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ABSTRACT

Fission yeast Scdl is an exchange factor for Cdc42 and an effector of Rasl. In a screen for scdl interacting
genes, we isolated klp5 and kIp6, which encode presumptive kinesins. Klp5 and Klp6 form a complex to
control the same processes, which so far include microtubule dynamics and chromosome segregation.
We showed that klp5 or klp6 inactivation in combination with the scd! deletion (scdIA) created a synthetic
temperature-dependent growth defect. Further genetic analysis demonstrated that Klp5 and Klp6 interacted
specifically with the Ras1-Scdl pathway, but not with the Rasl-Byr2 pathway. In addition, Klp5 and Klp6
can stably associate with Scdl and Cdc42. A deletion in the Scdl C terminus, which contains the PB1
domain, prevented Scdl binding to Klp5/6 and caused a growth defect in Klp5/6 mutant cells that is
indistinguishable from that induced by scdIA. Analysis of the double-mutant phenotype indicated that at the
nonpermissive temperature, cells failed to undergo cytokinesis efficiently. These cells contained abnormal
contractile rings in which F-actin and Midl, a key regulator of F-actin ring formation and positioning, are
mispositioned and fragmented. These data suggest that Klp5/6 cooperate with the Ras1-Scdl pathway to

influence proper formation of the contractile ring for cytokinesis.

CHIZOSACCHAROMYCES pombe has a single ho-

molog of the human H-Ras protooncoprotein,
called Rasl (Fukur and Kaziro 1985). Rasl activates
the Byr2 protein kinase to regulate gene expression that
is crucial for sexual differentiation (WANG et al. 1991,
CHANG et al. 1994). Rasl also regulates Scdl/Rall,
which is a putative guanine nucleotide exchange factor
(Fukur and YaAMamoTo 1988; CHANG et al. 1994) for
Cdc42, a member of the Rho family of Ras-like proteins,
and Cdc42, in turn, activates the Shkl/Orb2 protein
kinase (VERDE et al. 1998). The Rasl-Scdl pathway is
further regulated by a scaffold protein, Scd2/Ral3,
which positively affects protein binding between compo-
nents in this pathway (CHANG et al. 1994, 1999).

Scdl is localized to cell ends, the cell equator, the
nucleus, and the spindle (LI et al. 2000). Since overex-
pression of a dominant negative Cdc42 (Cdc42T17N)
reduces the amount of nuclear Scdl while concomi-
tantly increasing the amount of Scdl at the cell ends,
Scd1 seems to move between the cell cortex and the
nucleus. The dynamic localization of Scdl suggests that
the Rasl-Scdl pathway in S. pombe can engage in a wide
variety of activities such as the regulation of cell polarity
and spindle functioning, as well as cytokinesis.

Since one of the best-documented conserved func-
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tions of the Ras and Rho-like proteins is the control
of cytoskeleton functioning (VAN AELST and D’Souza-
ScHOREY 1997), it is highly probable that the S. pombe
Ras1-Scd1 pathway can control cellular activities by simi-
larly interacting with cytoskeleton components. Intrigu-
ingly, while the Ras pathways in fibroblasts and budding
yeast can regulate functioning of the actin cytoskeleton,
we and others have found that the Rasl-Scdl pathway
can also affect the functioning of microtubules in S.
pombe. For example, we have demonstrated that Scdl
colocalizes with the spindle; furthermore, mutations
that inactivate the Rasl-scdl pathway, together with tu-
bulin mutations, block proper spindle formation (L1 et
al. 2000). Furthermore, inactivation of the Ras1-Scdl
pathway renders cells hypersensitive to TBZ (thiabenda-
zole) and MBC (methyl benzimidazolecarbamate), both
of which promote microtubule depolymerization (LI et
al. 2000; QYANG et al. 2002), and is synthetically lethal
with the deletion of teal (PAPADAKI el al. 2002; QYANG et
al. 2002), which encodes a microtubule-binding protein
that was first discovered as a key regulator for cell polar-
ity (MaTa and NURSE 1997). Cells defective in both
Teal and the Rasl-Scdl pathway show abnormalities in
polarity, chromosome segregation, and cytokinesis.

To further investigate the relationship between the
Rasl pathway and microtubules, we performed a genetic
screen seeking chromosomal suppressors (named sof,
suppressors of TBZ sensitivity) that rescue the TBZ hy-
persensitivity of scdIA cells. Among these suppressors,
we further selected those that act synergistically with
sedIA to affect cell growth. In this study, we report the
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isolation of sot! and sot2, which encode Klpb and Klp6
that belong to the Kip3 family of kinesin (plus-end)
motor proteins (WEST et al. 2001). Klp5 and Klp6 are
not essential for cell division, and the only major mitotic
abnormality noted in the null mutants is a transient
defect in chromosome segregation, which results in the
appearance of lagging chromosomes in early anaphase
(GaRrcia et al. 2002a,b; WEST et al. 2002). The pheno-
types of kip5A and kip6A cells in these studies were
reported to be nearly indistinguishable; furthermore,
Klp5 and Klp6 form a complex in S. pombe cells (GARCIA
et al. 2002b). These data are consistent with the hypothe-
sis that Klp5 and Klp6 can participate in the same biolog-
ical process. It is not clear whether Klp5 and Klp6 have
functions in addition to regulation of chromosome seg-
regation.

In this study, we show that Scdl, as well as Cdc42,
binds stably with Klp5 and Klp6. Surprisingly, however,
our data suggest that when both the Ras1-Scdl pathway
and the Klp5/6 complex are inactivated, the cells lose
viability due to cytokinesis abnormality, but not chromo-
some missegregation. These mutant cells display severe
defects in contractile ring formation as their F-actin and
Midl, a key regulator for F-actin ring formation (CHANG
et al. 1996; SOHRMANN e¢f al. 1996; BAHLER et al. 1998a;
PaoLETTI and CHANG 2000), are fragmented and/or
misplaced in the cell cortex during mitosis. These results
support a model in which the Rasl-Scdl pathway can
interact with Klp5/6 to influence the proper formation
of the contractile ring for cytokinesis.

