Molecular Biology of the Cell
Vol. 14, 3617-3627, September 2003

Geflp and Scdlp, the Two GDP-GTP Exchange
Factors for Cdc42p, Form a Ring Structure that Shrinks
during Cytokinesis in Schizosaccharomyces pombe

Kouji Hirota,** Kayoko Tanaka,* Kunihiro Ohta,** and
Masayuki Yamamoto*$

*Department of Biophysics and Biochemistry, Graduate School of Science, University of Tokyo,
Hongo, Tokyo 113-0033, Japan; *Genetic Dynamics Research Unit-Laboratory, The Institute of
Physical and Chemical Research (RIKEN), Wako-shi, Saitama 351-0198, Japan; ¥Cellular & Molecular
Biology Laboratory, The Institute of Physical and Chemical Research (RIKEN)/CREST of the JST,
Wako-shi, Saitama 351-0198, Japan

Submitted October 17, 2002; Revised May 14, 2003; Accepted May 14, 2003
Monitoring Editor: John Pringle

Fission yeast Cdc42p, a small GTPase of the Rho family, is essential for cell proliferation and
maintenance of the rod-like cell morphology. Scd1/Rallp is a GDP-GTP exchange factor (GEF) for
Cdc42p. This study and a parallel study by others establish that Geflp is another GEF for Cdc42p.
Deletions of gefl and scdl are synthetically lethal, generating round dead cells, and hence mimic
the phenotype of cdc42 deletion. Geflp is localized mainly to the cell division site. Scd1p is also
there, but it is also detectable in other parts of the cell, including the nucleus, growing ends, and
the tips of conjugation tubes. Geflp and Scd1p form a ring structure at the cell division site, which
shrinks during cytokinesis following the contraction of the actomyosin ring. Formation of the
Geflp/Scdlp ring apparently depends on the integrity of the actomyosin ring. In turn, recruit-
ment of Cdc42p to the cell division site follows the shrinking Geflp/Scdlp ring; the Cdc42p
accumulates like a closing iris. These observations suggest that Geflp and Scd1p may have a role
in mediating between contraction of the actomyosin ring and formation of the septum, by

recruiting active Cdc42p to the septation site.

INTRODUCTION

Cdc42p, a Rho-family GTPase expressed ubiquitously in
eukaryotes, is known to play a crucial role in establishment
of the cell polarity (Johnson, 1999). It acts as a binary switch,
being active in the GTP-bound state and inactive in the
GDP-bound state. Conversion between these two states is
regulated by two accessory factors. One is the GDP-GTP
exchange factor (GEF), which activates Cdc42p via an ex-
change of GDP with GTP. The other is the GTPase activating
protein (GAP), which enhances the intrinsic GTPase activity
of Cdc42p, causing its inactivation (Narumiya, 1996).

In the fission yeast Schizosaccharomyces pombe, Cdc42p is
essential for cell proliferation and also for maintenance of
the rod-like cell morphology (Miller and Johnson, 1994).
Cdc42p is localized to the medial region of the cell in early
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cytokinesis and remains at the cell-division site until cell
separation; it is also localized to the cell periphery and
internal membranes (Merla and Johnson, 2000). Fission yeast
Cdc42p is activated by a GEF called Scd1p or Rallp (Chang
et al., 1994; Fukui and Yamamoto, 1988), which is activated
in turn by the single Ras homologue in this organism, Raslp
(Chang et al., 1994). Scd1p has been shown to localize in the
nucleus, spindle, cell ends, and septum, and it has been
suggested to be essential for the proper formation of the
spindle (Li et al., 2000). Scd1lp has been the only known
Cdc42p GEF, but the presence of another Cdc42p GEF has
been suspected, because deletion of cdc42 results in inviabil-
ity in addition to deformed cell morphology (Miller and
Johnson, 1994), whereas the scd1A mutant is misshapen and
mating-defective but fully viable (Chang et al., 1994; Fukui
and Yamamoto, 1988).

Through this study and an independent study by Coll and
colleagues (Coll et al., 2003), it is now clear that Geflp is a
second GEF for Cdc42p in fission yeast. In this article, we
first describe briefly our identification and characterization
of Geflp and our comparison of its function with that of
Scdlp. We then demonstrate an unexpected behavior of
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Geflp and Scdlp, that is, their formation of a ring structure
that shrinks during cytokinesis

MATERIALS AND METHODS
Fission Yeast Strains, Genetic Methods, and Media

S. pombe strains used in this study are listed in Table 1. General
genetic procedures for S. pombe were carried out as described by
Gutz ef al. (1974). Complete medium YE and minimal medium SD
(Sherman et al., 1986) were used for the routine culture of S. pombe.
Sporulation medium SPA (Gutz ef al., 1974) was used to observe the
conjugation process under the microscope. Minimal medium MM
(Moreno et al., 1990) was used to induce transcription from the nmt1
promoter. Transformation of S. pombe cells was done by the lithium
acetate method (Okazaki ef al., 1990). To generate diploid strains
from mating-defective scd1 haploid strains, we used a cell fusion
technique as described previously (Sipiczki and Ferenczy, 1977),
with minor modifications (Matsuyama et al., 2000).

