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ABSTRACT
In Schizosaccharomyces pombe, the nuclear accumulation of Cdc25 peaks in G2 and is necessary for the

proper timing of mitotic entry. Here, we identify the sal3� gene product as an importin-� homolog that
participates in the nuclear import of Cdc25. Loss of sal3� results in a cell cycle delay, failure to undergo
G1 arrest under nitrogen-starvation conditions, and mislocalization of Cdc25 to the cytosol. Fusion of an
exogenous classical nuclear localization sequence (cNLS) to Cdc25 restores its nuclear accumulation in
a sal3 disruptant and suppresses the sal3 mutant phenotypes. In addition, we show that enhanced nuclear
localization of Cdc25 at endogenous levels of expression advances the onset of mitosis. These results
demonstrate that the nuclear translocation of Cdc25 is important for the timing of mitotic entry and that
Sal3 plays an important role in this process.

PROPER localization of gene products is necessary through the action of Wee1. A G2 cell size homeostasis
for their normal function to ensure coordinated ac- checkpoint acting through Cdc25 monitors the size

cess to regulators and substrates. Such is the case for threshold and triggers mitotic entry upon attainment
elements involved in cell cycle control where subcellular of a critical cell size (Rupeš et al. 2001). Thus cells that
localization can influence the progression of the cell have fulfilled the size requirement for mitosis show a
cycle (reviewed in Takizawa and Morgan 2000; Yoneda rapid decrease in Y-15 phosphorylation as a conse-
2000). The mechanism of their regulated localization is quence of Cdc25 activation (Rupeš et al. 2001).
therefore important in understanding cell cycle control. The localization of Cdc2, Cdc13, and Cdc25 fluctuates
The fission yeast, Schizosaccharomyces pombe, is ideal for in the cell cycle, colocalizing in the nucleus at maximal
studying this process since many of the cell cycle regula- levels from late G2 to mitotic metaphase and at minimal
tory genes are well characterized and the consequences levels from mitotic anaphase to S phase (Booher et al.
of perturbing their subcellular localization are easily 1989; Lopez-Girona et al. 1999; Decottignies et al.
examined through molecular genetic and imaging tech- 2001). The coordinated nuclear accumulation of Cdc2-
niques. Cdc13 complexes and of Cdc25 results in Cdc2 activa-

The crucial event for mitotic initiation is the activation tion in the nucleus and consequent mitotic entry. Con-
of a protein kinase complex consisting of catalytic and sistent with this model is the observation that nuclear
regulatory cyclin B subunits encoded by the cdc2� and exclusion of Cdc25 by removal of a nuclear localization
cdc13� genes, respectively (Simanis and Nurse 1986; sequence (NLS) results in a mitotic delay (Lopez-Girona
Booher et al. 1989). The activity of the kinase is regu- et al. 2001).
lated by the phosphorylation state of tyrosine-15 (Y-15) Since Cdc25 is too large to diffuse through the nuclear
on Cdc2 (Gould and Nurse 1989). Inhibitory phos- pore complex (NPC), the periodic accumulation of
phorylation of Cdc2 Y-15 is carried out by the Wee1 and Cdc25 in the nucleus must be an active process. Nuclear
Mik1 kinases (Lundgren et al. 1991; McGowan and transport is mediated by a family of importin-� (kary-
Russell 1993) while activation is dependent upon Y-15 opherin-�1)-related molecules consisting of importins
dephosphorylation by the Cdc25 and Pyp3 phosphatases and exportins that transport proteins in and out of the
(Gautier et al. 1991; Millar et al. 1992). Timing of nucleus, respectively (reviewed in Mattaj and Engl-
mitotic entry and cell size at division is therefore highly meier 1998; Weis 1998). Three major steps involving
sensitive to the gene dosage of the primary regulators, importin-� interactions are required for the nuclear
Cdc25 and Wee1 (Russell and Nurse 1986, 1987a). import of proteins. First, proteins destined for the nu-
Below the cell size threshold for mitotic entry Cdc2 is cleus contain a NLS that is recognized by importin-�.
held inactive by Y-15 phosphorylation, predominantly NLSs are broadly divided into classical (cNLS) and non-

classical types. The former requires an adapter molecule
(importin-�) to bridge the interaction between the

1Corresponding author: Department of Biology, Rm. 2443, Biosciences cargo protein and importin-�, and the latter involvesComplex, Queen’s University, Kingston, Ontario K7L 3N6, Canada.
E-mail: youngpg@biology.queensu.ca direct binding of importin-� to its cargo protein. Im-
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portin-� then associates with various nucleoporins, com- types. Altogether, these data show that Sal3 plays an
important role in the nuclear import of Cdc25.ponents of the NPC. This results in the docking of the

importin-� (importin-�)-cargo complex at the NPC’s
cytoplasmic face and subsequent translocation to its nu-

MATERIALS AND METHODSclear face. Third, the binding of RanGTP to importin-�
in the nucleus causes the release of the cargo protein Yeast strains, media, and general methods: All strains were

derived from 972 h�, 975 h�, and 968 h90 (Mitchison 1970)and importin-� is recycled back to the cytoplasm.
and are listed in Table 1. Cells were grown on YEA (MitchisonNuclear export of proteins occurs in a highly analo-
1970) or Edinburgh minimal medium (EMM; Mitchisongous fashion to the nuclear import process except that 1970 as modified by Nurse 1975). Matings were performed

the targeting signals, importin-� homologs and their on SPA plates (Gutz et al. 1974) and strains tested for the
Cdr� phenotype on EMM minus NH4Cl (EMM � N) platesinteractions with specific nucleoporins and RanGTP,
at 25� after 2–3 days (Young and Fantes 1984, 1987). Standardare distinct (reviewed in Jans et al. 2000). In this case,
techniques for genetic analysis were followed as describedRanGTP-bound exportin associates with the cargo pro-
previously (Moreno et al. 1991). Yeast cells were transformed

tein containing a nuclear export signal (NES) in the by the lithium acetate method (Moreno et al. 1991) or by
nucleus and then dissociates in the cytoplasm following electroporation (Bio-Rad, Richmond, CA, gene pulser) as indi-

cated (Prentice 1991). Cell length (micrometers) was deter-translocation through the NPC and RanGTP hydrolysis.
mined in septated log-phase cells by the ruler function inIn budding yeast, 14 importin-�’s and one importin-�
Slidebook (Intelligent Imaging Innovations, Denver) on im-have been found to function in the nuclear transport ages of cells captured with a high-performance cooled CCD

of several hundred proteins (Wozniak et al. 1998). This camera (Cooke SensiCam, Auburn Hills, MI).
indicates that each importin-� must be capable of trans- Integration mapping of sal3�: A PCR product containing

the full-length sal3� open reading frame (ORF) flanked byporting multiple cargo proteins. Studies have shown
NdeI and SalI sites at the 5� and 3� ends, respectively, wasthat this is the case and that certain proteins are trans-
amplified with high-fidelity Taq polymerase (Roche Molecular

ported by several importin-�’s while others rely specifi- Biochemicals, Indianapolis), using the primers SAL3GC1 (5�-
cally on one importin-� for their transport (reviewed GGAATTCCATATGTCTAGTGGATTTCCTCCTGAATAT-3�)

and SAL3GC3 (5�-ACGCGTCGACTTAAAAATGTGCAGACAin Jans et al. 2000).
AAGCTCTCTGA-3�), and genomic DNA was isolated (Mor-Change in the subcellular localization of S. pombe
eno et al. 1991) as template. Using standard molecular biologyCdc25 during the cell cycle is dependent upon the rela- techniques (Sambrook et al. 1989), the PCR product was di-

tive rates of nuclear import and export. The concentra- gested with NdeI and SalI and cloned into the pREP1 and
tion of Cdc25 in the nucleus at the onset of mitosis may pREP41 expression vectors under the control of the nmt1 and

nmt41 promoters, respectively (Basi et al. 1993). The resultingbe due to an increase in import, a decrease in export,
plasmid was electroporated into sal3-33 leu1-32 to test for func-or a combination of the two. Inhibition of the export
tionality by rescue of the Cdr� phenotype, and then stable

factor exportin 1 (Crm1) by mutation or the drug lepto- leu� integrants were selected as detailed in Moreno et al.
mycin B causes a nuclear accumulation of Cdc25, indi- (1991). Three of the integrants were crossed to a leu1-32 strain

and their tetrads analyzed. A total of 60 tetrads segregatingcating that Cdc25 is actively transported in and out of
2:2 Leu� to Leu� yielded only wild-type progeny, indicatingthe nucleus and that the latter occurs via Crm1 (Nishi et
that sal3 � integrated at or near the site of the mutation.al. 1994; Lopez-Girona et al. 1999; Zeng and Piwnica- Disruption of sal3 �: A 4.9-kb HindIII-SacI fragment con-