MATERIALS AND METHODS

Parental strains and growth conditions: The generic wild-
type strain is SP870 (4", ade6-M210, leul-32, ura4-D18). Strains
SPRU (rasi::ura4), SPSCD2L (scd2::LEU2), SPSL (byr2::LEU2),
and SPSCDI1U (scdl::ura4) were all derived from SP870 as
described (WANG et al. 1991; CHANG et al. 1994). Strain
SP42N17 (MARCUS et al. 1995), containing an integrated plas-
mid expressing the dominant negative Cdc42T17N, is from S.
Marcus (University of Texas, M. D. Anderson Cancer Center,
Houston). Strain YDM296, containing the temperature-sensi-
tive mid1-18 mutation, and strain YDM603, containing a Mid1
tagged at its C terminus with 13 copies of the cMYC epitope,
are from D. McCollum (University of Massachusetts Medical
Center, Boston; BAHLER ef al. 1998a). The shkl1/orb2-34 mutant
is from F. Verde (University of Miami School of Medicine,
Miami; VERDE et al. 1998). S. pombe cells were cultured in either
rich medium yeast extract adenine uracil (YEAU) or synthetic
minimal medium (MM; ALFA ef al. 1993). To examine pheno-
types of mutants at the nonpermissive temperature, asyn-
chronized cultures were pregrown at 25° and rediluted into
the YEAU medium prewarmed at 35° to 1 X 10° cells/ml. For
synchronization in S phase, cells in early log phase (2 X 10°
cells/ml) were treated by hydroxyurea (HU; 11 mm) for 3 hr
followed by a second dose of HU for one more hour at 25°.
These cells were then washed with HU-free medium and resus-
pended in fresh medium at 35°. Cell viability was assayed by
plating for colony formation in the YEAU medium at 25°. For
the spotting type of experiments, cells of equal number were
serially diluted 1:5 and then spotted on YEAU plates.

Isolation of sot mutants: Approximately 4 X 10° scdIA cells
(strain SPSCD1U) were plated in the presence of TBZ at 15
png/ml, a concentration that prohibits colony formation of
scdIA but not wild-type cells (strain SP870). Forty-four colonies
emerged, and of these, 11 were temperature sensitive (Ts),
and 1 cold sensitive (Cs). We chose to focus on these 12 clones
with temperature-dependent trackable phenotypes that are
useful for gene cloning. These 12 mutations were backcrossed
and shown to be single and recessive. Complementation analy-
sis determined that the 11 mutations acting in concert with
sedIA to induce a Ts phenotype belong to two complementa-
tion groups, sotl and sot2. There are six members in the sotl
group, sotl-I-sot1-6, and five members in the sot2 group, sot2-1—
sot2-5. All the sotl and sot2 alleles produced phenotypes that
were later found to be nearly identical to those induced by
the null mutations (see RESULTS), indicating that they are all
loss-offunction mutations. The remaining mutation, which
together with scdIA produces a Cs phenotype, is in a separate
complementation group and was named sot3-1.

Isolation of sotl/klp5 and sot2/klp6 genes: scdIA sotl-1 and
sedIA sot2-1 strains were used to screen a genomic library
(BARBET et al. 1992) for clones that rescue the Ts phenotype.
Two clones of genes encoding full-length klp5 were isolated
when the scdIA sotl-1 strain was used as host. One of them
was named pKLP5, which contains the coding region for klp5
along with 2.1-kb upstream and 3.3-kb downstream regions.
When the scdIA sot2-1 strain was used as host, nine clones
encoding klp6 were isolated. One of them was named pKLP6,
which contains the full-length klp6 gene plus 0.4-kb upstream
and downstream regions. In addition, full-length scd1 was iso-
lated once in each case, and a truncated scdl lacking the
coding sequence for the last 150 amino acids was also isolated
once during the cloning of the k/p6 gene. The truncated Scdl
was just a weak suppressor, however, which, together with the
data presented in this article, suggests that the N terminus
plays a more minor role in interacting with Klp6. k{p5A and
klp6A strains were prepared (see below) and they produced
the same phenotype as sotl-1 and sot2-1 strains. As reported
previously (WEST et al. 2001), although these mutants do not
have any detectable growth defects, they have an abnormally
bent cell shape, typical of cells defective in microtubule cy-
toskeleton, and are abnormal during meiosis, frequently pro-
ducing abnormal tetrads. We used these phenotypes to per-
form standard complementation analysis. Our data indicate
that sot/ mutations are in the same complementation group
as kip5A, while sot2mutations and klp6A are in another comple-
mentation group. Furthermore, during tetrad analysis, we did
not isolate wild-type cells from sot1/kip5A cells, indicating that
sotl and klp5 are very close to one another in the chromosome.
Likewise, sot2 was determined to be linked to klp5. Finally,
klp5 overexpression using pKLP5 rescues the phenotypes of
both the scdIA sotl-1 strain and the sotl single mutants, and
klp6 overexpression using pKLP6 rescues the phenotypes of
the scdIA sot2-1 strain and the sot2 single mutants. These ge-
netic results indicate that sotl and sot2 are the same as kip5
and klp6, respectively.

