Research Article

4629

The small GTPase Rho3 and the diaphanous/formin
For3 function in polarized cell growth in fission yeast

Kentaro Nakano 1*, Jun Imai 2, Ritsuko Arai 1, Akio Toh-e 2, Yasushi Matsui 2 and Issei Mabuchi 13

1Division of Biology, Department of Life Sciences, Graduate Program of Arts and Sciences, University of Tokyo, Tokyo 153-8902, Japan
2Department of Biological Sciences, Graduate School of Science, University of Tokyo, Tokyo 113-0033, Japan
3Department of Cell Biology, National Institute for Basic Biology, Okazaki 444-8585, Japan

*Author for correspondence (e-mail: cnakano@bio.c.u-tokyo.ac.jp)

Accepted 27 August 2002
Journal of Cell Science 115, 4629-4639 © 2002 The Company of Biologists Ltd
doi:10.1242/jcs.00150

Summary

We identified a novel Rho generho3* and studied its
interaction with diaphanous/formin for3* in the fission
yeastSchizosaccharomyces pomt#oth rho3 null cells and
for3 null cells showed defects in organization of not only
actin cytoskeleton but also cytoplasmic microtubules
(MTs). rho3 for3 double null cells had defects that were
more severe than each single null cell: polarized growth
was deficient in the double null cells. Function of For3
needed the highly conserved FH1 and FH2 domains, an N-

in dividing cells. This localization was probably dependent
on its interaction with Rho proteins. Overexpression of
For3 produced huge swollen cells containing depolarized
F-actin patches and thick cytoplasmic MT bundles.
In addition, overexpression of a constitutively active
Rho3Q71L induced a strong defect in cytokinesis. In
conclusion, we propose that the Rho3-For3 signaling
system functions in the polarized cell growth of fission yeast
by controlling both actin cytoskeleton and MTs.

terminal region containing a Rho-binding domain, and the
C-terminal region. For3 bound to active forms of both
Rho3 and Cdc42 but not to that of Rhol. For3 was localized
as dots to the ends of interphase cells and to the mid-region

Key words: Actin cytoskeleton, Cell polarity, Cytokinesis,
Microtubule, Rho

Introduction cell where the cell wall is newly synthesized (Marks and

Establishment of cell polarity and polarized growth areHyams, 1985). MTs extend along the long axis of the cell
essential for various cellular events such as celfluring interphase (Hagan and Hyams, 1988) and are essential
morphogenesis, cell movement, intracellular transportatiorfor maintaining the linear growth of the cell (Hiraoka et al.,
and cell differentiation (Drubin, 2000). In these processesl984; Mata and Nurse, 1997). In addition, various
microtubules (MTs) and actin filaments (F-actin) aremorphological mutants have been isolated in fission yeast,
considered to be involved. It has also been demonstrated tivdfich show a round, swollen, bent, or branched shape (Snell
the Rho family small GTPases play an important role in th@nd Nurse, 1993; Verde et al., 1995; Mata and Nurse, 1998).
polarization of eukaryotic cells (Narumiya, 1996; Aelst andAbnormal organization of F-actin and/or MTs has frequently
Schorey, 1997; Hall, 1998). been observed in these mutants.

Molecular genetics is powerful for analyses of cell polarity. Both the yeasts have two conserved essential Rho family
The budding yeasfaccharomyces cerevisiamd the fission small GTPases, Rhol and Cdc42, which are counterparts of
yeast Schizosaccharomyces pomlage generally used as human RhoA and Cdc42Hs, respectively. Cdc42 plays an
excellent systems for this purpose (Bahler and Peter, 200@®ssential role in the establishment of cell polarity in both yeast
Budding yeast cells grow asymmetrically by localized vesicleells (Johnson and Pringle, 1990; Miller and Johnson, 1994),
fusion and cell wall synthesis to form a bud (Pruyne andavhile Rhol promotes cell wall synthesis for polarized cell
Bretscher, 2000a; Pruyne and Bretscher, 2000b). The bud sfieowth (Drgonova et al., 1996; Qadota et al., 1996; Arellano
assembling-proteins function in assembling componentst al., 1996; Nakano et al., 1997; Nakano et al., 2001a). In
required for bud growth. During bud formation, patches of Faddition, budding yeast has another Rho family protein,
actin are localized at the cell surface of the bud, and cables Bho3p, which is involved in maintenance of cell polarity for
F-actin are oriented along the axis of bud formation. In contragtud growth (Matsui and Toh-e, 1992a). It has been suggested
to F-actin, MTs are not required for the bud emergence arithat budding yeast Rho3p plays this important role by properly
bud growth. Cells of fission yeast are cylindrical in shape andrganizing actin cytoskeleton during bud formation (Imai et al.,
grow at the ends (Nasim et al., 1989). They divide at the midt996). Thus, it has been desirable to identify and characterize
region of the cell by contraction of the contractile ring likethe counterpart of Rho3p in fission yeast in order to clarify the
many animal cells. In this organism, both F-actin and MTsnechanism of polarized growth of the cell in general.
contribute to the polarized cell growth again like many animal Diaphanous/formin family proteins have recently been
cells. Actin is organized as longitudinal F-actin cables andhighlighted since they seem to play an important role in
cortical F-actin patches at the growing ends of the interphaseganizing the contractile ring during cytokinesis in various
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cells. Drosophila diaphanous (Castrillon and Wasserman, Table 1. Yeast strains used in this study
1994), S. pombeCdc12 (Chang et al., 1997§. cerevisiae g