Worms 1999). However, information on the import pro- taining the sal3� ORF with 950 and 612 bp of 5� and 3� flanking
cess remains limited. Although an importin-� homolog sequences, respectively, was PCR amplified (MBI Fermentas)

using the primers KOGC3 (5�-GGGGGAAGCTTAGCGAAhas been associated with Cdc25C transport in Xenopus
CAATAACTTAGCTTG-3�) and KOGC4 (5�-GGGGGGAGCT(Kumagai and Dunphy 1999), the nuclear import re-
CAAACTTATATGACCAACATTC-3�). This PCR product was

ceptors responsible for the translocation of Cdc25 into cloned into pGEM-T (Promega, Madison, WI) and subse-
the nucleus have not been identified in S. pombe. quently digested with KpnI and BclI to remove the majority

of the sal3� ORF except for 63 bp at the C terminus. A 1.8-kbHere we report the isolation and the functional char-
fragment of the ura4� cassette (Grimm et al. 1988) containingacterization of a fission yeast importin-� homolog en-
terminal KpnI and Bcl I sites was generated by PCR with thecoded by the sal3� gene. The sal3 mutant was originally primers KOGC1 (5�-GGGGGGGTACCAGCTTAGCTCACCC

discovered as a sup3-5 allosuppressor displaying a cold- TCCCACTGGC-3�) and KOGC2 (5�-GGGGGTGATCATGTG
sensitive cell cycle defect (Nurse and Thuriaux 1984). ATATTGACGAAACTTTTTGACAT-3�) and inserted in place

of the missing sal3 � ORF. The resulting plasmid was digestedWe have reisolated sal3 in an insertional mutagenesis
with HindIII and SacI to liberate the deletion construct, whichscreen for changed d ivision response (Cdr)� mutants
was separated from the vector by Gene Clean (Quantum Bio-

that are defective in reducing the size threshold for cell technologies). The sal3::ura4� construct was transformed into
division in response to nitrogen deprivation. Loss of an h�/h� ura4-D18/ura4-D18 leu1-32/leu1-32 ade6-210/ade6-216

diploid (Q474) by the lithium acetate-DMSO method (Bahlersal3� results in the mislocalization of Cdc25, cell elonga-
et al. 1998) and plated on minimal medium lacking uracil.tion, and failure to undergo G1 arrest under nitrogen-
The ura� diploid transformants were isolated and allowed tostarvation conditions. Addition of an exogenous classi- sporulate. Tetrad dissection showed a 2:2 segregation of ura�

cal NLS to Cdc25 restores its nuclear accumulation in and ura� progeny, indicating that the sal3 null was viable.
The disruption of the sal3 � ORF was confirmed by PCR analy-a sal3 disruptant and suppresses the sal3 mutant pheno-
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TABLE 1

S. pombe strains used in this study

Strain Genotype Origin

Q5 sal3-33 h� P. Munz
Q22 cdc25-22 h� P. Fantes
Q250 972 h� P. Fantes
Q271 cdc13-117 h� D. Beach, SP26
Q304 wee1-50 cdc25-22 h� D. Beach, SP552
Q474 ura4-D18/ura4-D18 leu1-32/leu1-32 ade6-210/ade6-216 h�/h� D. Beach, SP818
Q868 leu1-32 h� P. Fantes
Q1332 wee1-50 leu1-32 ura4-D18 h� This work
Q1510 spc1::ura4� ura4-D18 leu1-32 h� P. Russell, KS1366
Q1975 cdc2-3w cdc25::ura4� ura4-D18 leu1-32 h� Rupeš et al. (2001)
Q2005 sal3-i2 ura4-D18 h� This work
Q2006 sal3::ura4� ura4-D18 h� This work
Q2007 sal3::ura4� ura4-D18 leu1-32 h� This work
Q2008 cdr1-34 ura4-D18 This work
Q2009 cdr2-i1 ura4-D18 h� This work
Q2010 res2-i1 ura4-D18 h� This work
Q2011 sal3::ura4� cdr1-34 ura4-D18 This work
Q2012 sal3::ura4� cdr2-i1 ura4-D18 This work
Q2013 sal3::ura4� res2-i1 ura4-D18 This work
Q2014 sal3::ura4� spc1::ura4� ura4-D18 This work
Q2015 sal3-GFP int sal3-33 leu1-32 h� This work
Q2016 cdc25-GFP int cdc25::ura4� ura4-D18 leu1-32 h� This work
Q2017 cdc25-GFP int cdc25::ura4� ura4-D18 leu1-32 h� This work
Q2018 cdc25-GFP int cdc25::ura4� sal3::ura4� ura4-D18 leu1-32 h� This work
Q2019 cdc25-GFP int cdc25::ura4� rad24::ura4� ura4-D18 leu1-32 h� This work
Q2020 cdc25-GFP int cdc25::ura4� sal3::ura4� rad24::ura4� ura4-D18 leu1-32 This work
Q2021 cdc25NLS-GFP int cdc25::ura4� ura4-D18 leu1-32 h� This work
Q2022 cdc25NLS-GFP int cdc25::ura4� sal3::ura4� ura4-D18 leu1-32 h� This work
Q2023 cdc13-GFP int cdc13-117 ura4-D18 leu1-32 This work
Q2024 cdc13-GFP int cdc13-117 sal3::ura4� ura4-D18 leu1-32 This work
Q2025 leu1-32 h90 This work
Q2026 sal3-33 h90 This work

sis (data not shown). Genomic DNA isolated from either a cdc2 �, cdc13 �, cdc25�, wee1�, mik1�, pyp3 �, cdr1�/nim1�, cdr2 �,
spc1�/sty1�, cdc10 �, res1�, res2 �, and rep2 � were PCR amplifiedura� diploid or its sporulated products was used as template

for PCR. Utilizing previously mentioned primers, KOGC3 and using the primers listed in Table 2 and similarly cloned into
pREP1/41/81-GFP (S165T) expression vectors (Taricani etSAL3GC3, two PCR products of sizes 4.2 and 2.6 kb were

amplified from the diploid strain. These fragments corre- al. 2002) as mentioned above. The functionality of the green
fluorescent protein (GFP) fusions was assessed by their abilitysponded to the wild-type and disrupted versions of the sal3�

gene, respectively. All ura� and ura� progeny showed PCR to rescue the mutant phenotypes and the presence of GFP
fluorescence in the cell.amplification of the disrupted and wild-type sal3�, respectively

(data not shown). Fluorescence microscopy: Cells containing nmt-driven and
chromosomally integrated GFP-fusion constructs regulated byNitrogen downshift experiments: Log-phase cells grown in

EMM at 30� were harvested and washed twice with 50 ml of the native promoter were grown in minimal media lacking
thiamine and in YEA for 18–24 hr, respectively, at 25� andEMM � N on microfiber glass filters (Whatman) before re-

lease into EMM � N (25�) at a cell density of 2–4 � 106 35�, and subjected to methanol fixation (Alfa et al. 1993).
Approximately 1 � 107 cells were harvested by centrifugationcells/ml. Samples were collected at various time intervals for

determination of cell number and DNA content. For the (3000 rpm, 5 min), resuspended in 1 ml of �20� methanol,
and incubated on a rotary inverter (Barnstead/Thermolyne)growth-kinetic experiments, 50-�l cell samples were trans-

ferred to 14 ml of Coulter counter fluid (Fisher Scientific, for 7 min. The fixed cells were then centrifuged (3000 rpm,
5 min), washed once with 1 ml of 50 mm sodium citratePittsburgh), sonicated briefly, and cell number was measured

with a Coulter counter (Coulter Electronics, Hialeah, FL). For (pH 7.0), and resuspended in 10 �l of 50 mm sodium citrate
(pH 7.0). The cell suspension (1.0 �l) was mixed with 1 �lflow cytometry, samples of �1 � 107 cells were fixed in 70%

ethanol, washed in 50 mm sodium citrate (pH 7.0), incubated of 4�,6-diamidino-2-phenylindole (0.5 �g/ml) and placed on
a microscope slide. Cells were examined using a Leitz DMRBwith 10 mm RNase (Sigma, St. Louis) for 1.5 hr at 37�, and

stained with 1 �m propidium iodide (Sigma; Alfa et al. 1993). fluorescence microscope with a 100� objective (Leica Micro-
systems) and images were captured with a high performanceCells were sonicated briefly prior to fluorescence-activated cell

sorter (FACS) analysis. CCD camera (Cooke SensiCam) and Slidebook image analysis
software (Intelligent Imaging Innovations).Construction of C-terminal GFP fusions: The ORFs of sal3 �,
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antibody (Roche Molecular Biochemicals) and the ECLTABLE 2
chemiluminescence method (New England Nuclear Life Sci-

sal3::ura4� interactions with mitotic elements ence).