Plasmid constructions: To delete klp5 and klp6 genes by
one-step gene replacement, knock-out plasmids pKLP5U and
pKLP6U were constructed from pKLP5 and pKLP6 (isolated
above) as follows: pKLP5U was built by replacing the 1.6-kb
PshAl-Hpal fragment from pKLP5 with a wra4 gene. pKLP6U
was built by replacing the 1.9-kb EcoRI-Spel fragment from
pKLP6 with ura4. Because both kip5 and kip6 genes have one
intron at the 5" end of the gene, full-length cDNAs for both
genes were constructed by first amplifying the 5" part of the
open reading frame (ORF) using PCR and then fusing them
with the 3’ part of the ORF, obtained from the genomic DNA.
Specifically, the first 0.8-kb fragment of the kip5 cDNA and
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0.6 kb of the klp6 cDNA were amplified by PCR primers con-
taining a BamHI site. These PCR products were cloned into
pBluescript II S/K— (Stratagene, La Jolla, CA) to obtain pBS-
KLP5N and pBS-KLP6N. Both c¢DNA fragments were se-
quenced. Next, the 3’ part of the klp5 ORF was released from
PKLP5 as a Sphl-Kpnl fragment whose Kpnl site was blunt
ended. This fragment was cloned into the Sphl/Hincll sites
in pUC119 to obtain pUC119-KLP5C. Similarly, a 2.4-kb FEcoRI-
Stul fragment encoding the C-terminal portion of Klp6 was
cloned from pKLP6 into the EcoRI-Smal sites of pUCI119 to
obtain pUC119-KLP6C. Finally, a 0.8-kb BamHI-Sphl fragment
from pBS-KLP5N and a 2.3-kb Sphil-BamHI fragment from
pUC119-KLP5C were cloned into the BamHI site of pREP-
41GFP (CHEN et al. 1999), pGADGH (CHANG et al. 1994), and
pVJL11 (CHANG et al. 1994) and into the BgllI site of pSLF173
(ForRsBURG and SHERMAN 1997) to construct pREP41GFP-
KLP5, pGADKLP5, pLBDKLP5, and pSLF173-KLP5, respectively.
Similarly, a 158-bp BamHI-EcoRI fragment from pBS-KLP6N
and a 2.4-kb EcoRI-BamHI fragment from pUC119-KLP6C were
ligated to the same set of vectors to construct pREP41GFP-
KLP6, pGADKLP6, pLBDKLP6, and pSLF173-KLP6. pAD-
MID1 was modified from pJG4-5PL-Mid1 (BAHLER et al. 1998a)
by disrupting the original TRPI marker with LEU2. pAD was
constructed as a control vector for the two-hybrid assay by first
removing midl from pJG4-5PL-Midl and then by disrupting
TRPI with LEU2. A BamHI fragment of scdl lacking the last
58 bp of the coding sequence was cloned from pGADSCD1AB
(CHANG et al. 1994) into pALG (L1 et al. 2000) and pVJL11
to construct pALGSCD1AB and pLBDSCDI1AB. A coding re-
gion for the 3’ end of scdl was obtained from pGADSCDI1
(CHANG et al. 1994) by an Apal digestion and then blunt ended
and finally cut with Sacl. This fragment was cloned into the
Sacl-Sall (Sall site was blunt ended) site in pLBDSCD1AB to
create pLBDSCD1. A DNA fragment encoding the C-terminal
163 amino acids of Scdl (ScdlAN) was released from
pHTSCDI1AN (CHANG et al. 1994) by Nhel, blunt ended, and
finally digested with Bglll. The resulting fragment was inserted
into pVJLI1 to create pLBDSCDIAN. To express Scd1-GFP,
we first constructed pCGFP as follows: EGFP was modified by
PCR to harbor a BamHI and Smal site to allow this to be
subcloned into pREP1. scd1 cDNA was amplified and modified
by PCR as a Sall-Bglll fragment to allow cloning into pCGFP
to create pREP1SCD1GFP. scdI was excised from pALGSCD1
(L1 et al. 2000) and cloned into pSLF173 and pAAUGST (Gir-
BRETH el al. 1996) to obtain pSLFSCD1 and pAAU-GSTSCD1.
To express GST-Scd1 under the nmtl promoter, a DNA frag-
ment encoding the GST-Scdl was released from pAAU-
GSTSCDI1 and cloned into pREPI to construct pREPI1-
GSTSCDI. A Psd-Sacl fragment from pAAUGST containing
the coding sequence of glutathione S-transferase (GST) was
inserted into pARTI to create the control plasmid pARTI-
GST. pAAU-GSTCDC42 and pAAU-GSTCDC42V12 were con-
structed by cloning a Sall-Sacl fragment from pALUCDC42SP
(CHANG et al. 1994) or pREP1-CDC42V12 (S. Marcus, M. D.
Anderson Cancer Center) into pAAUGST.

Gene deletion and tagging: Strain SP870 was transformed
with a Psd-Smal fragment released from pSCDI1L (L1 et al.
2000) to generate the SCD1L (scdl::LEU2) strain. To delete
klp5 and klp6, the 4.6-kb BgllI-Kpnl fragment from pKLP5U
and the 3-kb Hpal fragment from pKLP6U were used to trans-
form SP870 at 25° to create strains KLP5U (klp5::ura4) and
KLP6U (klp6::urad), respectively. This results in the deletion
of the coding sequence for the N-terminal 520 amino acids
of Klp5 and for amino acid residues 53-681 of Klp6. Both
knock-outs remove the motor domain. Similarly, klp5 and kip6
were deleted from strain SCDIL to construct double null strains
SILKSU (sedl::LEU2 kip5::ura4) and S1LK6U (sedl::LEU2 kip6::
ura4). Proper gene deletions were confirmed by colony PCR

(http:/www.bio.uva.nl/pombe/handbook). Strains KLP5A
(klp5::ura4::ADE2), S1LKBA (scdl::LEU2 kip5::ura4::ADE2),
and S1LK6A (scdl::LEU2 klp6::ura4::ADE2) were obtained by
transforming strains KLP5U, SILK5U, and S1LK6U with a
Nofl-linearized pVINPSTnmt81 (ADE2"; Kim et al. 2001) to
replace ura4 with ADE2. Strain KLP5A was fused with strains
KLP6U and SILK6U to create diploids. Their tetrads were
dissected to obtain double-mutant KSAK6U (kIp5A kip6A) and
triple-mutant SILK5AK6U (scdIA kip5A klp6A). Strain KLP5U
was fused with strains SPSCD2L, SPSL, and SP42N17 and tet-
rads were dissected to select strains S2LKP5U (scd2A kip5A),
B2LK5U (byr2A kip5A), and K5U42T17N (cdc42T17N overex-
pression in klp5A cells), respectively. Double-mutant RTUKSA
(rasIA kip5A) was built by fusing strains SPRU with KLP5A
followed by tetrad dissection. Tagging strains YC1 (scdI-
I13MYC) and YC2 (scdIAB-13MYC) were obtained by a PCR-
based method using pFA6a-13Myc-kanMX6 as template
(BAHLER et al. 1998b). In the latter strain, the coding sequence
for the 13X cMYC epitope followed by a stop codon was
inserted into the coding sequence for amino acid residue 853
of Scdl. Strain SP870 was transformed with the PCR products,
and stable G418 colonies were selected. Proper tagging was
verified by PCR and Western blot. Strain YC2 (scd1AB-13MYC)
was fused with strains YDM296 and KLLP5A to eventually create
strains YC3 and YC4, which carry midI-18 scdlAB and kip5A
scdIAB, respectively. Strain SPSCD1U was fused with strain
YDM296 to create strain YC5, which carries both scdIA and
midl-18. The Mid1-13Myc tagging strain YDM603 was fused
to the double mutant carrying scdIA sotl-1 to create Midl-
13Myc tagging strains in the genetic background of scdIA,
sotl-1, and scdIA sotlI-1. These strains were named YC6, YC7,
and YCS8, respectively. Similarly, we constructed strains YC9
and YC10 carrying Mid1-13Myc with kip5A and scdIA kipSA,
respectively.