. . ! ; Genotype Source
Bnilp (Kohno et al., 1996Aspergillus nidulan$SepA (Harris N1 - Lab. stock
et al., 1997), an@aenorhabd_ltls eleganGyk1 (Swan et al,  jeul32 Hleul-32 Lab. stook
1998) are proteins responsible for the cytokinesis in thesjy3ss hade6-M216 leul-32 Lab. stock
organisms. mDia has been shown to localize to the cleavaJdy741 hade6-M216 leul-32 ura4D18 Lab. stock
furrow of dividing Swiss 3T3 cells (Watanabe et al., 1997). I1JKT\I7|_\"‘3§02 gageg-mgig :e”igi Ufaigig N #ﬁb- SEOSK

H H adeo- eul- ura rnos::u IS study
must be noted that some of these proteins has been conside, 305 1 ades-M210 leul-32 uradD18 tho3-urad This study
to be controlled by Rho family proteins: mDia and Bnilp bindknrzoz trade6-M216 leu1-32 uradD18 for3::urad This study
active forms of RhoA and Rholp, respectivély.pombenas  KNF303 i ade6-M210 leu1-32 ura4D18 for3::ura4 This study

another diaphanous/formin protein Fusl which is essential f(KNF312 fr ade6-M216 leul-32 ura4D18 fom?HlZC:urail* This study
the mating conjugation (Petersen et al., 1995; Petersen et KNF322 It ade6-M216 leul-32 ura4D18 foABH2C::ura4 This study

. . KNF332 hrade6-M216 leul-32 ura4D18 fofi€::urad™* This study
1998). Fus; is expres:;ed when th_e ceIIs_arg NItrogen-starvipeass 11 ade6-M216 leul-32 uradD18 rho3:-urador3:urad* This study
and is localized to the tip of the mating projection. This formircdez  trleu1-32 ura4D18 cdc3-124 Lab. stock
protein does not appear to function in polarized growth of thcdc8  trleu1-32 ura4D18 cdc8-110 Lab. stock
Vegetative cell. cdcl2 hleul-32 ura4D18 cdcl12-112 Lab. stock

Here, we identify Rho3 and demonstrate that it interacts wit
diaphanous/formin family protein For3 in fission yeast.Gene expression in fission yeast

Analyses of mutants and overexpression phenotypes show thaityombexpression vectors pREP1, pREP41 or pREP81 (Forsburg,
these proteins function cooperatively in regulation of both actingo3: Maundrell, 1993) were used. pREP1 has the strongest
and MT cytoskeletons in polarized cell growth. promoter, while pREP81 the weakest. The expression of exogenous
genes from these plasmids was repressed byl 4hiamine in the
. medium.
Materials and Methods
Strains, media and genetic techniques

TheS. pombstrains used in this study are listed in Table 1. The medid VO-hybrid system . . ) .

used have been described previously (Moreno et al., 1991). Compléfée used the two-hybrid system in which expression of the
medium YEA and minimum medium EMM were used for growing HIS3 reporter gene was utilized to detect a positive interaction
the S. pombestrains. MEA was used for induction of conjugation andP€tween two proteins as described previously (Vojtek et al.,
sporulation. All plates contained 2% agar. Standard procedurss for 1993).  pBTMrhol1Q64L, pBTMrho3, pBTMrho3Q71L, or

pombegenetics were followed (Alfa et al., 1993; Moreno et al., 1991)PBTMcdc42Q61L contained cDNA encoding the full length of each
protein, in which the Cys in the CAAX-motif was mutated to Ser in

order to prevent isoprenylation of the C-terminus. pGADfor3N
Isolation of fission yeast rho3* contained amino acid residues 149-488 of For3.

The budding yeasho3 null cells (Y MR504, which had been rescued
by the expression of the budding ye&itO4 under the GAL7 lectronh is. t ; to PVDE b d ¢
promoter (Matsui and Toh-e, 1992b), were transformed with plasmi ectrophoresis, transier onto membranes and western
containing the fission yeast cDNA under the control of the buddin otting ) ) )

yeastADC1 promoter, and spread on glucose plates. After incubatiop0luble and insoluble protein fractions were prepared from
at 30°C, the growing colonies were restreaked on glucose plate@xponentially growing cultures, subjected to SDS-PAGE, and

Plasmids were recovered from the clones which grew well on th&ansfered onto PVDF membranes as descrived previously (Nakano et
glucose plates, and were introduced irfto3 null cells to test the al., 1997). For western blotting, the PVDF membrane was first reacted

ability to complement the defect. with anti-budding yeast Rho3p antibody (Imai et al., 1996) and then
Rho3 was detected with secondary antibodies coupled to alkaline
phosphatase (Santa Cruz Co.).

DNA manipulation and cloning of genomic rho3*

Standard methods were used for the DNA manipulations (Sambm%'crosco
et al., 1989). The procedures for the isolatiorhof3* genomic DNA ! Py ) ) )
clones by plaque hybridization usingo3* cDNA as a probe were Cells were fixed and processed for immunofluorescence microscopy

previously described (Nakano and Mabuchi, 1995; Nakano et a@s described previously (Alfa et al., 1993) using anti-budding yeast
1997). ho3 antibodies, anti-HA antibodies (Y-11; Amersham Pharmacia