Cloning and Sequencing of gef1

The original gefI clone was isolated as a high-copy-number sup-
pressor of the map3-dn9 strain. This strain carries a mutation in the
map3 gene, which encodes the M-factor receptor, and hence is
defective in mating (Hirota et al., 2001). The cDNA clone, termed
FT4-17, appeared to lack the first methionine codon. To obtain a
full-length gefl cDNA, the missing 5'-terminal region was isolated
by 5'-RACE, using a kit from Clontech (Palo Alto, CA) and follow-
ing the manufacturer’s instructions. We used 1 pg polyadenylated
RNA prepared from S. pombe cells and gefl-specific primers. Prod-
ucts of the nested PCR were gel-purified (Geneclean II; Q-biogene,
Carlsbad, CA) and cloned into pBluescript SK+ (Stratagene, La-
Jolla, CA). A genomic clone that covered the entire gefI ORF and
the 2.5-kb 5'-flanking region was isolated from a pDB248'-based
library (Maeda et al., 1994) using FT4-17 as a probe. DNA sequences
of the cDNA and genomic clones were determined using a DNA
sequencer model 4000L (LI-COR, Lincoln, NE). Comparison of the
sequences confirmed the presence of an intron between codons 14
and 15, as predicted by the fission yeast genome sequence project at
the Sanger Centre (Wood ef al., 2002).

Plasmids

We constructed a full-length gefI cDNA by connecting FT4-17 and
the 5'-terminal region, obtained as described above at the Sall site at
gefl codon 372, and used it as the template for further PCR ampli-

fication. Full-length cDNAs for scdl and cdc42 were amplified by
PCR using an S. pombe cDNA library (Iino and Yamamoto, 1997) as
the template. The following sets of primers were used in PCR: 1.

1. gefl-5Nde: GTTTTCCATATGGAGACTTITAAAAGCAGATC and
gefl-3BH: GTTGCGGATCCACCCTCGCAGCTAAAGAGACAC

2. scd1-5Sal: CCGTCGACATGAAACTTAGGCTTTTACAG and
scd1-3Bglll: CCAGATCTAAATAAACAACAACGTGCAAAG

3. cdc42-5Bglll: CCAGATCTTATGCCCACCATTAAGTGTG and
cdc42-3": GGGTTACAGTACCAAACACTTTG

4. cdc42-5Nde:  ATCATATGCCCACCATTAAGTGTG  and
cdc42-3BH: GGGGATCCAGTACCAAACACTTTGAC

Each PCR-amplified fragment was cloned into vector pCR2.1-
TOPO (Invitrogen, Carlsbad, CA) using the procedure termed
“TOPO TA Cloning” by the manufacturer. The resultant plasmids
were respectively named pCR2.1-GEF, pCR2.1-SCD, pCR2.1-
CDC42-1, and pCR2.1-CDC42-2. They were sequenced to confirm
that no mutations had been introduced during the isolation process.
Using these primers, the termination codons in pCR2.1-GEF and
pCR2.1-CDC42-2 were replaced by the BamHI site, and that in
pCR2.1-5CD was replaced by the Bg/II site, so that the gene products
could be fused with a tag at their C terminus. Similarly, a Bg/II site
that could be used for tagging was generated just upstream of the
first methionine codon in pCR2.1-CDC42-1.

All the plasmids used for tagging target proteins with GFP, CFP,
or YFP and expressing the resultant fusion proteins were derived
from pREP41 or pREP81, which contain the attenuated nmtl pro-
moter of medium (pREP41) or weak (pREP81) strength (Maundrell,
1993; Basi et al., 1993), or from pREP42, which is similar to pREP41,
except that it carries ura4* instead of LEU2 as selective maker for
transformation. pRGT41, which is a derivative of pREP41-based
pGFT41 (Yamashita et al., 1998) that carries no Ndel site in the GFP
ORF (A. Matsuyama and M.Yamamoto, unpublished results), was
used to attach GFP to the C-terminus of gefl and cdc42, using the
Ndel-BamHI fragments from pCR2.1-GEF and pCR2.1-CDC42-2.
Two modified versions of pRGT41, namely pRCT41 and pRYT41
(K.-Hirota and M.Yamamoto, unpublished results), were used to
attach CFP and YFP, respectively. Similarly, the Sal/l-Bg/II fragment
from pCR2.1-5CD was cloned in pRGT41 to generate pREP41-scd1-
GFP. pREP81-GFP-myo2 was described previously as pGFT81-myo2
(Kitayama ef al., 1997), and pREP42-GFP-cdc4 was provided by M.
Toya (EMBL, Heidelberg, Germany). The YFP-(Alag) construct was
used to tag the N-terminus of Cdc42p as described by Merla and
Johnson (2000), using the BglII-EcoRV fragment from pCR2.1-
CDC42-1 and vector pREP81. The levels of expression of the fusion