Fluorescence microscopy: For GFP-Klp5 and GFP-KIp6 im-
aging, cells transformed with pREP41GFP-KLP5 or pREP41-
GFP-KLP6 were grown in MM medium without thiamine. Un-
der this condition, the expression level of Klp5 and Klp6 is
not toxic to the cells. To document GFP-Scd1 and GFP-Scd1AB
expressed under the control of the strong adhl promoter,
cells were examined as soon as colonies emerged after transfor-
mation (LI et al. 2000). To examine Scd1-GFP expressed from
the nmt1 promoter, transformed cells were first grown in MM
containing 2 pM thiamine and then were cultured in medium
with 0.25 pM thiamine. To study whether disrupting microtu-
bules and F-actin can affect protein localization, cells were
first pregrown on plates and then resuspended in medium
containing 25 pg/ml MBC or 10 puM latrunculin (LatA). For
microtubule staining using the TAT1 antibody, cells were fixed
either with methanol at —20° for at least 10 min or with both
3% paraformaldehyde and 0.05% glutaraldehyde for 90 min.
To stain Mid1-13Myc using the 9E10 antibody, cells were fixed
with 4% formaldehyde for 30 min (BAHLER ef al. 1998a). To
stain F-actin, cells were fixed in 3.7% formaldehyde for 30
min and then stained by 20 units/ml rhodamine-conjugated
phalloidin. To visualize the septum, cells were fixed in 3.7%
formaldehyde for 10 min and stained with calcofluor. DNA
was stained by 4’,6-diamidino-2-phenylindole.

Yeast two-hybrid analysis: The reporter strain used was 1.40,
which carries the reporter genes lexA-lacZ and lexA-HIS3 (Voj-
TEK et al. 1993). The B-galactosidase activity was measured
using a color filter method and the HIS3 activity was measured
by plating cells in medium lacking histidine (CHANG et al.
1994). The activation domain hybrid proteins were generated
by the fusion to either GAL4 or B42. The DNA-binding domain
hybrid proteins were constructed by fusion to LexA.

GST pull-down assays: Cells (SP870) were transformed with
pREP1-GSTSCD1 and then seeded in the presence of 20 um
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thiamine. These cells were inoculated into the 500 ml thia-
mine-free medium and grown for 24 hr to log phase. The
harvested cells were broken by a French press in 140 ml low-
salt RIPA buffer [50 mwm Tris, pH 8.0, 1% NP40, 0.5% DOC,
0.1% SDS, 1 mm dithiothreitol (DTT), and a protease inhibi-
tors cocktail]. To make lysate containing GST-Cdc42 and GST-
Cdc42V12, cells transformed with pAAU-GSTCDC42 and pAAU-
GSTCDC42V12 were grown in thiamine-free medium to log
phase and then broken by glass beads in the PEM buffer (ALra
et al. 1993) supplemented with 0.5% NP40, 1 mm DTT, and
a protease inhibitors cocktail. After centrifugation (3000 X g,
15 min), GST fusion proteins in the supernatant were captured
by glutathione beads, which were then incubated with lysates
containing HA-Klp5 or HA-KIp6. These lysates were made
from cells carrying pSLF173-KLP5 or pSLF173-KLP6, respec-
tively. These cells were pregrown for 20 hr in thiamine-free
medium and lysates were made with the same PEM-based
lysis buffer. After washing, proteins bound to the GST fusion
proteins were resolved by SDS-PAGE and Western blot analysis.

Western blot analysis: For proteins that are tagged with
hemagglutinin (HA), c-Myc, GST, or green fluorescent pro-
tein (GFP), 12CA5 (1:500), 9E10 (1:500), and commercial
goat anti-GST antibody (1:2000, Amersham Pharmacia Bio-
tech, Piscataway, NJ) were used as primary antibodies. Tubul-
ins were detected by TAT1 (CHEN et al. 1999).

RESULTS

Cloning of sotl/klp5 and sot2/klp6 genes: To identify
microtubule-binding proteins that interact with Scdl,
we first searched for spontaneous recessive mutations
that can rescue the hypersensitivity of scdIA cells to a
microtubule-depolymerizing drug, TBZ (Figure 1A).
We then focused on those mutations that act coopera-
tively with scdIA to produce a growth defect that is either
undetectable or weak in the single mutants. Mutations
in three genes, sotl, sot2, and sot3, were thus identified
(MATERIALS AND METHODS). scdIA in combination with
either the sot] or the sot2 mutations creates a Ts growth
defect (Figure 1A), while scdIA, together with the sot3
mutation, creates a Cs growth defect (our unpublished
results).

The Ts growth defects of scdIA sot1™ and scdIA sot2~
strains were used to screen a genomic library for sotl
and sot2 genes (see MATERIALS AND METHODS). Our
results show that sot1 and sot2 are the recently identified
klp5 and klp6 genes, respectively, which encode heavy
chains of members of the kinesin motor protein family
(WEST et al. 2001).