Biotech), or a monoclonal anti-tubulin antibody (TAT1; a kind gift
_ _ from K. Gull). Staining of the cells with Calcofluor, Rhodamine-
Gene disruption phalloidin, or Bodipy-phallacidin (Molecular Probes, Eugene, OR)
To disruptrho3*, we replaced th&nd-EcaRV region inEcoRl 3.6  was performed as described previously (Alfa et al., 1993; Arai et al.,
kb genomic fragment containintho3* with ura4*. A fragment 1998). The stained cells were viewed by two approaches.
produced by digestion withlincll was used to transform a diploid Conventional images were obtained using a Zeiss Axioskop
constructed by matingY741andJY746strains. Correct integration fluorescence microscope (Carl Zeiss, Oberkochen, Jena, Germany)
was verified by Southern blotting. equipped with a Plan Apochroma63 lens and photographed on
To disruptfor3*, we replaced th&pd-Hpal region in Sma-Pst Kodak T-MAX ASA 400 films. Three-dimensional (3D)
6.2 kb fragment containinfpr3* with ura4*. A fragment produced reconstitution was performed using a Delta Vision system (Applied
by digestion withSmd and Sad was used for gene disruption as Precision, Issaquah, WA) attached to an Olympus [IX-70-SIF
mentioned abovefor3AFH12C, for38AFH2C, and for3AC were  fluorescence microscope equipped with a UplanAd®0 lens
constructed by insertingra4* at 1463, 2589, and 3572 bp in the open (Olympus, Tokyo, Japan). The images were captured and processed
reading frame ofor3*, respectively. as described previously (Motegi et al., 2001).
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Electron microscopy 1C). At 25°C there was no difference in F-actin- or MT-
Cells were pre-fixed with 2.5% glutaraldehyde dissolved in 0.1 Mstaining between theno3 null cells and the wild-type cells.
sodium phosphate buffer (pH 7.0) at room temperature for 1 hr arfdowever, at 37°C F-actin patches were delocalized all over the
then post-fixed with 1.5% potassium permanganate dissolved igell cortex and the cytoplasmic MTs were abnormally oriented.
distilled-deionized water at 4°C overnight. They were embeddedn addition, binucleateno3 null cells without an F-actin ring
thin-sectioned, and examined as described previously (Nakano et glere occasionally observed, suggesting that cytokinesis was

1997). defective in these cells.
Resu.lt.s . S Rho3 localizes to the cell periphery
Identification of Rho3 in fission yeast The fission yeast Rho3 was specifically recognized by

In order to identify the Rho3p-counterpart in fission yeast, wantibodies raised against the budding yeast Rho3p (Imai et al.,
screened fisson yeast cDNA clones that suppress the growtB96) (Fig. 2A). Almost all the Rho3 was detected in the
defect of theho3 null budding yeast cells when overexpressedl0,000g pellet of the cell homogenate. Thus, Rho3 may exist
(see Materials and Methods). We identified 11 clones, 10 gfredominantly as a membrane-bound form like other Rho
which encoded Rho3 (accession NO. D83723). The fissiofamily small GTPases in fission yeast (Nakano et al., 1997;
yeast Rho3 contains GTP-binding and hydrolysis domaindiirata et al., 1998).

together with a C-terminal CAAX motif
similar to other Rho family smz
GTPases. Computer search of the ded A 25°C 37°C B 25°C 37°C
amino acid sequence showed that Rhe SO R { <2
65.4% identical to the budding ye
Rho3p, 50.0% to fission yeast Rh
49.7% to human RhoA (Yeramian et
1987), 44.0% to fission yeast Rt
(Nakano and Mabuchi, 1995) and 44.
to fission yeast Rho4 (K. Nakano,
Mutoh, R. Arai and |. Mabucf
unpublished).

rho3 null cells showed defects in cell
morphology and septation

rho3 null cells were normal in both tl
growth and the shape of the cells at 2
(Fig. 1). However, they grew poorly a
displayed aberrant shapes at 3i
majority of the cells were dumpy wh
some were elongated and multi-septe
We also found that these defects in grc
and shape of theho3 null cells were
suppressed by addition of 1M sorbitol
the medium (Fig. 1A and data not shov
Furthermore, almost all thdo3 null cells
were multi-septated at 34°C but were

able to grow. These results suggest
Rho3 may be involved in controlling ¢
shape and septation. These defects il
rho3 null cells were suppressed / £ %
expression of the budding yeaBHO3 - -

(data not shown), indicating that | rho3 WT(16h) rho3 (5h
function of Rho3p is conserved betw: 25°C 37°C

these organisms. In contrast, a high ¢ _
of the fission yeast Rhol, Rho2, Rho4 Flg”. 1.ﬁb?rr]ra£t morp::wé)'lac\ng)l/ orfho3dnull c\:(elgz (A) G_ro_wthlo::/lwnd-;yptla celrl]s (_V\g_) amglo3
; null cells ¢ho3) on a plate and on containing sorbitol at the indicate
ﬁ]%%ﬁ]zuﬁlgerﬁgt(zl;?; rr?(ftsswgwciliﬁ?l?ﬁso 1 temperatures for 3 days. (B) Wild-type cells ahd3 null cells grown in YEA medium at the
function of Rho3 in fission ) east indicated temperatures for 16 hours were stained with Calcofluor. (C) Wild-type cells and
. y rho3 null cells grown in YEA medium at 25 or 37°C for 5 or 16 hours were stained with

probably different from that of these K rnodamine-phalloidin (red in merged images), TAT-1 (green in merged images), and DAPI
family proteins. (blue in merged images). Deconvoluted 3D images are shown. Arrows indicate cells with