Table 1. S. pombe strains used in this study

Strain Genotype Source
JY450 h%° ade6-M216 leul Lab stock (M.Y.)
JY803 1% ade6-M210 leul ura4-D18 scdl:: LEU2 See text
JX124 h%° ade6-M216 leul ura4-D18 scdl::ura4™ See text
X348 h%° ade6-M216 leul ura4-D18 gefl ::urad* See text
JX349 h%° ade6-M210 leul ura4-D18 gefl ::urad™ See text
JX351 h9%/h%° ade6-M216/ade6-M210 leul/leul ura4-D18/ura4-D18 JX124 X JX349
gefl::ura4*/gefl™ scdl::ura4™/scdl™
17175 h° ade6-M216 leul cdc3-6 M. Balasubramanian et al. (1994)
J7489 h2°/h%0 ade6-M216/ade6-M210 leul/leul ura4-D18/ura4-D18 Lab stock (M.Y.)
K40 h* ade6-469 leul ura4-D18 Lab stock (K.O.)
K193 h~ ura4-D18 leul Lab stock (K.O.)
D11 h*/h~ ade6-M469/ade6™ his3-D1/his3* leul/leul ura4-D18/ura4-D18 See text
gefl::Kan®/gefl™ scdl::Kan®/scd1™
D6A h%° ade6 leul ura4-D18 gefl::ura4™ scdl::ura4™ (pREP3-cdc42-G12V) See text
3618 Molecular Biology of the Cell



A

Ring of the S. pombe GEFs for Cdc42p

sooveger | R e

S. pombe scditalt
Figure 1. Sequence comparison of Geflp
with Scd1/Rallp and S. cerevisiae Cdc24p. (A)
Schematic illustration of structural features
analyzed by the SMART program (Letunic et
al., 2002; http://smart.embl-heidelberg.de/). B
Domains are indicated: CH, calponin homol-
ogy domain; RhoGEF, domain conserved
among GEFs for Rho/Rac/Cdc42-like GT-
Pases; PH, Pleckstrin homology domain; and
PB1, Phox and Bemlp domain conserved in
many eukaryotic cytoplasmic signaling pro-
teins. (B) Alignment of the RhoGEF domains
by ClustalW (Thompson et al., 1994; http://
www.ebi.ac.uk/clustalw /). Amino acid resi-
dues are shaded according to BOXSHADE
(http:/ /www.ch.embnet.org/software/BOX-
form.html).
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proteins were controlled by the strength of the nmt1 promoter and
the amount of thiamine in the medium.

To construct a plasmid expressing gef1-Flag, the Ndel-BamHI frag-
ment from pCR2.1-GEF was fused in-frame to the Flag ORF in
pREP42F (H. Tanaka and M.Yamamoto, unpublished results), a
derivative of pREP42 that carries the Flag sequence at the multi-
cloning site. To construct a plasmid expressing cdc42-HA, the Ndel-
BamHI fragment from pCR2.1-CDC42-2 was fused in-frame to the
3-HA ORF in pREP41H (H. Tanaka and M.Yamamoto, unpublished
results), a derivative of pREP41 that carries the 3-HA sequence at
the multicloning site. The resultant plasmids were named pREP42-
geflF and pREP41-cdc42H, respectively.

Disruption of gefl and scdl

A 0.5-kb EcoRI fragment (codons 204-367) of the cloned gefl cDNA
FT4-17 was replaced by a 1.8-kb S. pombe ura4* cassette (Grimm et
al., 1988). A HindllI fragment carrying the disrupted gene was used
to transform diploid ura4 strain JZ489. Stable Ura™ transformants
were selected, and proper replacement of a wild-type gefl allele
with the disrupted construct was confirmed by PCR and Southern
blot analysis. Disruption of gefl was also carried out by insertion of
a KanR cassette (Bahler et al., 1998) at the Sall site (codon 372) within
the conserved GEF domain in pCR2.1-GEF. A Xhol-BamHI fragment
carrying the disrupted ORF was used to transform the heterothallic
haploid strain K40. Geneticin (G418)-resistant transformants were
selected, and disruption of gefl was confirmed by PCR using an
appropriate set of primers.

Three types of scd1 disruption alleles were used in this study. One
of these carried an S. cerevisine LEU2 cassette at the HindlIII site
(codon 808) within the scd1 ORF (Y. Fukui and M.Y., unpublished
results). The second was constructed by replacing a 1.2-kb Bcll
fragment within the ORF (codons 406-792) with a 1.8-kb S. pombe
ura4* cassette (C. Kitayama and M.Yamamoto., unpublished re-
sults). The third was constructed by inserting a Kan® cassette (Bahler
et al., 1998) at the SnaBI site (codon 589) within the scd1 ORF.

To confirm the presence of the disrupted gefl and scdl alleles in
the putative double mutant D6A (gefl::ura4d* scdl::ura4*), a 0.5-kb
EcoT14I fragment in gefl and a 0.7-kb XhoI-Sacl fragment in the scd1
5' flanking region were used as the probes in Southern blotting.
Genomic DNA isolated from either D6A or the wild-type strain
JY450 was digested by Hincll for analysis of gefl or by EcoRI/EcoRV
for analysis of scd1; these enzymes cut neither the ura4* cassette nor
the fragments that had been replaced. The disruptions of gefl and
scdl yielded band shifts from 1.0 to 2.3 kb and from 2.0 to 2.6 kb,
respectively, as expected from the structures of the replacements.
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Yeast Two-Hybrid Interaction Assay

