supplemental
Figs. S5, S6A). Similarly, S67 phosphorylation blocked the
effect of S84 phosphorylation on Crm1p binding and
export (Figs. 3F, 4E; Supplemental Fig. S6B).

Interestingly, mutation of 63KR64 to 63AA64 in the NLS
reduced both S67 phosphorylation (Supplemental Fig.
S7A) and S84/S100 phosphorylation (Supplemental Fig.
S7B). This was not due to decreased nuclear localization;
mutation of 80KK81 to 80AA81, also in the NLS, had no
effect (Supplemental Fig. S7). 63KR64 may be part of the
S67 kinase recognition motif, whereas 63KRPASLDL70

fits the consensus for a MAP kinase docking site,
(R/K)1–2X4–6LXL (where X is any amino acid). Kinase
docking sites are thought to regulate the enzymatic
efficiency and specificity in the MAP kinase pathway
(Remenyi et al. 2005). Thus, residues surrounding S67 are
required for efficient phosphorylation of both S67 and
S84. Fus3p might down-regulate S67 phosphorylation by
interfering with substrate accessibility, or alternatively,
Fus3p may inhibit, directly or indirectly, the S67 kinase
Cla4p. In the KR63AA mutant treated with pheromone,
weak S67 phosphorylation was observed (Supplemental
Fig. S7B), consistent with the former model.

Structural studies of yeast importin a revealed that the
NLS-binding domain is surrounded by negatively charged
amino acids, which provide electrostatic interactions
with positively charged residues in the NLS in addition
to hydrophobic interactions (Conti et al. 1998). S84 phos-
phorylation adds a negatively charged phosphate group
proximal to the Fus2p NLS, which is likely to disrupt
electrostatic interactions and decrease the binding of the
NLS to its import receptor, Srp1p. Remarkably, in con-
trast to S84, both Fus2p nuclear import and binding to
importin a appear to be dependent on S67 phosphoryla-
tion, which is located within the bipartite NLS. Because
mutation of 63KR64 to alanines also disrupted S67 phos-
phorylation (Supplemental Fig. S7B), we considered the
possibility that the basic cluster 63KR64 may be important

for S67 phosphorylation by Cla4p, but does not act as
part of the NLS. In an analogous system, in SV40 large
T-antigen, phosphorylation upstream of the NLS enhances
nuclear import by modulating recognition by importin a1
(Nardozzi et al. 2010). However, this is not the case for
Fus2p. The S67 phosphomimetic mutation does not
override the Fus2p-KR63AA defect in nuclear import
(Supplemental Fig. S8). These results indicate that
63KR64 plays an important role in both regulatory phos-
phorylation events as well as being part of the NLS.
Because S67 phosphorylation, although far from the NES,
was able to regulate the NES by decreasing the interac-
tion with Crm1p (Fig. 3E), we propose that S67 phosphor-
ylation might induce a conformational change through
which Fus2p interaction with its transport receptors is
modulated. Other proteins are known to up-regulate
nuclear import by phosphorylation, such as EBNA-1,
HBV core-antigen, and STAT1, which enhance the bind-
ing affinity for the importin or induces a conformational
change (Nardozzi et al. 2010).

S67 is phosphorylated by Cla4p, a member of the PAK
family kinase of serine/threonine protein kinases. Phos-
phorylation of 63KRPAS67 is consistent with the site
selectivity of Cla4p for arginine at the �2 or �3 position
(Mok et al. 2010). The best-characterized function of
Cla4p is in septin ring assembly, and recent studies have
shown that it is regulated during mitotic entry and exit
(Hofmann et al. 2004). Cla4p is hyperphosphorylated in
a Cdk-dependent fashion and is activated during mitosis;
its activity drops as cells complete cytokinesis and enter
the G1 phase (Benton et al. 1997; Tjandra et al. 1998).
Although it is not known whether Cla4p kinase activity
requires phosphorylation, its activity in vivo coincides
with Clb2p/Cdk-dependent phosphorylation, consistent
with cell cycle-dependent activation by Cdk. We propose
that the mitotic Cdk facilitates Fus2p nuclear import by
activating Cla4p, which in turn phosphorylates S67.
Supporting this hypothesis, the S67 phosphomimetic
mutant overrode the defect in nuclear import of Fus2p
when Cdk activity was blocked by 1-NM-PP1 (Fig. 6D).