Genotype Cell size (25�) Cell size (35�)

RESULTSWild type 13.48 	 0.25 13.33 	 0.21
sal3::ura4� 25.31 	 0.53 17.80 	 0.62 The sal3-33 mutant displays a cdr� phenotype: Thecdc2-3w cdc25::ura4� 18.32 	 0.29 15.04 	 0.26

sal3-33 mutation was originally identified in a complexsal3::ura4� cdc2-3w
screen for allosuppressors. The mutation was able tocdc25::ura4� 17.88 	 1.04 14.10 	 0.78
reconstitute the tRNA nonsense suppressing activity ofwee1-50 10.88 	 0.27 7.84 	 0.22a

sal3::ura4� wee1-50 20.21 	 0.27 9.69 	 0.49a an inactive sup3 allele (Nurse and Thuriaux 1984).
cdc25-22 wee1-50 15.80 	 0.70 11.80 	 0.80 Since allosuppressors are likely to influence tRNA or
sal3::ura4� cdc25-22 protein synthesis, and sal3 mutants exhibited a cold-

wee1-50 cdc� cdc�

sensitive cell-elongated phenotype, it was suggested that
the sal3� gene product may function in the transductiona Significantly different, P 
 0.05 (Student’s t-test).
of nutritional or growth cues to the mitotic control
(Nurse and Thuriaux 1984). This hypothesis was fur-

Chromosomal integration of GFP-tagged genes: To facilitate ther supported by our observations that sal3-33 cells
the chromosomal integration of cdc25-GFP at its own locus, displayed a cdr� phenotype. Upon nitrogen depriva-
a 1.5-kb PstI-SalI fragment carrying the nmt1 promoter was tion, cell numbers per colony were fewer and the sizeliberated from pREP1-GFP and replaced with a PCR product

threshold for cell division was not reduced as seen forcontaining the entire cdc25� ORF and 1550 bp of upstream
wild type (Figure 1). The cdr� phenotype was moresequence. The primers CDC25CF1 (5�-ACGCCTGCAGTCCG

AGTTTAACAAGACAACTGGC-3�) and CDC25GC3 (see above) severe at lower temperatures (20�; data not shown). This
were used for amplification. The resultant plasmid was inte- indicated that the sal3� gene product is necessary for
grated into a cdc25::ura4� cdc2-3w ura4-D18 leu1-32 strain and proper cell division response under starvation condi-when the putative integrants were outcrossed there were no

tions.cdc� progeny. For the cdc25NLS-GFP integrant, an SV40
Isolation of the sal3 � gene: Our attempts to cloneT-antigen nuclear localization signal (PKKKRKV; underlined)

was attached to the carboxyl terminus of the cdc25� ORF by sal3� by plasmid complementation were unsuccessful.
using the primer CDC25GC6 (5�-ACGCGTCGACGAGACCT We took advantage of an insertional mutagenesis system
TACGCTTCTTCTTAGGAAATCTTCTAAGTGTAGAGAGG available in S. pombe (Chua et al. 2000) to isolate novelGAATGCA-3�) and constructed in a similar manner as above.

cdr genes and as a possible alternative for retrieving theThe cdc13-GFP integrant was isolated from a cdc13-117 back-
sal3� gene. Seven cdr mutant strains were recovered andground following transformation with pREP81cdc13�-GFP.

Stable transformants were tested for suppression of the cdc� by linkage analysis determined to represent three alleles
phenotype of cdc13-117 at 36� in the presence of 25 �m thia- of cdr2, two alleles of sal3, and a single allele each of
mine to select for insertions producing wild-type Cdc13-GFP mcs1/res2 and ssp1. All four genes have been shown tocontrolled by its native promoter. Outcrossing of such integ-

have some role in G2/M control (Nurse and Thuriauxrants generated no cdc� progeny. Insertion of the plasmid
1984; Young and Fantes 1984, 1987; Molz et al. 1989;into the nmt1 locus or the cdc13 locus upstream of the cdc13-117

point mutation site results in an endogenously regulated mu- Matsusaka et al. 1995; Breeding et al. 1998; Kanoh
tant cdc13-GFP and was screened against. A similar approach and Russell 1998; Tournier and Millar 2000), but
was employed to obtain the sal3-GFP integrant. the molecular identity of sal3� and its mode of mitoticProtein extracts and Western blots: Cells were harvested by

regulation were unknown. To identify the sal3� gene,centrifugation and washed once in 1 ml of ice-cold stop buffer
genomic sequences flanking the ura4� gene insertion(150 mm NaCl, 50 mm NaF, 10 mm EDTA, and 1 mm NaN3,

pH 8.0). They were then resuspended in 200 �l of lysis buffer were determined from the sal3-i2 insertional mutant
(150 mm NaCl, 50 mm Tris-HCl, pH 8.0, 50 mm NaF, 5 mm and the site of integration in the genome was localized
EDTA, 1 mm Na3VO4, 1 mm phenylmethylsulfonyl fluoride, by comparison with the S. pombe sequence database.10% glycerol, 1% Nonidet P-40, and 1 mm dithiothreitol)

Insertion occurred 179 bp upstream from a gene (Gen-supplemented with protease inhibitor cocktail tablets (Roche
Bank accession no. CAA20126) within the cosmid c1840Molecular Biochemicals). A total of 200 �l of 425- to 600-�m

acid-washed glass beads (Sigma) was added and the cells were on chromosome III. The upstream insertion suggests
broken by vortexing the contents in a 50-ml Falcon tube. The that sal3-i2 is likely a partial loss-of-function allele. This
cell lysate was then transferred to microcentrifuge tubes and

is supported by a less severe cdr� phenotype displayedcleared by centrifugation at 14,000 rpm for 5 min. Protein
in sal3-i2 compared to the sal3-33 point mutant (Fig-concentration was determined by the Bio-Rad protein assay

and 5 �g of each sample was resolved on 10% SDS-PAGE ure 1).
followed by transfer onto a polyvinylidene fluoride membrane The full-length sal3� ORF under the control of the
(New England Nuclear Life Science, Boston). Using standard nmt41 promoter rescued the cdr� phenotype of sal3-33
Western blotting procedures, 0.2 �g/ml of anti-GFP (Roche

as well as that of a sal3 disruptant (see below) in nitro-Molecular Biochemicals) and the TAT-1 monoclonal antibody
gen-deprivation conditions (Figure 2A). In addition, the(Woods et al. 1989) were added and immunodetected with

the horseradish peroxidase-conjugated anti-mouse secondary cold-sensitive cell-elongation phenotype of sal3 mutants
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as cdr2 and spc1 arrest in G2 during nitrogen depriva-
tion, indicating a defect in the G2/M size control (Shio-
zaki and Russell 1995; Breeding et al. 1998; Kanoh
and Russell 1998). To examine the nitrogen-starvation
response of the sal3 disruptant, growth kinetics and flow
cytometry were performed. When asynchronous wild-
type cells are rapidly deprived of nitrogen, they divide
approximately twice, increasing the initial cell numbers
by �3.6 times before arresting in G1 (Young and Fantes
1987). In contrast, the cell number of the sal3 disruptant
increased by only about one-half of the wild-type level

Figure 1.—Alleles of sal3 display a cdr� phenotype. Colony during nitrogen deprivation (Figure 2C), indicating the
morphologies of wild type, a point mutant, and an insertional occurrence of only a single cell division. Furthermore,mutant of sal3 (sal3-33 and sal3-i2, respectively) on EMM and

FACS analysis revealed that the sal3 disruptant accumu-EMM � N plates are shown. Strains were grown at 25� for 2
lated a G2 peak during an extended period of nitrogendays.
deprivation while wild-type cells displayed a G1 peak
under the same conditions (Figure 2D). Microscopic
examination of the sal3 disruptant cells after prolongedto various stresses such as high osmolarity (1.2 KCl) and

low pH (3.5) was also suppressed by this construct (data nitrogen starvation revealed that they were uninucleate
but the majority displayed a stretched nuclear morphol-not shown). When the plasmid was integrated in a sal3-33

background, no Cdr� spores were found upon outcross- ogy that appeared to be the result of plasmolysis (data
not shown). Altogether, these results demonstrate thating, indicating integration at the sal3� locus.