We performed yeast two-hybrid assays essentially as described by
Durfee et al. (1993). To create a restriction fragment carrying the
entire gefl ORF with the termination codon, plasmids pCR2.1-GEF
and FT4-17 (see above) were fused at their Sall sites. Then the gefl
OREF carried on a 2.4-kb Ndel-Smal fragment was fused in-frame to
the GAL4-DNA binding domain in pAS2. The cdc42 ORF was
amplified by PCR so that it was carried on a 0.6-kb BamHI-EcoRI
fragment and was then fused in-frame to the GAL4-activation do-
main in pACT2. The ORFs of ras1, scd1, and scd2 were also fused
in-frame to the GAL4-activation domain in pACT?2 after amplifica-
tion by PCR based on their previously determined sequences (Fukui
et al., 1986; Fukui and Yamamoto, 1988; Wood et al., 2002). We used
the commercially available (Clontech) combination of pVA3
(pGBT9-p53(mouse)) and pTD1 (pGAD3F-largeT-antigen(SV40)) as
a control that exhibits positive interaction in the two-hybrid system.
S. cerevisiae strain Y190, which carries the GAL4-recognition se-
quence and the reporter genes lacZ and HIS3, was transformed with
various combinations of plasmids. The B-galactosidase activity was
assayed by the color reaction, and expression of the HIS3 reporter
gene was examined by growth of the host on a -His plate containing
40 mM 3-aminotriazole.

Immunoprecipitation

For Geflp-Cdc42p immunoprecipitation experiments, we expressed
Geflp-Flag and Cdc42p-HA in S. pombe using strain K193 trans-
formed with plasmids pREP42-gef1F and pREP41-cdc42H. We per-
formed immunoprecipitation experiments using extracts of the
transformed and control strains essentially as described previously
(Shinozaki-Yabana et al., 2000). Briefly, cells were harvested and
washed once with STOP buffer (150 mM NaCl, 50 mM NaF, 10
mM EDTA, 1 mM NaNj [pH 8.0]). Then 100 ul of HBIP buffer (25 mM
morpholinepropane sulfonic acid [MOPS], 5 mM EGTA, 15 mM MgCl,,
50 mM B-glycerophosphate, 15 mM p-nitrophenylphosphate, 1 mM
dithiothreitol, 0.1 mM sodium vanadate, 10% glycerol, 150 mM KCl,
1 mM Pefabloc SC [Roche Diagnostics, Indianapolis, IN], 40 ug of
Aprotinin per ml, 20 pg of leupeptin per ml, 1 protease inhibitor
cocktail tablet [Complete Mini; Roche Diagnostics] per ml) was
added to the cell pellet. Cells were resuspended and then disrupted
by glass beads, and 400 ul of HBIP buffer containing 2 mg/ml the
nondenaturing detergent n-dodecyl-B-p-maltoside (Yesilaltay and
Jenness, 2000) was added to the cell extract. Proteins in the mem-
brane fraction were then solubilized by keeping the cell extract on
ice for 2 h. After centrifugation, immunoprecipitation was per-
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Table 2. Phenotypes of ascospores generated from the cross of
JX348 (gefl::ura4*) and JY803 (scd1::LEU2)

Ascus Ura* Ura~ Ura* Ura™ Viable No. of
Type Leu~ Leu™ Leu* Leu~ spores/ascus asci/total
PD 2 2 0 0 4 8/24
T 1 1 0 1 3 11/24
NPD 0 0 0 2 2 4/24
Aberrant 0 1 0 1 2 1/24

PD, parental ditype; T, tetratype; NPD, nonparental ditype.

formed by incubating the supernatant on ice for 40 min with mouse
anti-Flag mAb M2 (Sigma, St. Louis, MO) and with 100 ul Dyna-
beads protein G (DYNAL, Oslo, Norway).

Fluorescence Microscopy and Inhibition Studies

Fluorescence images of living cells were taken by a cooled CCD
camera (Hamamatsu Photonics, Hamamatsu, Japan) attached to a
Zeiss Axiophot microscope and stored digitally using the Fish Im-
aging Software program (Hamamatsu Photonics). For time-lapse
recording, live cells of strain K193 expressing Geflp-YFP, Geflp-
CFP, Scd1p-GFP, YFP-Ag-Cdc42p, GFP-Cdc4p, or GFP-Myo2p were
observed under the fluorescence microscope (Olympus IX71). The
images were taken by a cooled CCD camera (Hamamatsu Photon-
ics) and stored digitally using MetaMorph software (Universal Im-
aging, Downingtown, PA). For three-dimensional deconvolution
microscopy (Figures 3B and 5B), the image of each focal plane was
taken and stored digitally as described above, and each image was
cleaned by removing blurs from other focal planes using the Auto-
Deblur program (Datacell, Finchampstead, UK). 3-D pictures were
reconstructed from these cleaned images using the MetaMorph
software.

F-actin was visualized by staining with BODIPY-FL-phallacidin
(Molecular Probes, Eugene, OR). To disintegrate F-actin, latruncu-
lin-A (Wako Pure Chemical, Osaka, Japan), dissolved in DMSO at 20
mM, was added to the S. pombe culture to a final concentration of 10
uM (Petersen et al., 1998). Septa were visualized by staining with
Calcofluor White (Sigma).

RESULTS

Identification of gef1

We originally isolated gefl from an S. pombe cDNA library as
a weak high-copy-number suppressor of a map3 mutant
defective in the M-factor receptor, as described in MATERI-
ALS AND METHODS. However, subsequent analysis indi-
cated that the major function of Geflp was not pertinent to
mating (see below). The original clone FT4-17 was found to
contain a truncated ORF, which corresponded to
SPAC24H6.09 denoted by the S. pombe genome project
(Wood et al., 2002).