Next, we examined distribution of  abnormal organization of cytoplasmic MTs. Arrowheads indicate nuclei in a cytokinesis-
actin and MTs in theho3 null cells (Fig defective binucleate cell. Bars, fin.
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Fig. 2. Localization of Rho3. (A) Rho3 was detected in the insoluble fraction of the cell homogenate. Homogenates of wild-typemrcétis gro
YEA medium at 30°C were spun at 10,@pt obtain the supernatant (S) and pellet (P) fractions. Each fraction was run on an SDS-15%
polyacrylamide gel and subjected to CBB staining or immunoblot analysis using anti-Rho3p antibodies. Molecular weighiharkess (

run on the left lane: trypsin inhibitor (21 k), carbonic anhydrase (31 k), actin (42 k), BSA (68 k), phosphorylase Bb-¢@&bakjosidase (116

k), and myosin heavy chain (210 k). The arrowhead on the right indicates a band of Rho3. (B) Immunofluorescent localizaBamo3 Rh

null cells containing pPREP81Rho3 grown in EMM medium without thiamine at 30°C were fixed and stained with Bodipy-phallaeidiim (gr
merged images), anti-Rho3p antibodies (red in merged images), and DAPI (blue in merged images). Deconvoluted 3D imagedNare show
Rho3 signal was detected in the cells grown in the presence of thiamine (data not shown)mBar, 5

Next, we investigated cellular localization of Rho3 byseemed to be caused by high activity of Rho3Q71L, since both
immunofluorescence microscopy. Localization of Rho3 in theell growth and cell shape were not affected by overexpression
wild-type cells was very similar to that in thé@o3 null of wild-type Rho3 (data not shown). The mini-cells frequently
cells containing pREP81Rho3 (see below). However, thbad no nucleus (Table 2) indicating that cell division
fluorescence signal in the wild-type cells was too weak to bgometimes occurred at an eccentric position of the cell.
processed for 3-d imaging (data not shown). Thus, we showestaining of F-actin in mitotic cells showed that formation of
images of the latter cells in Fig. 2B. Rho3 was localized to ththe F-actin ring was incomplete although accumulation of
cell periphery and relatively concentrated around the growing-actin took place, and that the position of the F-actin
ends of interphase cells and the mid-region of mitotic cellsaccumulation was often not at the middle of the cell. Electron
The Rho3 staining overlaped with that of F-actin at the verynicroscopy showed that the Rho3Q71L-overexpressing cells
tips of the cell and the septum, but the staining patterns wefermed aberrant septum: they were often incomplete, not
different: the Rho3 staining was continuous, while F-actin wasymmetric with respect to the long axis of the cell, and formed
present as patches. Accumulation of Rho3 at the middle cortet an eccentric position. Thus, Rho3 is likely to be involved in
of the cell began at metaphase, progressed during anaphasagtrolling both cell shape and septation in fission yeast.
and persisted at the septum even during cytokinesis when the
F-actin ring contracted. This suggests that Rho3 is not a
component of the F-actin ring. For3 binds to Rho3

A novel gene encoding the diaphanous/formin family protein

) o . for3* has recently been reported (Feierbach and Chang, 2001).
Overexpression of constitutively active Rho3Q71L As activated Rho binds to an N-terminal region of some
Overexpression of Rho3Q71L in the wild-type cells partiallydiaphanous/formin family proteins (reviewed by Wasserman,
inhibited cell growth and produced both abnormal dumpy cell§998), we examined whether any of the Rho family proteins
and mini-cells after removal of thiamine (Fig. 3). This effectbind to the N-terminal region of For3 (For3N, amino acid

Fig. 3. Phenotype of Rho3Q71L-
overexpressing cells. (A) Overexpression of
Rho3Q71L produced large dumpy cells and
mini-cells. Wild-type cells carrying
pREP1Rho3Q71L were grown at 30°C in
EMM without thiamine for 18 or 24 hours.
DIC images are shown. (B) F-actin ring was
abnormally formed in Rho3Q71L-
overexpressing cells. The cells (18 hours in
A) were fixed and stained with Rhodamine- ; atee 3 , -, .
phalloidin (top) and DAPI (bottom). F-actin s " e ety
Deconvoluted 3D images are shown. Bars, 10 .
pm. (C) Electron micrographs of Rho3Q71L-

overexpressing cells (18 hours in A). DNA _
Arrowheads indicate abnormally formed —
septa. N, nucleus. Mt, mitochondria. Bar,
0.2pm.
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= "8
1. Rho3Q71L+control 5. Rho1Q64L+control
2. Rho3Q71L+For3N 6. Rho1Q64L+ForaN
3. Rho3+control 7. Cdc42Q61L+control
4. Rho3+For3N 8. Cdc42Q61L+ ForaN

Lat-A F-actin HA-For3 Merged

E
Rhe-binding region !'_'_H1 FH2 Localization at  Effect of
——— — I, Sy
Ford ++ yos
Foradc 2 i ++ yes
For3nNm.L = ++ vos
ForaNi . s + o
ForaN2l 4% + no
For3mc e Ui - no
ForaFH12 — e - no
ForanNG- i 864 1381 ¥ o
For3C i A .. - no YFP-For3NM YFP-ForaMC