The sal3 � gene encodes a fission yeast homolog of loss of sal3� causes a failure to undergo the second cell
division and G1 arrest in response to nitrogen starvation.importin-�: The sal3� gene product consists of 1095

amino acids with significant homology to importin-�-3 Alleles of sal3 are synthetically lethal with cdc25 mu-
tant strains: Because loss of sal3� causes a cell cycle(IB3). It shows 38% identity and 54% similarity to the

Saccharomyces cerevisiae Pse1p and 33% identity and 53% delay and therefore abnormally long cells, the role of
sal3� in the cell cycle was addressed by investigating itssimilarity to human RanBP5 over the length of the pro-

tein (NCBI Blast). The regions of homology appear to genetic relationship to known elements of the mitotic
size control. Inactivation of both sal3� and cdc25� re-be scattered throughout the protein. The gene products

of this family have been demonstrated to be involved sults in a strong synthetic-lethal interaction. The partial
sal3-i2 allele in a cdc25-22 background undergoes a sin-in the nucleocytoplasmic transport of proteins and RNA

(reviewed in Mattaj and Englmeier 1998; Weis 1998; gle cell cycle arrest at the permissive temperature (25�;
Figure 3). A similar interaction was observed with sal3-Strom and Weis 2001). Sal3 contains two conserved

domains common to importin-� molecules. The WPEL 33 in combination with cdc25-22r1, a partial revertant
of cdc25-22 (Breeding et al. 1998; data not shown). Inmotif and a glutamate and an aspartate-rich region are

located at approximately amino acids 130 and 330, re- addition, sal3-33 also exhibited similar negative interac-
tions with alleles of other cdc genes such as cdc2-M35spectively. These domains have been shown to interact

with the importin-� adapter protein and RanGTP, in- and cdc13-117, each of which is also synthetically lethal
with cdc25-22 (Bueno and Russell 1993; data notfluencing the binding of importin-� to its substrate

(Rexach and Blobel 1995; Enenkel et al. 1996; Moroi- shown). These synthetic-lethal interactions were sup-
pressed in a stf1-1/cut12 background, a dominant gain-anu et al. 1996).

The sal3-33 mutation is likely a null allele: A sal3 of-function allele that rescues the partial and complete
loss of cdc25� (Hudson et al. 1990; Bridge et al. 1998;disruptant missing 98% of the ORF (see materials and

methods) was viable and indistinguishable in pheno- data not shown). In summary, these results imply that
the sal3� gene product may control mitotic entry bytype from the sal3-33 allele (data not shown). A sal3-33/

sal3::ura4� diploid exhibited a severe cdr� phenotype affecting the Y-15 phosphorylation state of Cdc2.
Genetic analysis indicates that Sal3 influences the Y-15(Figure 2B), indicating that the mutations were allelic.

Furthermore, no expression was detected in a C-termi- phosphorylation state through Cdc25: We next used
genetic analysis to determine how Sal3 affected Y-15nal GFP fusion to sal3-33 (data not shown), suggesting

that the mutant protein is unstable or possibly carries phosphorylation/dephosphorylation. If Sal3 were act-
ing solely on Wee1, then loss of Wee1 activity woulda nonsense mutation in the sal3� gene. Together, these

observations demonstrate that sal3-33 is probably a null completely suppress the cell-elongated phenotype of
the sal3 disruptant. However, wee1-50 was not fully epi-allele. All further work was done with the deletion strain.

The sal3 disruptant fails to undergo G1 arrest in re- static to the sal3 disruptant at 35� because sal3::ura4�

wee1-50 cells were significantly larger than wee1-50 alonesponse to nitrogen starvation: Unlike wild-type cells that
arrest in G1 when starved of nitrogen, cdr mutants such (Table 2). These results are consistent with Sal3 being
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Figure 2.—Genetic and phenotypic anal-
ysis of sal3 alleles under nitrogen-depriva-
tion conditions. (A) The cdr� phenotype of
both sal3 alleles is suppressed by the full-
length sal3� ORF expressed from the nmt41
promoter. The strains were grown on EMM �
N plates at 25� for 2 days. (B) sal3-33 and
the sal3 disruptant fail to complement. The
diploid strains were grown on EMM � N
plates at 25� for 2 days. (C) Growth kinetics
of wild-type (solid diamonds) and the sal3
disruptant (open squares) upon nitrogen
downshift (t � 0). Error bars represent stan-
dard error of the mean with a sample size
of three for each strain. (D) FACS analysis
of wild type (top) and the sal3 disruptant
(bottom) upon nitrogen downshift (t � 0).

sensitive to Y-15 phosphorylation through a Wee1-inde- activity. To circumvent the lethality associated with the
loss of Cdc25 function, the cdc2-3w mutation that rescuespendent pathway. If Sal3 affects Y-15 phosphorylation,
strains lacking cdc25� was used in this background (Rus-then it potentially acts through Mik1. In this case, the
sell and Nurse 1987a). It is expected that a cell cyclecell elongation of the sal3 disruptant would be caused
delay caused by the sal3 disruptant in a cdc2-3w cdc25-22by Mik1 hyperactivity. The deletion of mik1� would re-
background is indicative of a Sal3 function independentsult in suppressing the cell size phenotype of sal3::ura4�.
of Cdc25, while a Cdc25-mediated process is manifestedA sal3:: ura4� mik1::ura4� double mutant displayed the
as a cdc2-3w cdc25-22 epistasis of sal3::ura4�. We discov-same size as sal3::ura4� alone (data not shown), indicat-
ered that the sal3::ura4� cdc2-3w cdc25-22 triple mutanting that Sal3 function does not exclusively involve Mik1.
did not show a significantly different cell size fromWe next determined whether Sal3 regulates Y-15
cdc2-3w cdc25-22 at either temperature (25� and 35�;phosphorylation through Cdc25 by examining the effect
Table 2), suggesting strongly that Sal3 regulates Cdc25of the sal3 disruptant in the absence of cdc25� gene
activity. In contrast, Sal3 appeared not to function through
the secondary tyrosine phosphatase Pyp3 because the
sal3-33 pyp3::ura4� double mutant displayed a similar
cell size to sal3-33 alone (data not shown).

In addition, the sal3 disruptant reverses the wee1-50
epistasis of cdc25-22 (Table 2), indicating that the cell
cycle delay of sal3 mutants also occurs through a path-
way independent of Wee1 and Cdc25. This result sug-
gests that Sal3 is involved in regulating the activity of

Figure 3.—The sal3 insertional allele forms a synthetic-
more than one cell cycle control gene.lethal interaction with the cdc25-22 strain. Meiotic products

The sal3 disruptant shows negative interactions withof a sal3-i2/cdc25-22 mating were sporulated and grown on
YEA at the semipermissive temperature (25�) for 3 days. other cdr mutants: Mutations in several cdr genes includ-
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Figure 4.—The sal3 disruptant displays addi-
tive interactions with other cdr mutants. All strains
were grown on EMM � N plates at 25� for 2 days.
Top, single cdr mutants; bottom, the correspond-
ing cdr mutants in a sal3 mutant background.

ing cdr1�/nim1�, cdr2�, spc1�/sty1�, and mcs1�/res2� and an acceleration of the cell cycle, respectively, when
overexpressed. The cdr� phenotype of the sal3 dis-have been reported to display a synthetic-lethal interac-
ruptant was rescued by a net increase in Y-15 dephos-tion with cdc25-22 (Molz et al. 1989; Feilotter et al.
phorylation since only overexpression of the Cdc25,1991; Shiozaki and Russell 1995; Kanoh and Russell
Pyp3, and Cdr1/Nim1-GFP fusions under nmt41 regula-1998; Tournier and Millar 2000). Because sal3 alleles
tion was capable of this rescue (Figure 5A). This arguesalso share these phenotypes, double mutants in various
strongly that the cell-elongated phenotype of the sal3combinations were constructed to determine whether
disruptant is due to a net deficiency in Y-15 dephosphor-sal3� belonged in a common or separate pathway from
ylation as a result of a failure to properly localize onethese cdr genes. We found that the sal3 disruptant
of these regulators in the nucleus.showed an additive effect in combination with alleles