The deduced product of SPAC24H6.09, which we call
Geflp hereafter, consists of 753 amino acids and carries a
conserved GEF domain. Comparison of Geflp with Scd1/
Rallp and the S. cerevisine GEF Cdc24p is shown schemati-
cally in Figure 1. As the protein product expressed from
FT4-17 would lack the N-terminal 198 amino acid residues,
we isolated a full-length gefl cDNA, as described in MATE-
RIALS AND METHODS. This clone turned out to be less
effective than FT4-17 in suppressing the mating defect of the
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map3 mutant. Overexpression of the full-length gefl cDNA
converted cells to spherical morphology (our unpublished
results), as has been reported for the mutational activation of
cdc42 (cdc42-G12V) (Miller and Johnson, 1994). Interestingly,
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Figure 2. Relationships among gefl, scd1, and cdc42. (A) Synthetic le-
thality of the gefIA scd1A double mutant. A double mutant was identified
from the nonparental ditype (NPD) pattern in tetrad dissection, and its
terminal phenotype was photographed after germination on a YE plate.
Bar, 10 pum. (B) Suppression of the lethality of the gefIA scd1A double
mutant by the activated cdc4?2 allele cdc42-G12V. Southern blot analysis to
confirm that D6A, a putative gefIA scd1A strain carrying pREP3-cdc42-
G12V, indeed bears the disrupted alleles for gefl and scdl (see MATERI-
ALS AND METHODS). The wild-type strain JY450 was analyzed as a
control. (C) Two-hybrid interaction between Geflp and Cdc42p. The Gal4
activation domain was fused to each of Scd1p, Sed2p, Cdc42p, and Raslp.
These fusion proteins were coexpressed with Geflp fused with the Gal4
DNA-binding domain in the reporter strain S. cerevisiae Y190. The combi-
nation of pTD1 and pVA3 was included in the analysis as a positive
control. Three transformants were examined by coloring assay for each
combination of bait and prey; those shown are representative. (D) Coim-
munoprecipitation of Geflp and Cdc42p. S. pombe wild-type strain K193
was doubly transformed with pREP41-cdc42-3HA and pREP42-gefl-Flag,
and cultured to the midlog phase in MM medium. K193 transformed with
PREP41-cdc42-3HA and pREP42-Flag was also examined as a control. A
whole cell extract (WCE) was prepared from each culture and subjected to
immunoprecipitation using either a-Flag antibody or a-GFP antibody as a
control. The precipitates were separated by SDS-PAGE and examined by
Western blot using a-HA and «-Flag antibody as probes.
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Figure 3. Subcellular localization of Scdlp
and Geflp. (A) Fluorescence microscopy of
scd1A strain JX124 carrying pREP41-scd1-GFP
(@ and c) and of gefIA strain JX348 carrying
PREP41-¢ef1-GFP (b). (a and b) Cells growing
mitotically in SD medium at 30°C. (c) Cells
spotted on SPA sporulation medium supple-
mented with 2 uM thiamine and incubated
for 4 h at 30°C. Bar, 10 um. (B) Reconstructed
3-D images (see MATERIALS AND METH-
ODS) of Scdlp-GFP and Geflp-YFP ring
structures in strains JX124 [pREP41-scd1-GFP]
and JX348 [pREP41-gefI-GFP]. Three gradu-
ally tilted images of a cell at an early stage of
septation are shown for each strain.

this morphological effect of overexpression was again
greater with the 5'-truncated clone FT4-17 than with the
full-length clone, especially under conditions of nutrient
starvation (our unpublished results), implying that the N-
terminal region of Geflp may have a role in regulating the
activity of Geflp.

Although it is not clear why our screening system using
the M-factor receptor mutant could pick up gefl, we isolated
a scd1/rall cDNA also in the same screening. This implies
that the isolation of gefl may not be totally fortuitous.

Synthetic Lethality of gefl and scd1 Disruptions

We constructed a strain defective in gefl by replacing the
central one-third of the gefl ORF with the ura4* maker, as
detailed in MATERIALS AND METHODS. The resulting
gef1A strain showed no obvious defect in viability or fertility.
We used this deletion construct in subsequent experiments,
while we later confirmed that deletion of the entire gefl ORF
also resulted in no obvious defect (our unpublished results).
To produce scd1~ geflA double mutants, JX348 (gefl::ura4™)
was cross-ed with JY803 (scd1::LEU2) and subjected to tetrad
analysis. As summarized in Table 2, no Leu™ Ura* progeny
were recovered, suggesting that scd1~ gefIA cells were invi-
able. Microscopic observation indicated that the presumed
scd1~ geflA spores could germinate but were arrested after
one or two rounds of cell division. The arrested cells dis-
played a round shape (Figure 2A), as has been found with
cdc42A cells. Essentially the same results were obtained
when we analyzed a heterozygous diploid strain (D11) in
which both scd1 and gefl were disrupted by a Kan* cassette
(our unpublished results).