Deletion mutants of klp5 and klp6, like the sotl and
sot2 mutants, are viable and do not display any detect-
able growth defects at 35° (Figure 1A; WEST et al. 2001).
To further investigate the genetic interactions among
Scdl and Klpb and Klp6, we created scdIA kip5A and
sedIA klp6A double null mutants and found that these
double null mutants also fail to grow at 35° (Figure 1A).
In fact, in all the analyses described in this study, kp5A
and klp6A cells are phenotypically indistinguishable
from the sotl-1 and sot2-1 mutant cells, and as a result,
scdIA kip5A and scdIA kIp6A cells are phenotypically
similar to scdIA sotl-1 and scdIA sot2-1 cells.

Klp5 and Klp6 specifically interact with the Ras1-Scd1
pathway, but not with the Ras1-Byr2 pathway: S. pombe
Rasl controls two effectors. In addition to Scdl, Rasl
also controls the Byr2 protein kinase. We investigated
which Rasl pathway specifically interacts with Klp5 and
Klp6. Our data show that at 35°, rasIA, scd2A (data not
shown), 0rb2-34 (a shk1 mutation; VERDE et al. 1998), and
overexpression of the dominant negative Cdc42T17N
inhibit the growth of klp5A cells; by contrast, deleting
byr2has no effect on the phenotype of kip5A cells (Figure
1B). Similar results were observed in klp6A cells (data
not shown). We conclude that the Rasl-Scd1 pathway,
but not the Rasl-Byr2 pathway, interacts with the Klp5-
Klp6 complex.

To further analyze the relationship between Klp5/6
and the Rasl pathway, we determined that klp5 or kip6
overexpression does not detectably rescue the pheno-
type of scdIA and rasIA cells (round cell shape); con-
versely, scdl or rasl overexpression does not rescue the
phenotype of klp5A or klp6A cells (bent cell shape and
sporulation abnormalities; WEST et al. 2001; data not
shown). Collectively, these genetic data suggest that the
Rasl pathway and Klp5/6 act in a cooperative fashion,
perhaps on different mechanisms, to influence cell
growth.

Furthermore, we found that klp5A and kip6A do not
detectably alter the localization of Scdl and vice versa
(data not shown). Interestingly, in interphase, Scdl is
predominantly nuclear, while Klp5 associates with mi-
crotubules. However, when Klpb is overexpressed, Scd1l
seems to relocate from the nucleus to the cytosol as long
cables (Figure 1C). These cables are almost certainly
microtubules since they are readily demolished by MBC
(Figure 1C) and by ice treatment (not shown), both of
which induce microtubule depolymerization, but not
by latrunculin A (not shown), which induces F-actin
depolymerization. These observations suggest that Klp5
overexpression recruits Scdl to microtubules. By con-
trast, Scd1 overexpression did not cause Klp5 to mislo-
calize (data not shown). We conclude that, although
components of the Rasl pathway and Klp5/6 are not
necessary for one another’s proper cellular localization,
high levels of Klp5 can mislocalize Scdl.

Klp5 and Klp6 influence the same biological processes
but are not functionally redundant: The Klpb and Klp6
amino acid sequences are very similar, and we and oth-
ers have observed that klp5A and klp6A cells have similar
phenotypes; furthermore, Klp5 and Klp6 can form a
protein complex (see below and GARcIA et al. 2002b).
Thus, we asked whether Klp5 and Klp6 are functionally
redundant with respect to the interaction with Scdl. A
kIp5A kIp6A strain was created, which, like the single
null mutants, is viable at all temperatures tested (Figure
1A; WEST et al. 2001). The phenotype of the double
null mutant is essentially the same as that of either one
of the single null mutants (WesT et al. 2001; data not
shown). In addition, the phenotype of a triple null mu-
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FiGURE 1.—Mutations inactivating klp5 or klp6 create a growth defect in cells defective specifically in the Ras1-Scdl pathway.
(A) Serially diluted cells were spotted onto YEAU plates. These plates were incubated at either 25° for 4 days or 35° for 2 days;
the amount of TBZ in these plates is indicated. The deletion and wild strains used were SP870 (WT), KLP5U (kip5A), KLP6U
(klp6A), SCDIL (scdIA), KBAK6U (kip5A klp6A), SILKBU (scdIA kip5A), SILK6U (scdIA kip6A), and SILKSAK6U (scdIA kipSA
kip6A). (B) Cells with indicated gene deletion (A) or overexpression (I) were serially diluted and spotted onto YEAU plates.
Plates were cultured at 25° for 3 days or at 35° for 2 days. Strains used were SP870 (WT), KLP5U (klp5A), SPSL (byr2A), SPRU
(rasIA), SP42N17 (cde42T17NT), B2LK5U (kip5A byr2A), RIUKBA (kIp5A rasIA), and KBU42T17N (kip5A c¢dc42TI17NT). To
determine genetic interaction between the shkl mutation (orb2-43) and kip5A, the orb2-43 mutant was fused with strain KLP5A
and tetrads were dissected. The four strains shown were derived from the same tetrad. (C) Wild-type cells were transformed with
pREP1-SCDIGFP to express Scdl-GFP. MBC was added at 25 pg/ml. Klp5 was further overexpressed (I) in these cells using
pSLF173-KLP5. The thiamine concentration was 0.25 um. Note that Scdl overexpression can cause round cell shape. WT, wild
type. Bar, 3 pm.