Fig. 4. Characterization of For3. (A) The N-terminus of For3 binds directly to constitutively active RA®8ells expressing the indicated
proteins were cultured on an SD plate with (+) or without (-) histidine at 30°C for 3 days. ‘Control’ means empty vectiooc@iza}ion of
HA-For3.for3 null cells containing pPREP41HA-for3 were grown in EMM without thiamine at 30°C for 18 hours. Before (-) and after (+)
treatment with 1QuM Lat-A or 100uM MBC for 10 minutes, the cells were fixed and stained with Bodipy-phallacidin or TAT-1 (green in
merged images), anti-HA antibody Y-11 (red in merged images), and DAPI (blue in merged images). Deconvoluted 3D images are show
Arrowheads in B indicate colocalization of HA-For3 with F-actin. No HA-For3 signal was detected in the cells grown witlettdataimot
shown). (D) Localization of HA-For3 irho3 cdc42ouble-deficient cellsho3 null cells containing pPREP41HA-for3 and pREP1cdc42 or
pREP1cdc42T17N were grown in EMM without thiamine at 25°C for 20 hours and were fixed and stained with Bodipy-phallacidim (green
merged images), Y-11 (red in merged images), and DAPI (blue in merged images). Deconvoluted 3D images are shown. (E) $§enmary of
functional analysis of For3 and truncated proteins. (F) Localization of For3 and truncated proteins using their YFP fusmn/jidtg/pe

cells containing pREP1YFP-for3, REP1YFP-forSNM, pREP1YFP-for3N2, or pPREP1YFP-for3MC were grown in EMM containing thiamine
until early log phase at 25°C. Arrowheads and arrows indicate the signal of YFP at the cell ends and the division sitelyrésaectlQum.

Table 2. Expression of dominant active Rho3Q71L caused a defect in cytokinesis

Formation of F-actin ring (%) Number of nuclei (%)
lor2 2
Normal Abnormal Mis-positioned (with F-actin ring) (without F-actin ring) >2 0
Control 100 0 0 100 0 0 0
Rho3Q71L 29.4 38.6 32.0 67.8 28.0 0.8 3.4*

Wild-type cells containing pREP1 (control) or pREP1rho3Q71L were grown in the absence of thiamine for 20 hours at 30°60 Atitaticlcells or 500
cells were counted for the observation of the F-actin ring or the nucleus, respectively.
*All of these cells were mini cells.
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residues 149-488) using the two-hybrid system (Fig. 4A). £/ A
positive two-hybrid interaction was detected between For3!
and Rho3Q71L or constitutively active Cdc42Q61L, but noi
between For3N and constitutively active Rhol1Q64L. Wild-
types of both Rho3 and Cdc42 also did not show binding t
For3N (Fig. 4A and data not shown). Thus, it is possible the

For3 functions as a target protein for both Rho3 and Cdc42. ~ Wild-type cells 5. pREP1foraMC
1. pREP1 6. pREP1for3NC

2. pREP1for3 7. pREP1for3C
3. pREP1for3NM  rho3 null cells

Localization of For3 4. pREP1for3N1 8. pREP1for3

We observed cellular localization of For3 by tagging it with ar c thiamine + -
HA epitope (Fig. 4B,C). HA-For3 was localized as dots to the
ends of the interphase cells and to the middle of dividing cell
Only a few For3 dots colocalized with F-actin patches at th
cell ends. The For3 dots did not colocalize with F-actin cables
During early mitosis, the For3 dots seemed to encircle th
middle of the cells as a single ring. However, they were
gradually separated from the F-actin ring as double rings alor
the septum as cytokinesis proceeded (Fig. 4B,C). When tt
cells were treated with Latrunculin A (Lat-A) in order to

disrupt F-actin structures (Spector et al., 1983), the For3 do
were partially delocalized (Fig. 4B). Thus, F-actin is likely to
be involved in establishment of the polarized localization of the
For3 dots. In addition, For3 did not seem to colocalize WithFig 5. Overexpression of For3. (A) Effects of overexpression of For3
cytoplasmic MTs as well throughout the cell cycle (Fig. 4C)'or truncated proteins on cell viability. Wild-type cellsrbo3 null

Moreover, the localization of For3 was maintained afterceIIs containing indicated vectors, respectively, were grown on an

disrupting MTs by treatment with methyl be_r12|m|dazoIeE,v”VI plate with (+) or without (=) thiamine at 25°C for 4 days.
carbamate (MBC) (De Brabander et al., 1976) (Fig. 4C). Thugg) Effect of For3 overexpression on cell shape. Wild-type cells
MTs may not play an important role in the localization of For3containing pREP1for3 grown in EMM without thiamine for the

Next, we asked whether Rho3 or Cdc42 functions in théndicated periods were stained with Calcofluor. Arrows indicate
localization of For3. First, For3 was localized properly in thebulges. Arrowheads indicate swollen cells. (C) MT bundles were
rho3 null cells (data not shown). Then, we examinedformed in For3-ov§rexprgssing ceIIs..The cells.((') and 20 hours in B)
localization of HA-For3 in theho3 null cells overexpressing Were fixed and stained with Rhodamine-phalloidin (top) and TAT-1

wild-type Cdc42 or dominant negative Cdc42T17N (bottom). Deconvoluted 3D images are shown. Arrows indicate thick

respectively (Fig. 4D). Although F-actin patches werePUndles of cytoplasmic MTs. Barsum.