Suppression of the scd1A geflA Double Mutant by
Activated Cdc42p

The scd1~ gefIA double mutant phenotype suggested that
Scdlp and Geflp are both involved in the activation of
Cdc42p but are redundant for cell viability. Consistent with
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this idea, cdc42-G12V, a cdc42 allele encoding constitutively
active Cdc42p with no GTPase activity (Miller and Johnson,
1994), could suppress the lethality of the scd1A gefIA strain.
This was shown by cross-ing JX349 (gef1::ura4™) with JX124
(scd1:ura4™) and transforming the resultant diploid strain
with plasmid pREP3-cdc42-G12V (our unpublished results),
which expresses the Cdc42p variant from the normal nmtl
promoter (Maundrell, 1990, 1993). Tetrads derived from
transformed diploid cells were dissected, and most had four
viable spores. We could identify scd1A gefIA progeny on the
basis of a nonparental ditype distribution of the ura4* maker
in an ascus. One such progeny, named D6A, was analyzed
further. We confirmed by Southern blotting that D6A indeed
carried the disrupted scd1 and gefl alleles (Figure 2B). D6A
exhibited a round cell shape, as expected from the pheno-
type of the cdc42-G12V strain, and it grew more slowly than
the wild-type, scd1A, or gefIA strains, often formed aggre-
gates, and sometimes showed aberrant septum formation
(our unpublished results). It should be noted that these
results are not sufficient to prove that Cdc42p is a target of
Geflp, because, as disruption of gefI is not lethal, recovery of
cell growth will be expected even if cdc42-G12V suppresses
only scd1A.

Physical Interaction of Geflp with Cdc42p

To test for physical interaction of Geflp with Cdc42p, we
carried out a yeast two-hybrid assay. The results shown in
Figure 2C indicate that Geflp and Cdc42p interact with each
other in this system. Their physical interaction was further
confirmed by coimmunoprecipitation assay. Cdc42p tagged
with 3HA and Geflp tagged with Flag were expressed si-
multaneously in S. pombe cells. As shown in Figure 2D,
Cdc42p-3HA could be coimmunoprecipitated by Geflp-
Flag. These results strongly support the hypothesis that
Geflp, like Scdlp, is involved in the GDP-GTP exchange
reaction to activate Cdc42p.

In an independent study, Coll et al. (2003) have also dem-
onstrated that Geflp physically interacts with Cdc42p and
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observed that the GDP-bound form of Cdc42p has stronger
affinity for Geflp than the GTP-bound form. Furthermore,
they have demonstrated that Geflp can increase the GTP-
bound form of Cdc42p overthe GDP-bound form both in
vivo and in vitro. Altogether, it appears unequivocal that
Geflp is a second GEF for fission yeast Cdc42p.

Both Geflp and Scdlp Are Localized to the Cell
Division Site

To ask how Geflp and Scd1p might be used differentially in
activation of Cdc42p, we visualized their subcellular local-
izations by tagging them with fluorescent proteins. We con-
structed high-copy-number plasmids pREP41-scd1-GFP and
PREP41-gef1-GFP, which express the GFP-tagged proteins
from the thiamine-regulated promoter of medium strength
(Maundrell, 1993; Basi ef al., 1993). JX124 (scd1::ura4*) was
transformed with pREP41-scd1-GFP, and JX348 (gefl::ura4™")
was transformed with pREP41-gefI-GFP. The transformants
were cultured in SD medium, which contains 1.3 uM thia-
mine, and then spotted on SPA plates supplemented with 2
M thiamine. In the presence of ample thiamine, as in these
cases, the expression from the modified nmt1 promoter used
here is expected to be only 1/200 of the maximally dere-
pressed expression from the normal nmtl promoter (Maun-
drell, 1990, 1993; Basi et al., 1993). We adopted these condi-
tions to avoid artificial localization of the proteins due to
excessive overproduction.

In cells growing vegetatively, we observed fluorescence of
Scd1p-GFP within the nucleus, at the cell division site, and
at growing ends (Figure 3A-a). In cells undergoing conjuga-
tion, Scd1p-GFP was localized in the nucleus, on the cell
surface facing the mating partner, and at the apical tip of
conjugation tubes (Figure 3A-c). In contrast, vegetative cells
expressing gefl-GFP emitted fluorescence mainly from the
division site (Figure 3A-b), and we could not detect any
particular localization of Geflp-GFP in mating cells (our
unpublished results). These results suggest that Scdlp is
likely to have a wider cellular function than Geflp, although
both of them may be involved in septation. It is probable, for
instance, that Scdlp plays a role in the cell periphery to
stimulate elongation of a conjugation tube toward the mat-
ing partner, whereas Geflp does not.

Geflp and Scdlp Form a Shrinking Ring during
Cytokinesis

To clarify the precise localizations of Geflp and Scd1p dur-
ing cytokinesis, we reconstructed the 3-D geometry of Geflp
tagged with YFP and Scdlp tagged with GFP from twenty
images taken at different focal planes in each case. An un-
expected view emerged in each case, in which both Geflp-
YFP and Scd1p-GFP were located in a ring structure (Figure
3B). The two GEFs appeared to occupy a similar space,
suggesting that Scdlp and Geflp might function redun-
dantly in the activation of Cdc42p necessary to evoke sep-
tum formation and cell separation.