Intracellular localization of Sal3: The cdr� phenotypeof cdr1/nim1, cdr2, spc1/sty1, and mcs1/res2 (Figure 4),
of the sal3 disruptant was also suppressed by pREP41 sal3�-indicating that the nutritional modulation of mitotic
GFP and a chromosomally integrated version of sal3�-control by Sal3 is distinct from that of these gene prod-
GFP (Figure 5A; data not shown). The subcellular local-ucts. This was not surprising since both Cdr1/Nim1
ization of Sal3 was both nuclear and cytoplasmic withand Cdr2 kinases have been shown to function through
a perinuclear pattern consistent with its function as anWee1 (Russell and Nurse 1987b; Young and Fantes
importin-� (Figure 5B). No changes in the subcellular1987; Feilotter et al. 1991; Coleman et al. 1993; Parker
localization of Sal3 were observed during the cell cycle,et al. 1993; Wu and Russell 1993; Breeding et al. 1998;
following nitrogen deprivation or under low pH (3.5)Kanoh and Russell 1998), and Spc1/Sty1 functions
conditions (data not shown).independently of Cdc25 (Shiozaki and Russell 1995),

The meiotic defect of the sal3-33 homothallic strainwhile our results indicated otherwise for Sal3 (see
is suppressed by overexpression of Cdc25: A meioticabove).
defect was observed in a homothallic sal3-33 strainThe cdr� phenotype of the sal3 disruptant is suppressed
where the majority of asci contained two spores (68%)by a net increase in Y-15 dephosphorylation: On the basis
and only 5% were four-spored asci (Figure 5, C and D).

of the identification of Sal3 as an importin-� homolog,
A similar defect has been reported in the sporulation

our next approach was to construct C-terminal GFP of cdc25-22/cdc25-22 h�/h� diploids and also following
fusions to candidate genes and examine their intracellu- the meiotic induction of cdc25-22 haploids by ectopic
lar localization in wild type and the sal3 mutant. The expression of mei3� (Iino et al. 1995). To determine
GFP-tagged proteins were placed under control of vari- whether the inability of sal3 mutants to complete meiosis
ous nmt promoters (Basi et al. 1993) and included ele- is caused by a deficiency in Y-15 dephosphorylation,
ments of the mitotic control including Cdc2, Cdc13, we expressed Cdc25-GFP under control of the nmt41
Cdc25, Wee1, Mik1, and Pyp3; cdr gene products such promoter in a homothallic sal3-33 strain. We found that
as Cdr1/Nim1, Cdr2, and Spc1/Sty1; as well as the pro- overexpression of Cdc25 suppressed the meiotic defect
teins of the Mlu1-binding factor complex (Cdc10, Res1, of sal3 (Figure 5, C and D), reinforcing the regulatory
Res2, and Rep2; Lowndes et al. 1992; Tanaka et al. role of Sal3 in Cdc25 activity. In agreement with this
1992; Caligiuri and Beach 1993; Miyamoto et al. 1994; observation, the meiotic defect of sal3 was also sup-
Zhu et al. 1994; Nakashima et al. 1995). The functional- pressed by overexpression of Pyp3 and by Nim1 (data
ity of the GFP fusions was established by the ability to not shown).
rescue the mutant phenotypes. However, in the case of Loss of sal3 � results in the nuclear mislocalization
Mik1 and Pyp3, which do not exhibit a mutant pheno- of Cdc25: The subcellular localization of the various

pREP41-based GFP fusions was either in agreement withtype by themselves, functionality was assessed by a delay
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Figure 5.—(A) The cdr�

phenotype of the sal3 dis-
ruptant is suppressed by an
increase in Y-15 dephos-
phorylation. The sal3 disrup-
tant transformed with various
GFP-fusion constructs under
control of the nmt41 promo-
ter was grown to log phase
in liquid EMM (top) and
EMM � N media (bottom)
at 25� for 24 and 48hr, respec-
tively. (B) Cellular localiza-
tion of Sal3-GFP. The sal3-GFP
integrant was grown in liquid
YEA medium at 25� to log
phase, fixed in methanol, and
subjected to fluorescence mi-
croscopy. (C) Overexpression
of Cdc25 suppresses the mei-
otic defect of the sal3-33h90

strain. The sal3-33h90 strain
was transformed with either
pREP41-GFP (top) or pREP
41cdc25�-GFP (bottom), spor-
ulated in liquid SPA medium,
and tetrads were examined by
light microscopy. (D) The
proportions of zero- to four-
spore tetrads from the sal3-
33h90 strain containing pREP
41-GFP (solid bars), pREP
41sal3�-GFP (lightly shaded
bars), and pREP41cdc25�-
GFP (dark shaded bars) are
shown in the bar graph.

published data or consistent with the molecular identity decreased in anaphase, and had minimal levels in S
phase (Figure 6A), consistent with the observations ofand function of the proteins (Table 3). Among the GFP-

tagged proteins expressed from the pREP41-GFP vector, Lopez-Girona et al. (1999). In contrast, the sal3 dis-
ruptant did not show the nuclear accumulation ofonly Mcs1/Res2 showed a slight difference in localiza-

tion between wild type and the sal3 disruptant (data Cdc25 seen in wild-type cells, and the level of expression
in the nucleus was notably lower than that in the cyto-not shown). The nuclear expression of Mcs1/Res2-GFP

appeared more predominant in wild type than in the plasm (Figure 6A). The sal3::ura4� cdc25-GFP integrant
also displayed the same elongated phenotype as its un-sal3 disruptant. However, this phenomenon was mani-

fested only under overexpression conditions (data not tagged version (Tables 2 and 4). Together, these results
demonstrate that Sal3 is involved in the nuclear importshown) and is not the focus of this article.

Because our previous results supported a potential of Cdc25 and that the mitotic defect in sal3 mutants is
a consequence of Cdc25 mislocalization.role for Sal3 in Cdc25 regulation, we were surprised that

Cdc25 accumulated in the nucleus of the sal3 disruptant We were next interested in whether the absence of
Sal3 could affect the enhanced nuclear accumulation(Figure 6A). A possible explanation is that the constitu-

tive overexpression from the pREP41-GFP plasmid may of Cdc25-GFP in rad24 mutants (Lopez-Girona et al.
1999). The rad24� gene encodes a 14-3-3 protein thatsaturate the nuclear import machinery, allowing Cdc25

to enter the nucleus through other importin-�’s. To binds to several phosphorylated serines on Cdc25, re-
sulting in a reduction or increase in nuclear import orresolve this issue, the chromosomal cdc25� was replaced

with a GFP-tagged cdc25�, resulting in the latter being export, respectively (Ford et al. 1994; Zeng and Piw-
nica-Worms 1999). In rad24 mutants, the nuclear local-under control of the native cdc25 promoter (see materi-

als and methods). The cdc25-GFP integrant displayed ization of Cdc25 remains constitutively high throughout
the cell cycle, including in septated cells (Lopez-Gironathe same size as wild type at 25� and 35� (Tables 2

and 4), indicating normal activity of the tagged and et al. 1999; Figure 6B, arrowheads). This leads to a semi-
wee phenotype with a tapered morphology (Ford et al.functional protein. Nuclear accumulation of Cdc25 in

wild-type cells was maximal in late G2 and early mitosis, 1994). We found that the enhanced nuclear localization
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TABLE 3