delocalized in theho3 null cells overexpressing Cdc42, HA-
For3 was localized as dots to the ends of interphase celills, suggesting that this inhibition occurred independently of
and to the middle of dividing cells. On the other handRho3.
overexpression of Cdc42T17N caused rounding up of the cell, Calcofluor staining showed that For3-overexpressing cells
delocalization of cortical F-actin patches and disappearance fidrmed a bulge in the middle of the cell, and then the cells
the HA-For3 dots (Fig. 4D). became swollen (Fig. 5B): 7.3% of these cells displayed the
Furthermore, we investigated a region of For3 moleculehulge 15 hours after removal of thiamine, while after 20 hours
which is required for its localization by expressing For3 an®23% were bulged and 28% were swollen. Moreover, the
For3-truncated proteins both fused to YFP (an yellow-greenverexpression of For3 seemed to interfere with septation: 21%
variant of theAequorea victoriagreen fluorescent protein) of the cells were binucleate without septation at 20 hours after
(Fig. 4E,F). YFP-For3, YFP-For3NM, YFP-For3N1, or YFP- the thiamine removal, while such cells were only 1.1% in the
For3N2 showed a localization pattern similar to HA-For3. Inpresence of thiamine.
contrast, YFP-For3MC diffused in cytoplasm throughout the We examined organization of F-actin and MTs in the For3-
cell cycle. Thus, the N-terminal region of For3 is essential fobverexpressing cells (Fig. 5C). F-actin patches were scattered
the cellular localization, but other regions are not. all over the cell cortex. Cytoplasmic MTs formed long bundles
which did not end at the cell tips, but lined the cell membrane
at the tips and further elongated to the other side of the cell, in
Overexpression of For3 induced formation of thick MT contrast to cells not overexpressing For3. Thus, For3 may be
bundles involved in controlling organization of both F-actin and MTs
We examined effect of overexpression of For3 or its truncateih fission yeast.
proteins in the wild-type cells (Fig. 5A). Inhibition of cell
growth was seen when For3, For3dC, or ForSNM was o . . o
expressed. On the other hand, the truncated clone lacking ther3 is involved in controlling cell morphology in fission
N-terminal region or the FH1 domain did not interfere with theyeast
cell growth. In addition, overexpression of For3 inhibited thefor3 null cells were viable (Fig. 6A), and were slightly dumpy
growth of therho3 null cells as well as that of the wild-type or bent (Fig. 6B, Table 3). Cytoplasmic MTs were often

F-actin

MT
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Table 3. Rho3 and For3 cooperatively control cell shape  N-terminal region retains the ability to induce formation of F-
actin cables. Moreover, expression of neither For3FH12 nor

Normal (%) Dumpy or swollen Bent . : . .
Wild-type cels 100 0 o Fo_r3C induced formation of F-actin cable_s infibr null cells _
tho3 null cells 97.8 29 0 (Fig. 6F). Therefore, both the FH1 domain and the C-terminus
for3 null cells 64.0 30.4 56  Of For3 are likely to play important role in formation of the F-
rho3for3double null cells 15.5 72.0 125 actin cables.

We examined a genetic interaction between Rho3 and For3
by making double null cells. Thdo3 for3double null cells
showed severe growth and morphological defects as compared
with each single null cells: majority of the cells were swollen
including almost round cells (Table 3, Fig. 6G). The double
abnormally organized in interphase cells (Fig. 6C): theywll cells displayed abnormal organization of F-actin and MTs:
tended to be disordered in the dumpy cells, or curved arfd-actin patches were delocalized all over the cell surface, and
located on a convex side of the bent cells. F-actin patches welfee cytoplasmic MTs were curved and sometimes formed a
moderately randomized. It has very recently been reported thbasket-like structure especially in the round cells. Thus, the
interphasefor3 null cells lack F-actin cables (Feierbach anddefect caused by the depletion of For3 was enhanced in the
Chang, 2001). However, we were able to find F-actin cablegbsence of Rho3.
in the interphaséor3 null cells although they were reduced in  Next, we examined whether or not depletion of For3
number and short in length as compared with those in theuppresses the effect of overexpression of Rho3Q71L. It was
wild-type cells (Fig. 6D). In mitotic cells especially during found that the overexpression of Rho3Q71lfar8 null cells
metaphase, F-actin cables were frequently seen (Fig. 6C). Faused a defect in the organization of the F-actin ring similar
actin ring was organized normally in the middle of anaphast® that in the wild-type cells. Thus, Rho3Q71L can also control
cells (Fig. 6C). actin organization through another pathway which does not

We have recently reported that overexpression of an actifAclude For3. Furthermore, we examined whether the defects
binding domain of fission yeast fimbrin Fim1l inducescaused by the depletion of Rho3 or For3 were suppressed by
formation of thick F-actin cables by stabilizing pre-existent F-an increased expression of For3 or Rho3, respectively. No
actin cables (Nakano et al., 2001b). We thus compared effegtippressing effect was seen in either case. In addition, defects
of overexpression of this domain (Fim1A2) in tfee3 null in organization of both actin cytoskeleton and MT&n3 null
cells to that in wild-type cells (Fig. 6E). It was found that thickcells were not suppressed by overexpression of Cdc42.
F-actin cables were formed by overexpressing Fim1A2 even in Lastly, we tested whether or not For3 shares function with
the absence of For3. However, these cables were not straigither S. pombediaphanous/formins. It has previously been
but curly and often entangled with each other. For3 may plageported that Cdc12 functions in the assembly of the F-actin
arole in formation of straight F-actin cables in interphase cellsing and both genetically and physically interacts with Cdc3
Moreover, we investigated a genetic interaction between For@®rofilin) (Chang et al., 1997). We thus examined the
and Cdc8 (tropomyosin) since Cdc8 is essential for formatiophenotypes offor3 cdcl2-112and for3 cdc3-124double
of F-actin cables probably by stabilizing F-actin (Arai et al. mutants. No synthetic effect was found between For3 and
1998). However, no synthetic effect was seerfor3 cdc8  either of these proteins (data not shown). FurthermoréotBe
double mutant cells (data not shown). Furthermorenull cells were able to conjugate and sporulate under nitrogen
overexpression of Cdc8 did not suppress the defect of trgtarvation (data not shown), indicating that For3 is not essential
organization of the F-actin cablesfor3 null cells. Thus, For3 in the process of cell conjugation. Sirfosl" is essential for
may control the organization of the F-actin cables in a waghe conjugation (Petersen et al., 1995), it is unlikely that For3
different from that of Cdc8. exert the function identical to that of Fusl. Thus, the functions