To examine the dynamics of the Geflp/Scdlp ring during
cytokinesis, we monitored the behavior of Geflp-YFP and
Scd1p-GFP by time-lapse recording. Cells of the wild-type
strain K193 were transformed with pREP42-gefI-YFP or
PREP41-scd1-GFP and cultured in thiamine-free MM me-
dium or SD medium, respectively, to midlog phase. Under
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Figure 4. Time-lapse images of single K193 cells expressing either
Geflp-YFP (A) or Scd1p-GFP (B). Cells were cultured in liquid MM
(A) or SD (B) medium to midlog-phase and then mounted on an
agarose slab containing the same medium. DIC images (top panels)
and fluorescence images (bottom panels) were recorded. Each num-
ber indicates the time in minutes from the start of observation. Bar,
10 pwm.

these culture conditions, expression of gefl-YFP was dere-
pressed, and we could detect fluorescence of the fusion
protein with a short exposure time suitable for time-lapse
recording (100 ms). However, some transformed cells be-
came roundish in shape with a strong, uniform fluorescence,
indicating that they were physiologically disturbed by the
overproduction of Geflp-YFP. Therefore, we chose cells
showing relatively normal shape for subsequent analyses.
Geflp-YFP and Scd1p-GFP gave essentially the same local-
ization pattern in this time-lapse experiment, as described
below.

Geflp-YFP was first detected as a pair of short bars ex-
tending from the cortex toward the center at the division
site, when a cell was viewed perpendicularly to its axis
(Figure 4A, 0 min). At this stage, a partially formed septum
was detected by DIC microscopy. As septum formation
proceeded, Geflp-YFP appeared as short bars that shifted
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Figure 5. Images of single K193 cells ex-
pressing both Geflp-CFP and YFP-Ag-
Cdc42p. K193 cells transformed with both
PREP42-¢efI-CFP  and pREP81-YFP-(Alag)-
cdc42 were cultured in liquid MM and ana-
lyzed as described in Figure 4. Green repre-
sents Geflp-CFP and red represents YFP-Ag-
Cdc42p. The region of overlap appears
yellow. (A) Time-lapse images (times in min-
utes). (B) Reconstructed and rotated 3-D im-
ages of a cell undergoing septation. Bar, 10
.
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toward the center of the cell (Figure 4A, 10-40 min), sug-
gesting that a ring structure formed by Geflp was shrinking
during septation. The Geflp-YFP signal eventually reached
the center of the cell and then faded away (Figure 4A, 50
min). Later, however, when the daughter cells began to
separate, Geflp-YFP reappeared at the separating ends (Fig-
ure 4A, 70—-85 min). Similarly, the ring structure formed by
Scd1p-GFP also underwent shrinkage during septation (Fig-
ure 4B).

Geflp Localizes between the Contractile Ring and
the Ring of Cdc42p

We next compared the localization of Geflp with those of
Cdc42p and components of the contractile ring. First, wild-
type cells expressing both Geflp-CFP and YFP-A4-Cdc42p
were analyzed by time-lapse photography. Like Geflp, YFP-
(Alag)-Cdc42p was first visible as short bars extending from
the cortex at the division site (Figure 5A, 0 min). At this
stage, Geflp-CFP appeared to locate at the inner edge of
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these bars. Whereas Geflp-CFP moved toward the center as
a pair of short bars during septation, YFP-(Alag)-Cdc42p
appeared to simply expand the length of its bars toward the
center, until it formed a single continuous line bridging the
sides of the cell, as viewed perpendicularly (Figure 5A,
10—45 min). This suggested that in the three-dimensional
view, Cdc42p expanded its area like a closing iris, led by a
shrinking Geflp ring located at the inner edge of the iris. The
relative localization of Geflp and Cdc42p was confirmed by
construction of a double-labeled 3-D image. As shown in
Figure 5B, the Geflp ring was indeed located at the inner
edge of the broader ring formed by Cdc42p.

In fission yeast, the F-actin contractile ring appears to
provide the primary force to constrict the cytoplasm during
cytokinesis. Components of this ring include the myosin
light chain Cdc4p (McCollum et al., 1995) and the type II
myosin heavy chain Myo2p (Kitayama et al., 1997; May et al.,
1997). Thus, we transformed wild-type cells with plasmids
expressing Gefl1p-CFP and either GFP-Cdc4p or GFP-Myo2p
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and examined them by time-lapse photography. As ex-
pected, the contractile-ring components were visualized as
rings that constricted toward the middle of the cell during
cytokinesis (Figure 6, A and B). In both cases, the Gef1p-CFP
signal followed just after the contractile-ring components.
To examine whether the formation and/or maintenance of
the Geflp/Scd1p ring was dependent on the contractile ring,
we performed two lines of experiments. First, we treated
wild-type cells expressing Geflp-GFP or Scdlp-GFP with
the actin-depolymerizing drug latrunculin-A. The addition
of the drug resulted in the disappearance of actin patches
and the contractile ring (Figure 7A) and also in the complete
disappearance of the Geflp/Scdlp ring (Figure 7, B and C),
whereas the control cells showed the Geflp/Scdlp ring in
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Figure 6. Time-lapse images (times in min-
utes) of single K193 cells transformed with
PREP-gefI-CFP and either pREP42-GFP-cdc4
(A) or pREP81-GFP-myo2 (B). Green repre-
sents Geflp-CFP and red represents the GFP-
labeled protein. Bar, 10 wm.