Intracellular localization of C-terminal GFP fusions

GFP fusions Subcellular localization References

Cdc2 Nuclear and cytoplasmic Booher et al. (1989); Decottignies et al. (2001)
Cdc13 Nuclear and spindle pole bodies Booher et al. (1989); Decottignies et al. (2001)
Cdc25 Nuclear and cytoplasmic Lopez-Girona et al. (1999)
Wee1 Nuclear Wu et al. (1996)
Mik1 Predominantly nuclear
Pyp3 Predominantly nuclear
Cdr1/Nim1 Predominantly cytoplasmic; septum Wu et al. (1996)
Cdr2 Septum and cell periphery
Spc1/Sty1 Predominantly cytoplasmic
Cdc10 Nuclear
Res1 Nuclear
Mcs1/Res2 Nuclear
Rep2 Nuclear

of Cdc25-GFP in the rad24::ura4� disruptant was abol- nucleus of the sal3 disruptant by an alternate nuclear
import route. We performed a C-terminal fusion of ourished in the sal3 mutant background (Figure 6B). This

indicated that the mode of Cdc25 nuclear concentration GFP-tagged Cdc25 with a cNLS (Cdc25NLS-GFP) to de-
termine whether this protein could be imported intoin rad24 cells is antagonized by the loss of sal3�. How-

ever, some Cdc25-GFP was present in the nucleus of the the nucleus of the sal3 disruptant and suppress its cell
cycle phenotype. The cdc25NLS-GFP integrant was con-rad24::ura4� sal3::ura4� double disruptant since its level
structed in the same manner as the cdc25-GFP integrantof nuclear Cdc25-GFP fluorescence appeared slightly
to ensure that expression of the tagged protein washigher than that of the sal3::ura4� disruptant alone
solely under control of its native promoter (see materi-(Figure 6B). In addition, the tapered morphology of rad24
als and methods). We observed that the cdc25NLS-GFPwas exacerbated in a sal3 mutant background (Figure 6B).
integrant displays an enhanced nuclear accumulationTo determine if the aberrant nuclear localization of
of Cdc25NLS-GFP and this is also seen in the sal3 dis-Cdc25-GFP was specific to the sal3 disruptant, the sub-
ruptant (Figure 7A). This result indicates that the Sal3-cellular localization of another mitotic regulator at en-
mediated nuclear import of Cdc25 does not occurdogenous levels of expression was examined. Cdc13 was
through the classical nuclear import pathway but in-chosen on the basis of its exclusive nuclear localization
stead via a nonclassical one. In addition, integration of(Booher et al. 1989; Decottignies et al. 2001). A pREP81
cdc25NLS-GFP in the sal3 disruptant leads to a suppres-cdc13�-GFP plasmid was integrated into a cdc13-117
sion of the cdr� phenotype (Figure 7B) as well as thestrain (see materials and methods). The cdc13-GFP
cold-sensitive cell-elongation phenotypes on rich mediaintegrant was able to grow at the restrictive temperature
and under high osmolarity and low pH stress (Table 4;(35�) but was slightly longer than wild type (15.0 �m
data not shown). This further reinforces the conclusioncompared to 13.3 �m for wild type). This was also true
that failure to localize Cdc25 appropriately is the pri-in a sal3 mutant background at 25� (27.9 �m compared
mary reason for the cell cycle defect caused by loss ofto 25.3 �m for sal3::ura4� alone). This indicated that
sal3�.the integrated cdc13-GFP had a somewhat reduced func-

Interestingly, we discovered that the enhanced nu-tion. In both wild type and the sal3 disruptant, Cdc13
clear accumulation of Cdc25NLS-GFP accelerates entrywas localized in the nucleus and the protein was de-
into mitosis since the cdc25NLS-GFP integrant is signifi-stroyed in late mitotic cells as expected (Figure 6C).
cantly shorter than wild type (Table 4). The ability ofSal3 is not involved in the nuclear import of Cdc13.
the cdc25NLS-GFP integrant to advance mitosis is notAddition of an exogenous classical NLS to Cdc25-
due to increased protein levels as a result of hyperstabil-GFP advances mitotic entry and suppresses the cell cycle
ity of the tagged protein because Western blottingdefect of the sal3 disruptant: Previously, Lopez-Girona
showed similar levels of protein compared to wild typeet al. (2001) identified the Cdc25 NLS, which did not
(Figure 7C).display any sequence resemblance to cNLSs. This suggests

that Cdc25 is imported into the nucleus via the nonclassi-
cal pathway by direct association with importin-� and not

DISCUSSIONby association with the importin-�/importin-� dimer.
Therefore, the addition of an exogenous cNLS to Cdc25 Identification of Sal3: In this article, we have deter-

mined the molecular identity of the sal3� gene and itsshould promote the translocation of Cdc25 into the
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Figure 6.—Nuclear accumulation
of Cdc25 is absent in the sal3 dis-
ruptant. Strains containing an inte-
grated or a plasmid copy of the GFP-
fusion construct were cultured to log
phase in YEA and EMM media, respec-
tively, at 25� for 20 hr. (A) Wild-type
and sal3 disruptant strains expressing
Cdc25-GFP from the pREP41-GFP vec-
tor (left) or an integrated copy (right).
(B) Wild-type and sal3 cdc25-GFP in-
tegrants in a rad24 disruptant back-
ground. The septated wild-type and
rad24 disruptant cells display a differ-
ence in Cdc25 nuclear localization as
indicated by arrowheads. (C) Cellular
localization of an integrated cdc13-GFP
in cdc13-117 alone and in combination
with a sal3 mutant background. The
strains were grown in YEA � 25 �m
thiamine at 35� to inhibit expression
of the Cdc13 mutant protein.

function in the regulation of mitotic entry. The sal3� nucleus through other importin-�’s. We have discov-
ered that overexpression of sal3� causes the inhibitiongene product encodes an importin-� that is involved in

the nuclear import of Cdc25. An extensive attempt to of cell growth (our unpublished data). This is likely the
main reason why sal3� could not be cloned by plasmidclone sal3� by plasmid complementation of two syn-

thetic-lethal strains (sal3-33 cdr2-96 wee1-50 and sal3-33 complementation since all the genomic libraries used
were constructed in multicopy plasmids. In addition,cdc25-22r1 at 20� and 35�, respectively) was unsuccessful,

yielding only multiple copies of cdc25. Cdc25-GFP can the fact that these cloning strains are already compro-
mised in overall Y-15 dephosphorylation activity withoutaccumulate in the nucleus of a sal3 disruptant when

overexpressed and suppresses its cell-elongated pheno- sal3-33 in their background also probably hindered
cloning by this method. In this study, we demonstratetype (Figures 5A and 6A). This indicated that the consti-

tutive overexpression of Cdc25 may allow it to enter the the utility of the insertional mutagenesis system in S.
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TABLE 4 cell elongation and nuclear exclusion of Cdc25-GFP
displayed in the sal3 disruptant (Figure 6A) indicateEffect of cdc25NLS on mitotic entry
that the nuclear accumulation of Cdc25 is necessary for
the proper timing of mitotic entry in S. pombe. Previously,Genotype Cell size (25�) Cell size (35�)
the nuclear import of Cdc25 was demonstrated to play

cdc25GFPint 13.39 	 0.12a 13.49 	 0.34b,c
an important role in the timing of mitosis and to be

sal3::ura4�

mediated by the nonclassical pathway (Lopez-Gironacdc25GFPint 23.59 	 0.62 17.57 	 0.25
et al. 2001). The removal of three consecutive lysinescdc25NLSGFPint 11.56 	 0.12a,d 11.98 	 0.18b

(amino acids 212–214) with no sequence resemblancesal3::ura4�

cdc25NLSGFPint 13.17 	 0.55d 12.08 	 0.31c to cNLSs in Cdc25 resulted in nuclear exclusion and
mitotic delay, which is suppressed by the expression ofa,b,c,d Significantly different, P 
 0.05 (Student’s t-test).
Cdc25 with an exogenous cNLS (Lopez-Girona et al.
2001). These observations imply that nuclear import of
Cdc25 involves direct binding to importin-� and is notpombe as an alternative for gene retrieval. This is espe-

cially useful for complications that arise from cloning through association with importin-� as seen for cargo
proteins containing cNLSs.by plasmid complementation as in this case and for the

isolation of loss-of-function suppressor genes. Our results reveal that Sal3 is the primary importin-�
involved in the nuclear import of Cdc25. ConsistentSal3 regulates Cdc25: Several lines of evidence sup-

port the role of Sal3 as a nuclear import factor for with the observations of Lopez-Girona et al. (2001),
the sal3 disruptant displayed nuclear exclusion of Cdc25Cdc25. First, genetic analysis revealed that sal3 mutants

exhibit synthetic lethality with cdc25 alleles and various and a mitotic delay with a comparable cell length to
the cdc25 allele devoid of the nonclassical NLS (Table 4).mutant backgrounds sensitive to partial cdc25� gene

activity. These synthetic-lethal interactions were sup- We also demonstrated that the addition of an exogenous
cNLS (identical to that used in the previous study) topressed by the stf1-1/cut12 mutation, which is able to

compensate for the loss of cdc25�. Consistent with sal3� wild-type Cdc25 restored the nuclear accumulation in
the sal3 disruptant and suppressed its cell cycle defect.functioning through cdc25�, the cell cycle defect of the

sal3 disruptant was not observed in a cdc2-3w cdc25::ura4� Although we cannot rule out the possibility that im-
portin-� plays a role in Cdc25 nuclear import, the evi-background. Second, multicopy plasmid suppressor

studies determined that the cell-elongated phenotype dence here points to Cdc25 nuclear import to be medi-
ated primarily through a nonclassical route. In contrast,of the sal3 disruptant is a manifestation of a net defi-

ciency in Y-15 dephosphorylation, since overexpression vertebrate Cdc25C, which exhibits a similar subcellular
localization as S. pombe Cdc25, has been shown to beof cdc25�, pyp3�, or nim1� suppressed this phenotype.