Next, we investigated a domain of For3 molecule which i®f the three diaphanous/formin family proteins, namely Cdc12,
involved in controlling organization of F-actin and MT®3*  Fusl, and For3, are probably different from each other in
gene infor3AFH12C, for3AFH2C, orfor3AC strain has an fission yeast.
insertion ofura4* so that expression of downstream region
from amino acid residues 489, 864, or 1192, respectively, iB_ .
disrupted. Moreover, we transformddr3 null cells with ISCUSSIon
pREP1 containing varioufor3-truncates listed in Fig. 4E. Rho3 and For3 are involved in controlling polarized
Expression of a full length of For3 suppressed the defect of tHiFowth of the cell
for3 null cells (Fig. 4B,C). In contrast, none of the cellsRho3 is a functionally conserved member of the Rho family
expressing For3-truncated proteins displayed normamall GTPase: it is most similar to budding yeast Rho3p, and
organization of actin cytoskeleton and cytoplasmic MTs (FigRho3 can be replaced by Rho3p in the fission yeast cells. Since
6F and data not shown). Therefore, each region of For3 is likelyther fission yeast Rho proteins did not complement the growth
to be necessary for its function. Interestingly, it was found thadefect ofrho3null cells, Rho3 may have activities distinct from
many interphase F-actin cables were oriented at randothem. Rho3 deletion caused a defect in maintaining the
direction in thefor3 null cells containing pREP1For3MC (Fig. polarized cell growthrtho3 null cells displayed a dumpy shape
6Fb). This result is unlikely to be caused by extraexpression @t 37°C. This defect may be caused by alteration of the
For3MC since overexpression of ForSMC in wild-type cellsorganization of the cytoskeleton since F-actin patches were
does not significantly affect organization of actin cytoskeletomelocalized and the cytoplasmic MTs were abnormally
(data not shown). Thus, it is suggested that For3 lacking therganized in these cells.

Cells were grown in YEA medium at Z5. More than 300 cells were
observed for each cell type.
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1. wild-type cells
2. rho3 null cells
3. for3 null cells

4. rho3for3 double null cells

D

for3 + For3NC + For3aMC + For3FH12 + For3C

Fig. 6. Phenotype ofor3 null cells. (A) Viability offor3 null cells. Indicated cells were grown at 25°C for 4 days on a YEA plate. (B) Aberrant
morphology offor3 null cells andho3 for3double null cells. Cells grown in YEA medium at 25°C. DIC images are shown. (C) Defects in
actin cytoskeleton and MTs for3 null cells.for3 null cells grown in YEA medium at 25°C were stained with Bodipy-phallacidin (green),
TAT-1 (red), and DAPI (blue). Deconvoluted 3D images are shown. Small arrowhead indicates disorganized cytoplasmic MTellslumpy
Large arrowhead indicates curved MTs located on a convex side of a bent cell. Arrows indicate F-actin cables. (D) Intetpheabl&san
for3 null cells.for3 null cells grown in YEA medium at 25°C were stained with Bodipy-phallacidin and DAPI. The pictures represent
deconvoluted Z-axis sections (top, middle, and bottom sections from left to right) of three interphase cells. Arrows-aclicatatfies.

(E) Formation of thick F-actin cables by overexpression of Fim1A2. Wild-type cdtis3null cells containing pREP1fim1A2 were grown in
EMM without thiamine for 18 hours at 25°C. F-actin images are shown. (F) Observation of cells expressing For3-truncated proteins

(a) Deconvoluted 3D images fifr3AFH12C cellsfor3AFH2C cellsfor3AC cells, andor3 null cells containing pREP1for3NC,
pREP1for3MC, pREP1for3FH12, or pREP1for3C are shown. The cells were stained as in C. (b) F-actin infagéswlf eell containing
pREP1for3MC indicated by the large arrow in a. The pictures represent deconvoluted Z-axis sections (top, middle, anctiootdnorsec

left to right). (G) Afor3 rho3null cell grown in YEA medium at 25°C was stained with Bodipy-phallacidin (left), and TAT-1 (right).
Deconvoluted 3D images are shown. Bargib