10-15% of the population, which matches the percentage of
cells undergoing cytokinesis in an asynchronus culture. In-
terestingly, nuclear localization of Scdlp persisted even in
the presence of latrunculin-A (Figure 7C). Second, we exam-
ined the Geflp/Scdlp ring in a mutant temperature-sensi-
tive for cdc3, which encodes profilin, an important compo-
nent of the contractile ring (Balasubramanian et al., 1994). At
permissive temperature, the cells displayed Geflp/Scdlp
rings at a frequency of 10-15%. However, they formed
neither clear contractile rings (Figure 7D) nor Geflp/Scd1p
rings (Figure 7, E and F) at restrictive temperature, although
actin patches and localization of Scd1p at cell tips (Figure 7F)
remained detectable. These observations suggest that the
generation of the Geflp/Scdlp ring requires proper assem-
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Figure 7. Requirement for the contractile ring for generation and maintenance of the Geflp/Scdlp ring. (A-C) Wild-type cells (K193)
carrying pREP41-gefI-GFP or pREP41-scd1-GFP were cultured in SD medium at 30°C and treated either with 10 uM latrunculin-A (Lat-A +)
or with DMSO only as a control (Lat-A -) for 10 min. (D-F) Cells of the temperature-sensitive cdc3—6 mutant JZ175 carrying pREP41-gef1-GFP
or pREP41-scd1-GFP were cultured in SD medium at permissive temperature (23°C), while a portion of each culture was shifted to restrictive
temperature (37°C) and incubated for 2 h. In each culture, samples were observed for GFP fluorescence, stained with BODIPY-FL-phallacidin

to visualize F-actin, and stained with Calcofluor White to confirm the presence of cells undergoing septation. Bar, 10 um.

bly of the contractile ring and that the Geflp/Scdlp ring
probably moves inward directed by the contractile ring.

DISCUSSION

We have shown in this report that the fission yeast gef] gene
product, Geflp, is likely to be a GEF for Cdc42p. This con-
clusion is also supported by recent work from others (Coll et
al., 2003). Cdc42p has been suggested to play an important
role in both polarized cell growth and septum formation in
fission yeast (Merla and Johnson, 2000; Miller and Johnson,
1994; Ottilie et al., 1995). Whereas disruption of cdc42 is lethal
(Miller and Johnson, 1994), disruption of gefl causes no
obvious phenotype. However, cells defective in both gefl
and scd1 are inviable. This indicates that Geflp and Scd1p
cooperate in activation of Cdc42p, performing a redundant
function at least in part. Disruption of scd1 causes deforma-
tion of cell shape and inability to mate (Chang et al., 1994;
Fukui and Yamamoto, 1988), but disruption of gefI does not.

Vol. 14, September 2003

In addition, overexpression of gefl does not rescue the de-
formed cell shape and sterility of an scd1A strain (our un-
published results). Thus, it is likely that Scdlp, but not
Geflp, is involved in the establishment of cell polarity dur-
ing both vegetative growth and mating. Consistent with this
hypothesis, Scd1p is localized to growing ends in vegetative
cells (Li et al., 2000; Figure 2A) and to the tip of conjugation
tubes in mating cells (Figure 2A). In contrast, Geflp was not
detected in these regions but only at the site of septation,
where Scd1p was also seen. Geflp and Scd1p appear to have
very similar localization and dynamics at this site. There-
fore, we speculate that the function of Geflp and Scdlp to
activate Cdc42p at the septation site may be indispensable
for cell proliferation.

Surprisingly, both Geflp and Scdlp form a ring structure
at the septation site, which undergoes shrinkage during
cytokinesis. Precise analysis of its location indicates that the
ring resides immediately outside of the contractile actomy-
osin ring, which is believed to generate the force to constrict
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the cytoplasm in cytokinesis. Formation and maintenance of
the Geflp/Scdlp ring depend on the integrity of the con-
tractile ring, and the former apparently shrinks led by the
latter. Cdc42p appears to be deposited at the shrinking
Geflp/Scdlp ring and left behind as if it fills the track of the
ring (Figure 5). Cdc42p eventually forms a plaque structure
in the position where the septum is being formed. We spec-
ulate that Geflp and Scd1p may play a key role not only in
activating Cdc42p through GDP-GTP exchange but also in
recruiting it to the septation site through their affinity for it,
although this remains to be proven.

Deposition of Geflp and Scdlp to the septation site ap-
pears to be directed by the contractile ring, but the precise
molecular mechanism of this linkage remains unclear. The
overall scenario that we propose here extends the previous
finding by Merla and Johnson (2000) that localization of
Cdc42p to the division site depends on the formation and
the proper contraction of the actomyosin ring. The relation-
ship between the plaque structure of Cdc42p thus generated
and the construction of a septum is also unclear. Cdc42p
may activate vesicle transport to bring septum materials to
the septation site, presumably through reorganization of
cytoskeletal F-actin.

The counterpart of Scd1p in S. cerevisiae is Cdc24p. Cdc24p
is apparently the single GEF for Cdc42p in S. cerevisiae, and
disruption of CDC24 is lethal (Coleman ef al., 1986; Zheng et
al., 1994). An interesting speculation is that S. pombe has
acquired the additional GEF during evolution in order to
execute the more complicated cytokinetic process of sepa-
rating daughter cells by fission.
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