The sal3 meiotic defect that resembles that of cdc25 imported into the nucleus through the classical (im-
portin-�-mediated) pathway (Kumagai and Dunphymutants was also suppressed by overexpression of these

genes. Finally, fluorescence microscopy revealed that 1999). However, we have been unable to detect a two-
hybrid interaction between full-length Sal3 and Cdc25the nuclear accumulation of Cdc25 during the cell cycle

is absent or very much reduced in sal3 mutants. Further- (our unpublished data). This may be the result of a Sal3
interaction with Cdc25 via an adapter protein such asmore, the attachment of an exogenous cNLS to Cdc25

restored its nuclear accumulation in the sal3 disruptant importin-�. Alternatively the phosphorylation state of
the NLS, which has been shown to regulate binding toand suppressed its cell cycle defect.

Examination of the nuclear localization of Cdc25- importins (Hubner et al. 1997; Briggs et al. 1998), is
unfavorable in a heterologous system.GFP determined that it oscillates during the cell cycle,

accumulating in the nucleus throughout interphase and We have not been able to biochemically detect a direct
interaction between Sal3 and Cdc25 in vivo, using cellpeaking at G2/M (Figure 6A). It then serves to activate

nuclear Cdc2-Cdc13 complexes. Similar observations extracts from a strain endogenously coexpressing Sal3-
GFP and Cdc25-HA. This could be due to several rea-were reported by Lopez-Girona et al. (1999). This pat-

tern of nuclear Cdc25 accumulation during the cell sons. It is probable that only a very low proportion of
the pool of Cdc25 is associated with Sal3 at steady state.cycle parallels the periodic fluctuations of Cdc25 pro-

tein levels (Ducommun et al. 1990; Moreno et al. 1990). These levels may be below the range of detection in our
co-immunoprecipitation assays. In addition, the Sal3-In anaphase, Cdc25-GFP displays a perinuclear localiza-

tion (our unpublished data) similar to that observed Cdc25 interaction may be weak and transient, making
the demonstration of an association difficult in ourfor Cdc13 (Decottignies et al. 2001), suggesting that

Cdc25 is destroyed by the proteasome at this stage of assays. Indeed, only a small number of nuclear proteins
devoid of cNLSs have been purified in complexes con-the cell cycle. The rapid drop in Cdc25 protein levels

in late M phase is consistent with this hypothesis (Ducom- taining importin-� in budding yeast and none have been
demonstrated to exhibit a direct interaction in vivo be-mun et al. 1990; Moreno et al. 1990).

Mechanism of Cdc25 nuclear transport by Sal3: The tween the importin-� and its cargo (Kaffman et al. 1998;
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level of our Cdc25NLS-GFP protein was equivalent to
the wild-type GFP-tagged version, indicating that the
accelerated entry into mitosis is not due to the hypersta-
bility of this protein (Figure 7C). In addition, similar
levels of Cdc25NLS-GFP expression reduced the cell
elongation in the sal3 disruptant to a cell length signifi-
cantly less than that of wild type at 35� (Table 4 and
Figure 7C). This further supports the conclusion that
nuclear accumulation of endogenous amounts of Cdc25
is sufficient for entry into mitosis. The discrepancy be-
tween these two studies may be attributed to the differ-
ence in the two Cdc25-fusion proteins containing the
same cNLS. In our study, the cNLS was attached to a
wild-type GFP-tagged Cdc25 that appeared to be fully
functional because the cell length of this integrant was
not significantly different from the untagged strain
(compare Tables 2 and 4). In contrast, the studies by
Lopez-Girona et al. (2001) involved the fusion of the
cNLS to a Myc-tagged Cdc25 with three internal consec-
utive lysine residues deleted. It is possible that the re-
moval of these residues may have an additional effect
on the catalytic activity of Cdc25, which would result in
a slight cell cycle delay, thus influencing the overall
timing of mitotic entry.

Effect of Rad24 on Cdc25 nuclear transport: Our
Cdc25-GFP protein displayed an enhanced nuclear lo-
calization in a rad24 mutant background (Figure 6B),
consistent with the observations of Lopez-Girona et al.
(1999). The binding of Rad24 to phosphorylated serine
residues on Cdc25 serves to keep the latter out of theFigure 7.—Addition of an exogenous classical NLS on
nucleus (Lopez-Girona et al. 1999). Mutagenesis of sev-Cdc25-GFP suppresses the cell cycle defect of the sal3 dis-
eral phosphorylated serines on Cdc25 results in a hin-ruptant. (A) Wild-type and the sal3 disruptant expressing an

integrated GFP-tagged Cdc25 fused to an SV40 T-antigen NLS drance of Rad24 binding and nuclear exclusion of the
at the C terminus (Cdc25NLSGFP). The strains were grown mutant protein (Zeng and Piwnica-Worms 1999). In
to midlog phase in YEA at 30� and examined by fluorescent addition, overexpression of Rad24 excludes Cdc25 frommicroscopy. (B) Wild-type and the sal3 disruptant expressing

the nucleus (Zeng and Piwnica-Worms 1999).either an integrated normal GFP-tagged Cdc25 (top) or a
GFP-tagged Cdc25 with an SV40 T-antigen NLS (bottom). The The nuclear exclusion of Cdc25 by Rad24 can be
strains were grown in EMM � N for 2 days at 25� and examined caused by either an increase or decrease in nuclear
by Nomarski. (C) Western blots of cdc25-GFP integrant strains export and import rates, respectively, or both. Since
grown to midlog phase in YEA at 30� and probed with anti-GFP

Cdc25 reveals no obvious NES(s), it has been proposed(top) and anti-tubulin (bottom) antibodies. 1, cdc25GFPint ;
that Rad24 provides the NES when complexed to Cdc25,2, cdc25NLSGFPint; 3, sal3::ura4� cdc25GFPint; 4, sal3::ura4�

cdc25NLSGFPint. thus enhancing translocation out of the nucleus (Lopez-
Girona et al. 1999). This is supported by the observation
that mutagenesis of the Rad24 NES impairs the nuclearChaves and Blobel 2001; Mosammaparast et al. 2001,
exclusion of Cdc25 in response to irradiation (Lopez-2002). We cannot rule out that Sal3 is involved indirectly
Girona et al. 1999). However, similar studies demon-in the nuclear import of Cdc25, perhaps through the
strate that disruption of the Rad24 NES cripples bindingsubcellular regulation of the cognate import factor.
to Cdc25 in vivo and in vitro, suggesting rather thatThe addition of an exogenous cNLS to Cdc25 in the
Rad24 may play a role in nuclear import (Zeng andexperiments by Lopez-Girona et al. (2001) indicates
Piwnica-Worms 1999). Nuclear import of Cdc25 maythat nuclear accumulation of Cdc25 per se is not suffi-
be mediated through direct binding to either importin-�cient for mitotic entry. Its constitutive nuclear localiza-
in a trimeric complex containing an importin-� moleculetion at normal levels of expression fails to accelerate
or importin-� alone. In vertebrates, the former appearsentry into mitosis. This is in contrast to our data, which
to be the case since Cdc25 possesses an intrinsic NES(s)showed that forced nuclear accumulation of Cdc25 by
and Rad24 binding has been shown to inhibit the nu-attaching the identical cNLS advances the onset of mito-

sis (Table 4). Similar to the other study, the expression clear import of Cdc25 by disrupting its association with
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importin-� (Kumagai and Dunphy 1999; Yang et al. of Cdc25 nuclear accumulation during nitrogen starva-
tion likely results in a deficiency in Cdc25 activation in1999; Graves et al. 2001).