tantlacking scdl, klp5, and klp6is not substantially differ-
ent from that of scdIA kIp5A and scdIA klp6A cells (Fig-
ure 1A; data not shown); neither Klp5 overexpression
in scdIA kip6A cells nor Klp6 overexpression in scdIA
kIp5A cells rescues the growth defect (Figure 2A). Klpb
and Klp6 also do not influence each other’s association

with microtubules since Klpb seems to associate effi-
ciently with microtubules in klp6A cells and vice versa
(Figure 2B; data not shown). These data support the
hypothesis that Klp5 and Klp6 are part of the same
protein complex that regulates the same set of biological
functions, which include the interaction with Scd1. This
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Frcure 2.—Klpb and Klp6 act on the same pathway but are
not functionally redundant. (A) Cells were transformed with
either the control vector (pSLF173) or a vector expressing
Klp5 (pSLF173-KLP5) or Klp6 (pSLF173-KLP6). Transformed
cells were grown in MM medium with 200 nm thiamine at
either 25° for 5 days or 35° for 3 days. We have tried various
concentrations of thiamine (0-20 wm) but Klp5 overexpres-
sion never rescued kip6A cells and vice versa. Similar results
were obtained by expressing Klp5 and Klp6 under their own
genomic promoters (data not shown). (B) Cells were trans-
formed with a vector expressing GFP-KIp5 (pREP41GFP-
KLP5) and cultured in MM medium without thiamine. GFP-
Klpb fully rescues the null mutant phenotype and is not toxic
to the cell under this condition. Note that treatments of cells
with MBC and an ice bath, both of which induce microtubule
depolymerization, abolish the GFP-Klp5 signal. GFP tagging
of endogenous Klpb and Klp6 also shows that they localize to
microtubules and the spindle (WEST et al. 2001). Strains used
were KLP5U (kip5A), KLP6U (kip6A), SILKSA (scdIA kIpSA),
and SILK6A (scdIA klp6A). Bar, 3 pm.

complex is apparently inactive when either Klp5 or Klp6
is absent, and Kpb and Klp6 are not functionally redun-
dant when overexpressed.

Scdl, as well as Cdc42, binds Klp5 and Klp6: We
first performed the yeast two-hybrid assay to determine
whether Scdl can bind Klp5 and Klp6. Our data indicate
that Scdl forms stable complexes with Klp5 and with
Klp6 (Figure 3A). Klpb binds Klp6 and itself, while Klp6
binds only Klp5 (Figure 3A). These data agree with
those of GARCIA et al. (2002b) that Klp5 co-immunopre-
cipitates with Klp6, but Klp6 does not co-immunoprecip-
itate with itself in S. pombe cells. To examine whether
Scdl forms a stable complex with Klp5 and Klp6 in S.
pombe cells, we performed GST pull-down. As shown in
Figure 3B, Scdl binds both Klp5 and Klp6. Moreover,

like Scdl, Cdc42 binds both Klp5 and Klp6 when ex-
pressed in S. pombe cells (Figure 3B). The binding be-
tween Cdc42 and Klp5/6 does not appear to be GTP
dependentsince either wild type or the hyperactive form
of Cdc42 binds equally efficiently with Klp5/6 (data not
shown). Rasl, Scd2, or Shkl did not show detectable
binding with Klpb and Klp6.

We have shown previously that the C terminus of Scd1
(Scd1AN) is central for binding to a number of key
molecules, such as Rasl, Scd2, and Cdc42 (CHANG et
al. 1994). A key feature in the C terminus of Scdl is a
PB1 (Phox and Beml) domain that adopts a (-grasp
fold common among Ras effectors (http://smart.embl-
heidelberg.de/smart). We investigated in this study
whether the C terminus of Scdl is also important for
binding Klpb5 and Klp6 by using the two-hybrid system.
As shown in Figure 3C, Scd1AN indeed binds both Klp5
and Klp6, albeit it does so more weakly than does full-
length Scdl. In contrast, a C-terminally truncated Scdl,
Scd1AB, lacking just the last 19 amino acids, which are
part of the PB1 domain, does not bind Klp5 and Klp6,
although it binds the Scd2 control (CHANG et al. 1994;
data not shown). Scd1AB also does not bind Cdc42 and
Rasl (data not shown).

To determine if C-terminal truncation weakens Scdl
function in S. pombe cells, we truncated Scd1 by inserting
the coding sequence of the c-Myc epitope along with a
stop codon (MATERIALS AND METHODS) in the chromo-
somal coding sequence of scdl to result in the produc-
tion of Scd1AB. Western blotting showed that Scd1AB
and Scdl are both expressed at the same level (Figure
3D), but cells carrying Scd1AB instead of Scdl are
slightly more round than normal (data not shown),
suggesting that Scd1AB is not as functional as Scdl.
More important, scd1AB also induced Ts growth defects
in combination with either klp5A or kip6A, although
these growth defects are weaker than those created by
sedIA (Figure 3D; data not shown). Collectively, these
data suggest that the C terminus of Scdl is critical for
its functions, which includes the interaction with Klpb
and Klp6.

Klp5/6 interact with Scdl to influence cytokinesis/
septation: To determine whether the Ts growth defect
of the double mutants is due to cell death or growth
inhibition, and to determine its cause, we grew various
stains at 25° and then shifted and examined them at 35°
over time. We measured cell viability of logarithmically
growing cells and found that the viability of scdIA kip5A
cells declined readily 3 hr after the shift to 35° and
then leveled off at 60% (Figure 4A). This observation
is consistent with the possibility that a given portion,
but not all, of the double-mutant cells loses viability
during each cell division. We further observed that mul-
tinucleated (two nuclei or more) double-mutant cells
with abnormal septa accumulated over time after the
shift to 35° (Figure 4B). The observed abnormal septa
are either mispositioned (off center) or irregular in
shape or both. Strikingly, after 23 hr at 35°, half the
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F1GURE 3.—Scd1, as well as Cdc42, binds Klp5 and Klp6. (A) The fusion proteins tested in the two-hybrid system are indicated
on the right. AD represents the fusion with the activation domain, while BD represents the fusion with the DNA-binding domain.
The activation of the lacZ reporter was measured by a color filter assay. The HIS3 reporter gene was also activated by the same
pair of fusion proteins (data not shown). The plasmids expressing the fusion proteins were pGADKLP5, pGADKLP6, pLBDKLP5,
pLBDKLP6, and pLBDSCDI. (B) GST control and GST fusion proteins, bound to the glutathione beads and shown on top of
each lane, were incubated with yeast lysate containing HA-Klp5 or HA-KIp6. Proteins pulled down by the beads were analyzed
by Western blot. HA-Klp5 and HA-KIp6 in the total cell extract were also revealed by Western blot. (C) The yeast two-hybrid
interactions between Klp5/6 and various forms of Scdl were schematized. The plasmids used were pGADKLP5, pGADKLP6,
pGAD-SCD1AN (CHANG et al. 1994), pLBDSCD1AB, pLBDSCDI1AN, pLBDSCDI1, and pLBDKLP5. All two-hybrid interactions
were determined by activation of both lacZ and HIS3 reporter genes. The interaction between ScdlAN and Klp6 was weak and
can be detected only by streaking cells transformed with pGADKLP6 and pLBDSCD1AN in His~ medium in the presence of 0.5
mMm 3-amino-1,2,4-triazole. (D) Serially diluted cells were spotted onto YEAU plates and grew at the indicated temperatures. The
strains shown on the left were SP870 (WT), KLP5A (kip5A), YC2 (scdIAB), YC4 (klpSA scdIAB). All the cells shown on the right
were derived from the same tetrad after a fusion between strains YC2 and YDM296. The protein levels of Scdl and Scd1AB were
detected by Western blotting, as shown on the right, and tubulins were the loading control.