Fus3p is both nuclear and cytoplasmic, but is pre-
dominantly in the nucleus (van Drogen et al. 2001;
Blackwell et al. 2003). After pheromone stimulation,
Fus3p nuclear localization increases (Blackwell et al.
2003), and a fraction localizes to the tip of the mating
projection (van Drogen et al. 2001). In contrast, Cla4p is
cytoplasmic and is mainly localized to the bud cortex
(Holly and Blumer 1999). We hypothesize that the spatial
separation of these two proteins facilitates Fus2p’s se-
questration in the nucleus in mitotic cells exposed to
pheromone (Fig. 7I). When Fus2p is initially expressed in
mitotic cells, cytoplasmic Cla4p’s phosphorylation of S67
would stimulate binding to Srp1p, such that the rate of
import becomes greater than the rate of export. In the
nucleus, S84 becomes phosphorylated by activated
Fus3p. However, Fus2p export would be suppressed by
the inhibitory effect of S67 phosphorylation decreasing
association with Crm1p (Fig. 4E; Supplemental Fig. S6B).
Therefore, Cla4p in mitotic cells overrides activated
Fus3p by the pheromone signaling and keeps Fus2p
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inactive in the nucleus. As cells exit the cell cycle, Cdk
activity declines, which leads to reduced Cla4p activity,
allowing for S67 dephosphorylation. Alternatively, S67
may be actively dephosphorylated by an as yet unidenti-
fied phosphatase because S67 was phosphorylated in
pheromone-arrested fus3D cells (Fig. 2A). To prevent
S67 phosphorylation, Fus3p could positively regulate
the S67 phosphatase or negatively regulate the S67 kinase
Cla4p. In the absence of S67 phosphorylation, the Fus3p-
dependent phosphorylation of S84 and S100 stimulates
binding to Crm1p and nuclear export. S84 phosphoryla-
tion also reduces binding to importin Srp1p. Independent
of S84 phosphorylation, Fus3p suppresses S67 phosphor-
ylation by an as yet unidentified mechanism. Increased
nuclear export activity and decreased reimport synergize
to assure that Fus2p is retained in the cytoplasm during
mating differentiation. Thus, although Fus3p is activated
by pheromone early in mitosis, Cdk and Cla4p act as a
mitotic brake to prevent premature nuclear export of
Fus2p. Only when the brake is released is Fus3p able to
accelerate the export of Fus2p and allow progression into
the cell fusion pathway.

Materials and methods

Yeast strains and general methods

All yeast culture and genetic techniques were performed as
described by Ydenberg and Rose (2009). The S. cerevisiae strains
used in this study are listed in Supplemental Table S1. SRP1 and
CRM1 were tagged with HA3 by PCR-based methods. The
crm1T1539C mutant was integrated into the CRM1 locus of
srp1-31 (MY12594) using XbaI-cut pMR6338. Cells were syn-
chronized in S phase with 0.2 M hydroxyurea for 2–3 h or in
G2/M in 15 mg/mL nocodazole for 2 h. To activate pheromone
signaling, cells were treated with 10 mg/mL a-factor. To inhibit
Cdk activity, cdc28-as1 cells were treated with 500 nM 1-NM-
PP1 (Bishop et al. 2000). The GAL1 promoter was induced for
full-length Fus2p and Cla4p expression using 2% galactose and
for Fus2p truncations with 2% galactose + 0.2% glucose.

Plasmids used in this study are described in Supplemental Table
S2. Point mutations of FUS2 were generated by PCR-based site-
directed mutagenesis. To generate pMR6337, a fragment of CRM1-

HA3 comprising codons 329–1085 was amplified and cloned into
integrative pRS405 (pMR1863). This plasmid was used as a tem-
plate to generate pMR6338 by site-directed mutagenesis.

Protein analysis and coimmunoprecipitation

Proteins were prepared by TCA precipitation, resolved on 7.5%
polyacrylamide gel with or without 50 mM Phos-tag (FMS
Laboratory). For immunoprecipitation of HA-tagged Srp1p and
Crm1p, total cellular lysate (1 mg in 700 mL of lysis buffer) was
incubated for 2 h at 4°C with Dynabeads (Invitrogen) and
conjugated with anti-HA for 2 h at 4°C. Lysis buffer contained
50 mM Tris-Cl (pH 7.4), 150 mM NaCl, 1 mM DTT, 0.1 mM
NaVO3, 60 mM b-glycerophosphate, 0.1% NP-40, and protein
inhibitor cocktail (Roche).

Microscopy and imaging analysis

Fluorescence microscopy and quantification of GFP florescence
intensity were performed essentially as described by Ydenberg
and Rose (2009). Cellular labeling was visualized on a microscopy

system (DeltaVision, Applied Precision, LLC) using an inverted
microscope (TE200, Nikon), a charge-coupled device camera
(CoolSNAP HQ, Roper Scientific), and a 1003 objective with
a 1.4 NA. The fluorescence intensity of GFP-fused proteins was
quantitatively analyzed by softWoRx and ImageJ (National In-
stitutes of Health). After fluorescence intensity of selected
regions of the nucleus or cytoplasm was quantified and the
background fluorescence was subtracted by placing the same
measurement circle in nearby regions without a GFP signal, the
N/C ratio was calculated for each cell. No further manipulations
other than adjustments in brightness and contrast were made.

Screening for the kinase responsible for S67 phosphorylation

One-hundred-thirteen kinase mutant cells were transformed by
PGAL-Fus2p54–99-S84E-GFP3 and grown to mid-logarithmic phase.
The Fus2p mutant protein was ectopically expressed under
control of the GAL1 promoter for 90 min, and its nuclear
localization was observed by fluorescence microscopy and quan-
tified as described above.

In vitro kinase assay

For the in vitro kinase assay, the fusion proteins 63HN-
Fus2p1–328, Fus2p1–328-S67A, GST-Cla4p, and GST-Cla4pKD
were expressed in BL21PRO cells and purified as described by
Ydenberg and Rose (2009) and Versele and Thorner (2004).
Approximately 200 ng of Fus2p fragments was mixed with ;400
ng of either GST-Cla4p or GST-Cla4pKD in 15 mL of kinase
buffer (50 mM Tris-Cl at pH 7.5, 10 mM MgCl2, 1 mM DTT) with
200 mM ATP. After incubation for 1 h at 30°C, Laemmli SDS
sample buffer was added to terminate the phosphorylation
reaction. Proteins were separated by 7.5% SDS-PAGE containing
50 mM Phos-tag and detected by anti-His immunoblot.
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