We observed that the enhanced nuclear localization the nucleus, causing the failure to undergo the second
cell division and G1 arrest. In contrast, the subcellularof Cdc25-GFP in the rad24 disruptant is abrogated in a

sal3 mutant background (Figure 6B). However, the ex- distribution of Cdc25-GFP in wild-type cells does not
change significantly after a nitrogen downshift (our un-tent of nuclear exclusion in the sal3 rad24 double dis-

ruptant was not as severe as seen in the sal3 disruptant published data). These results indicate that the nuclear
accumulation of Cdc25 is necessary for the second cellalone (Figure 6B). Similar to these observations, Lopez-

Girona et al. (2001) found that the nuclear exclusion division in response to a rapid nitrogen downshift.
Sal3 is involved in the nuclear import of a secondof Cdc25 by the removal of the putative NLS at amino

acids 212–214 is abolished in a rad24 mutant back- mitotic regulator: The observation that loss of sal3�

reverses the wee1 epistasis of cdc25 (Table 2) indicatesground but not restored to the same degree as in wild-
type Cdc25. This commonality leads us to speculate that that the cell cycle delay of sal3 mutants also occurs

through a pathway independent of Wee1 and Cdc25.the Sal3 import of Cdc25 into the nucleus may be medi-
ated by its binding to this putative NLS. These results The acceleration of mitotic entry in the sal3 disruptant

by inducing the nuclear accumulation of Cdc25 is sig-suggest that a low level of Cdc25-GFP is imported into
the nucleus in the sal3 disruptant and a defect in Rad24- nificantly less than that in wild type at 25� but not at

35� (Table 4). This suggests that this second mitoticmediated nuclear export results in its accumulation in
the nucleus. Alternatively, Rad24 may inhibit nuclear regulator is likely responsible for the cold-sensitive cell-

elongated phenotype of sal3 mutants. However, the cellimport through a weak NLS on Cdc25.
Cdc25 regulation of mitotic entry in response to nitro- cycle delay of the sal3 disruptant is predominantly attrib-

uted to the mislocalization of Cdc25 because the cdc2-gen deprivation: The cdr� phenotype and allosuppres-
sor activity displayed by loss of sal3� indicate that the 3w cdc25-22 epistasis of sal3::ura4� is also seen at the

lower temperature. One possible candidate for this sec-sal3� gene product is involved in linking nutrient status
to mitotic control (Figure 1; Nurse and Thuriaux ondary mitotic regulator is Mcs1/Res2, whose disrup-

tion also causes cold sensitivity, a cdr� phenotype, and1984). The sal3 disruptant’s failure to properly downreg-
ulate its cell size in response to nitrogen deprivation is the reversal of the wee1 epistasis of cdc25 (Miyamoto

et al. 1994; our unpublished data). Furthermore, wedue to a mislocalization of Cdc25 to the cytosol since
this defect can be suppressed by restoring Cdc25 accu- observed that the nuclear localization of a GFP-tagged

Mcs1/Res2 is impaired in the sal3 disruptant when over-mulation in the nucleus (Figure 7B). Consistent with
this, we have observed that the nuclear exclusion of expressed (our unpublished data).

In summary, we have demonstrated that the Sal3 im-Cdc25 by removal of the putative NLS also produces a
cdr� phenotype (our unpublished data). Indeed, the portin-� homolog in fission yeast is involved in cell cycle

control by affecting the nuclear import of Cdc25. Inisolation of an allele of cdc25 (sal2) in the same screen
as sal3 for allosuppressors is unlikely to be coincidental vertebrates, importin-� has been shown recently to in-

hibit spindle assembly by sequestering essential compo-(Nurse and Thuriaux 1984). Support for the role of
nutritional modulation of the mitotic size control by nents of the spindle apparatus (reviewed in Walczak

2001). A further understanding of the regulation ofCdc25 has been demonstrated recently from the finding
that Cdc25 is an effector of the cell size checkpoint that these processes will provide new insights into importin-

�-mediated cell cycle control.monitors the cell size threshold for mitotic entry (Rupeš
et al. 2001). The loss of regulatable Y-15 dephosphoryla- We thank Drs. David Beach and Paul Russell for providing strains
tion in a cdc25 delete strain by expression of the T-cell used in this study. This work was supported by grants from the Natural

Science and Engineering Research Council of Canada to P.G.Y.PTPase delays mitotic entry in response to a nitrogen
downshift (Rupeš et al. 2001). This indicates that the
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Rupeš, I., B. Webb, A. Mak and P. G. Young, 2001 G2/M arrest Walczak, C. E., 2001 Ran hits the ground running. Nat. Cell Biol.
caused by actin disruption is a manifestation of cell size check- 3: E69–E70.
point in fission yeast. Mol. Biol. Cell 12: 3892–3903. Weis, K., 1998 Importins and exportins: how to get in and out of

Russell, P., and P. Nurse, 1986 cdc25� functions as an inducer in the nucleus. Trends Biochem. Sci. 23: 185–189.
the mitotic control of fission yeast. Cell 45: 145–153. Woods, A., T. Sherwin, R. Sasse, T. H. MacRae, A. J. Baines et al.,

Russell, P., and P. Nurse, 1987a Negative regulation of mitosis 1989 Definition of individual components within the cytoskele-
by wee1�, a gene encoding a protein kinase homolog. Cell 49: ton of Trypanosoma brucei by a library of monoclonal antibodies.
559–567. J. Cell Sci. 93: 491–500.

Russell, P., and P. Nurse, 1987b The mitotic inducer nim1� func- Wozniak, R. W., W. P. Rout and J. D. Aitchison, 1998 Karyopherins
tions in a regulatory network of protein kinase homologs control- and kissing cousins. Trends Cell Biol. 8: 184–188.
ling the initiation of mitosis. Cell 49: 569–576. Wu, L., and P. Russell, 1993 Nim1 kinase promotes mitosis by

Sambrook, J., E. F. Fritsch and T. Maniatis, 1989 Molecular Clon- inactivating Wee1 tyrosine kinase. Nature 363: 738–741.
ing : A Laboratory Manual, Ed. 2. Cold Spring Harbor Laboratory Yang, J., K. Winkler, M. Yoshida and S. Kornbluth, 1999 Mainte-
Press, Cold Spring Harbor, NY. nance of G2 arrest in the Xenopus oocyte: a role for 14-3-3 medi-

Shiozaki, K., and P. Russell, 1995 Cell-cycle control linked to extra- ated inhibition of Cdc25 nuclear import. EMBO J. 18: 2174–2183.cellular environment by MAP kinase pathway in fission yeast. Yoneda, Y., 2000 Nucleocytoplasmic protein traffic and its signifi-Nature 378: 739–743.
cance to cell function. Genes Cells 5: 777–787.Simanis, V., and P. Nurse, 1986 The cell cycle control gene cdc2

Young, P., and P. Fantes, 1984 Changed division response mutantsof fission yeast encodes a protein kinase potentially regulated by
function as allosuppressors, pp. 221–228 in Growth, Cancer, andphosphorylation. Cell 45: 261–268.
the Cell Cycle, edited by P. Skehan and S. J. Freidman. HumanaStrom, A. C., and K. Weis, 2001 Importin-beta-like nuclear transport
Press, Clifton, NJ.receptors. Genome Biol. 2: 3008.

Young, P., and P. Fantes, 1987 Schizosaccharomyces pombe mutantsTanaka, K., K. Okazaki, N. Okazaki, T. Ueda, A. Sugiyama et al.,
affected in their division response to starvation. J. Cell Sci. 88:1992 A new cdc gene required for S phase entry of Schizosaccharo-
295–304.myces pombe encodes a protein similar to the cdc10� and SWI4

Zeng, Y., and H. Piwnica-Worms, 1999 DNA damage and replica-gene products. EMBO J. 11: 4923–4932.
tion checkpoints in fission yeast require nuclear exclusion ofTaricani, L., M. L. Tejada and P. G. Young, 2002 The fission yeast
the Cdc25 phosphatase via 14-3-3 binding. Mol. Cell. Biol. 19:ES2 homologue, Bis1, interacts with the Ish1 stress-responsive
7410–7419.nuclear envelope protein. J. Biol. Chem. 277: 10562–10572.

Takizawa, C. G., and D. O. Morgan, 2000 Control of mitosis by Zhu, Y., T. Takeda, K. Nasmyth and N. Jones, 1994 pct1�, which
changes in the subcellular location of cyclin-B1-Cdk1 and encodes a new DNA-binding partner of p85cdc10 is required for
Cdc25C. Curr. Opin. Cell Biol. 12: 658–665. meiosis in the fission yeast Schizosaccharomyces pombe. Genes Dev.

Tournier, S., and J. B. A. Millar, 2000 A role for the START gene- 8: 885–898.
specific transcription factor complex in the inactivation of cyclin
B and Cut2 destruction. Mol. Biol. Cell 11: 3411–3424. Communicating editor: P. Russell

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/162/2/689/6049887 by guest on 25 M

ay 2023



D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/162/2/689/6049887 by guest on 25 M

ay 2023