population of cells are multinucleated, of which 70% tants). These observations support the hypothesis that
have more than two nuclei. The scdl kip6 mutants show Scdl and Klp5/6 cooperate to influence cytokinesis
essentially the same defect (Figure 4B; data not shown). and/or septation.

This defect is either undetectable in wild-type, kip5A, Although Scdl, Klpb, and Klp6 can affect chromo-

and kip6A cells or much weaker in scdIA cells (displaying some segregation (L1 et al. 2000; GARCIA et al. 2002b;
one-third as many abnormal cells as the double mu- WEST et al. 2002), chromosome missegregation is un-
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F1GURE 4.—Inactivation of both Scdl and either Klp5 or Klp6 results in abnormal cytokinesis and loss of viability. Strains used
were SP870 (WT), KLP5U (kip5A), KLP6U (kip6A), SCDIL (sedIA), SILK5U (scdIA kip5A) and SILK6U (scdIA kip6A). WT, wild
type. (A) Cells were pregrown at 25° and then shifted to 35°. Cell samples were taken every 3 hr to determine cell viability by
plating. (B) The same samples in A were stained to reveal the septum and DNA. Arrows mark abnormal septa at the same focal
plane, while the asterisk marks a four-nucleated cell. (C) Cells pregrown at 25° were shifted to 35° for 4 hr and then stained for
microtubules and DNA. Arrowheads mark those cells with unsegregated chromosomes. The frequencies of mitotic cells with
abnormal chromosome segregation before and after the shift to 35° are tabulated below. Bars in B and C are 3 pm.

likely to be the major cause of cell death in scd1A kip5A
and scdIA klp6A strains. kip5A and kip6A cells with tran-
sient unsegregated or lagging chromosomes (arrow
heads in Figure 4C) have been reported to occur during
anaphase (GaRrciA el al. 2002b; WEST et al. 2002) at
both 25° and 35°, but these cells are viable because they
apparently were capable of segregating all the chromo-
somes eventually. The abnormality in chromosome seg-
regation seems to be worsened slightly by scdIA at 25°
and only weakly intensified at 35°. More importantly, at
35°, we did not observe accumulation of double null
mutant cells with the “cut” (cell untimely torn) pheno-
type that is typical of dead cells resulting from chromo-
some missegregation. For example, the abnormal cells

as shown in Figure 4B have nuclei of equal size. This
suggests that the observed lagging chromosomes eventu-
ally segregated and that chromosome missegregation is
not the major cause for lethality in the double-mutant
cells. We also did not observe any obvious defects in
microtubules that can explain the cytokinesis pheno-
type. That is, like scdIA cells (P1cHOVA el al. 1995; CHEN
et al. 1999), the interphase microtubules in the double
mutants show a crisscross pattern (Figure 4C). Finally,
consistent with the hypothesis that KIp5/6 interacts with
the Ras1-Scd1 pathway, inactivation of Ras (rasIA), Scd2
(scd2A), Cdc42 (Cdc42T17N overexpression), and Shk1l
(0rb2-34), together with either k[p5A or kip6A, create a
cytokinesis defect similar to that shown in Figure 4B.
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Klp5/6 interacts with Scdl to affect F-actin ring for-
mation and proper Midl positioning within the cell cor-
tex: The “septa” as shown in Figure 4B are grossly de-
formed. Thus, we investigated whether the formation
of the contractile ring is defective in the double mutants.
To this end, we examined two key ring components,
F-actin and Midl. The former is part of the actomyosin
ring, which constricts to cleave the cell, while the latter
appears to play a role in marking the site of ring forma-
tion.

Our data show that ~60-70% of mitotic scdIA kip5A
cells displayed either misplaced or disorganized F-actin
“rings” or both within the first 3 hr after the shift to 35°
(Figure 5A). Most of the disorganized F-actin rings are
not closed rings and appear as long threads. Similar
abnormalities in F-actin rings are observed in scdIA
kIp6A cells (Figure bA; data not shown). The observed
F-actin abnormalities are similar to those found in mu-
tant cells defective in Mid1 (CHANG et al. 1996; BAHLER
et al. 1998a).

The subcellular localization of Midl was examined
by tagging chromosomal Midl with 13 copies of the
c-Myc epitope. Previous studies have shown that Mid1-
Myc is fully functional and is nuclear in wild-type cells
during interphase (BAHLER e/ al. 1998a; Figure 5B).
During early mitosis, Mid1 exits the nucleus and associ-
ates with the cell cortex to form a broad band at the
cell equator. This band then narrows to form a ring
during metaphase-early anaphase. Like F-actin, the
Midl cortex signal is grossly disorganized and posi-
tioned off center in 70% of mitotic scdIA kip5A cells
after shifting to 35° (Figure 5B). By contrast, this abnor-
mality is undetectable in wild-type and kip5A cells and
can be seen in only 18% of scdIA cells. Moreover, we
found that the percentage of cells with abnormal Midl
correlates with that of cells with abnormal F-actin ring
and that F-actin is almost always associated with Midl,
even when Midl is grossly disorganized. We did not
detect any significant change of Midl localization in
interphase scdIA kIp5A cells; it remains nuclear. Consis-
tentwith the idea that Scdl can influence Midl position-
ing, scdIA, aswell as scdIAB, intensifies the growth defect
of the midi-18 mutant (Figure 3D). klp5A and kip6A do
not interact with this midI allele, however.