For3 binds to active forms of both Rho3 and Cdc42 but natytoplasmic MTs (K.N. and I.M., unpublishe®r3 null cells
to that of Rhol. Cdc42 has been reported to play an importanere a little dumpy and also showed delocalization of F-actin
role in establishing cell polarityicdc42 deficient cells patches and abnormal organization of cytoplasmic MTs.
completely lose the polarity and show delocalized F-actimherefore, For3 is likely to function through interaction with
patches (Miller and Johnson, 1994) and basket-lik&kho3 and/or Cdc42 in the control of polarized growth of the
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cell. Since therho3 for3 double null cells showed defects we were not able to detect any interaction between For3 and
severer than those seen in each of the single null cells such ti@dc3. Interestingly, it has very recently been reported that the
round cells appeared, both Rho3 and For3 play important rolésidding yeast diaphanous/formin family protein Bnilp
in the polarized growth in the fission yeast cells. stimulates polymerization of actin in vitro (Pruyne et al., 2002;
Increased expression of For3 did not suppress the defect 8agot et al., 2002a). Thus, it is possible that For3 controls the
therho3 null cells. This suggests that Rho3 may have anotheaactin cytoskeleton in a direct mannerSnpombeells.
target protein(s) which functions in a cooperative manner Itis not clear how overexpressed For3 induced the formation
with For3. In budding yeast, Rho3p directly interacts withof thick MT bundles. The overexpressed For3 was scattered all
type V myosin Myo2p (Robinson et al., 1999). As the fissiorover the cell cortex as large dots but was not localized to the
yeast type V myosin, Myo4/Myo52, plays an important rolethick MT bundles (K.N. and I.M., unpublished). Therefore,
in the polarized cell growth (Motegi et al., 2001; Win et al.,For3 may influence organization of MTs in an indirect manner.
2001), it is possible that Rho3 may function in the celllt is possible that For3 in the cell cortex interacts with other
morphogenesis through both For3 and Myo4. In addition, thproteins which control cytoplasmic MTs. It would be important
budding yeast Rho3p genetically interacts with Bemlpto identify proteins that associate with the N-terminal half of
Boilp and Boi2p (Matsui and Toh-e, 1992b; Bender et al.For3 in order to clarify the mechanisms of regulation of the
1996; Matsui et al.,, 1996). Bemlp directly interacts withmicrotuble cytoskeleton by For3.
Boilp, Boi2p, Cdc24p (Peterson et al.,, 1994) and Ste20p We also demonstrated that the C-terminal region of For3 is
protein kinase (Leeuw et al., 1995). These proteins functiorequired for its function. Botlior3BAFH2C cells andor3AC
in the polarized growth of the budding yeast cell. Recentlygells were defective in organization of actin cytoskeleton and
it has been reported that Scdl/Rall, Scd2/Ral3gytoplasmic MTs likefor3 null cells. Moreover, For3MC
Shk1/Pak1/Orb2, and Pobl, which are homologous texerted an ability to induce formation of F-actin cables.
budding yeast Cdc24p, Bemlp, Ste20p, and Boilp/Boi2dnterestingly, it has very recently been reported that the FH2
respectively, play important roles in polarized cell growth indomain of Bnilp plays an important role in formation of actin
fission yeast (Chang et al., 1994; Marcus et al., 1995; Ottilieables in budding yeast (Evangelista et al., 2002; Sagot et al.,
et al., 1995; Sawin et al., 1998; Toya et al., 1999). Thus, R002b). Moreover, it has also been suggested that mDia in
may also be possible that Rho3 functions cooperatively witkleLa cells is possible to control both actin cytoskeleton and
these proteins in addition to For3. MTs through the FH1 and FH2, respectively (Ishizaki et al.,
2001). Therefore, the FH2 domain of For3 is possible to control
o the cytoskeletal organization in the fission yeast. In addition,
Localization of For3 our results indicate that the downstream region of the FH2
For3 was localized as dots at the ends of interphase cells whidbmain is required for the function of For3. It has been reported
remained in the absence of either F-actin patches dhat the C-terminal region of Bnilp binds to Bud6p/Aip3p
cytoplasmic MTs. Thus, the For3 localization in the cell corteXEvangelista et al., 1997). A protein homologous to
is independent of both actin cytoskeleton and cytoplasmiBud6p/Aip3p has been identified and revealed to be involved
MTs. Since active forms of both Rho3 and Cdc42 bind Fort establishment of cell polarity i8. pombgGlynn et al.,
and these proteins localize to the cytoplasmic membrane at tB801; Jin and Amberg, 2001). Therefore, it is possible that
ends of interphase cells [present study (Merla and JohnsoRor3 interacts with Bud6/Aip3 for controlling the cytoskeletal
2000)], itis likely that For3 associates with these Rho GTPasesganization.
during the polarized growth. This is consistent with the fact
that the N-terminal region of For3, including the Rho-binding ] ) . o
region, was essential and sufficient for its cellular localizationRho3 is also involved in cytokinesis
Actually, For3 was delocalized inrho3 null cells Rho3 was localized at the division site during mitosis and
overexpressing dominant negative Cdc42T17N. The Nseptation. Therho3 null cells formed multi-septated cells
terminal region of For3 is also required for its function (seeabove 34°C and some of thieo3 null cells fail to undergo
below). Therefore, cortical localization of For3 may becytokinesis at 37°C. Thus, Rho3 may be involved in controlling
important for its cellular function. cytokinesis. Interestingly, overexpression of Rho3Q71L
interfered with proper formation of the F-actin ring both in its
o ) o ) shape and positioning. It has been considered that the position
For3 is involved in organization of both actin of nucleus is important for determining the division site in
cytoskeleton and microtubules fission yeast (Tran et al., 2001). However, the nucleus was
Both the gene disruption and the overexpression experimentsrrectly located in the Rho3Q71L-overexpressing cells.
strongly suggested that For3 may control organization of botfiherefore, the control of Rho3 activity may be required for
F-actin and cytoplasmic MTs. It was demonstrated that the Nsositioning the cell division plane.
terminal half of For3 including both the Rho-binding region
and the FH1 domain was required for manifestation of th%i
]?ver_express_lon .eﬁECt'.JhedFHl domlalrr: of the. dlqphar}oz niversity of Manchester for TAT-1. We are grateful to B. Feierbach
ormin proteins Is considered to control the organization of thg,q Chang of the Columbia University for sending us the
actin cytoskeleton by interacting with the G-actin-bindingmanuscript of their paper before publication. We also thank M. Toya
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