To further determine the timing of Mid1 and F-actin
mislocalization, scdIA klp5A cells were synchronized in
S phase (by hydroxyurea) at 25° and then released at
35° and allowed to complete the first cell cycle. We
found that abnormal Midl and F-actin cortex signals
can be detected as early as the prometaphase, a stage
when Midl is normally expected to form a band (data
not shown). Therefore, it seems unlikely that the abnor-
mal Midl rings are broken-down structures from pre-
formed bands or rings. On the basis of these data, we
conclude that Midl and F-actin are improperly posi-
tioned in the cell cortex when both Scdl and Klp5/6
are inactivated.

DISCUSSION

This study uncovers a novel function for both the
Klp5-Klp6 complex and the Ras1-Scdl pathway in that
they act in concert to mediate cytokinesis. This is sup-
ported by the fact that Klp5/6 can form a complex
with both Scdl and Cdc42; furthermore, inactivation
of Klp5/6 together with inactivation of the Rasl-Scdl
pathway leads to abnormal cytokinesis. The abnormal
cytokinesis appears to be caused by improper contractile
ring formation, as the double-mutant cells frequently
contain F-actin and Midl rings that are either misposi-
tioned or fragmented in the cell cortex.

How the contractile ring is positioned during mitosis
is unclear. Using GFP tagging, Midl can be observed
to associate with the cell cortex as early as in G, (PAoL-
ETTI and CHANG 2000). As such, among all the proteins
known to influence cytokinesis, Midl seems to be the
earliest to reach the cell equator. This supports the
hypothesis that Midl plays a critical role in recruiting
other cytokinesis elements to the cell equator. Since
Midl is grossly mispositioned in our double mutants, it
is tempting to speculate that Midl mispositioning may
initiate the formation of abnormal F-actin rings. Alterna-
tively, Scdl and Klp5/6 may influence other proteins,
which in turn control Midl localization. Mid1l localiza-
tion can be influenced by Plol, a Polo-like protein ki-
nase (BAHLER e/ al. 1998a). By GFP tagging, Plol has
been reported to associate with the cell equator briefly
during mitosis. We were unable to thoroughly investi-
gate whether Plol localization is similarly impaired in
our double mutants because GFP-Plol loses fluores-
cence at 35° (our unpublished observation).

Klp5 and Klp6 are presumptive kinesin motors; thus,
they are likely to influence cytokinesis in a microtubule-
dependent fashion and may act as plus-end motors to
play a role in transporting cytokinesis regulatory pro-
teins. Klp5 and Klp6 have also been suggested to play
a role in negatively regulating microtubule dynamics,
as microtubules in the null mutants are resistant to
drugs (TBZ and MBC) that promote microtubule de-
polymerization and appear so long that they curve
within the cell (WEST et al. 2001). Enhancement in ap-
parent microtubule dynamics per se is unlikely to cause
the observed cytokinesis defects in the scdl and klp dou-
ble mutants. This is supported by two of our lines of
results: (1) MBC and TBZ resistance in the scdl kip
double mutants is actually weaker than that in the klp
single mutants and (2) adding TBZ and deleting mal3
(BEINHAUER ¢f al. 1997), both of which weaken microtu-
bules, did not rescue the growth defect in scd kip double
mutants. Microtubule dynamics can influence nucleus
positioning (TRAN et al. 2001). While we observed that
the nuclei in some of the klp mutants cells (5-10%) are
off center, this is unlikely to cause the observed Midl
abnormalities for two reasons:

1. In studies in which a correlation between nucleus



486 Y. Li and E. C. Chang

scd1A kipbA

scdi1A

DNA

% of abnormal mitotic F-actin signal

Relevant genotype after shift to 35°C over time (hr)

. 0 3 3 9
F-Actin <7 P <1 <1 <1
Kip5A <1 3 6 <1
kip6A <1 <1 3 5
scd1a 3 32 35 29
scd1A kip5A 17 68 80 79
klp5A scd1A kip5A

Mid1-13Myc

F-Actin

DNA

| M | M | M | M

F1GURE b.—Inactivation of both Scdl and either Klpb or Klp6 interferes with F-actin ring formation and Mid1 cortex association.
(A) Cells were treated as described in the legend for Figure 4 and then stained for F-actin and DNA. Arrows mark the disorganized
F-actin associated with cell ends in mitotic cells. The percentages of mitotic cells with abnormal F-actin were also tabulated. Bar,
5 pm. (B) Cells were shifted to 35° for 4 hr and then stained for ¢-Myc, F-actin, and DNA. I, interphase; M, mitosis. Among
those mitotic cells with Mid1l in the cortex, we measured the fraction of these cells in which the association between Mid1l and
the cell cortex was abnormal. At 35°, this abnormality was 70% in scdIA klp5A cells. By contrast, it was 18% in scdIA cells and
<1% in either klp5A or wild-type cells. At 25°, this abnormality was detectable only in 4% of mitotic scdIA kip5A cells, but not
in the wild type or in any of the single null mutants. About 1000 synchronized cells were counted for each strain. Bar, 3 pm.

mispositioning and abnormal F-actin ring formation
has been noted, the F-actin ring seems to be assem-
bled normally but is simply positioned off center in
relation to the nucleus (CHANG et al. 1996). In our
double mutants, by contrast, most of the abnormal
F-actin does not form a ring at all and is grossly
disorganized in the cortex. This abnormality resem-
bles that of the midl mutant, whose nucleus is not
misplaced.

2. We examined those scdIA kip5A cells that are not en-
tirely spherical and found that there is barely a 2-fold
increase in the fraction of off-centered nuclei after
shifting to 35° (our unpublished results). By contrast,
the increase in abnormal Midl is >10-fold.

Interacting with microtubule-binding proteins to in-
fluence cytokinesis seems to be a common feature of
the Ras1-Scdl pathway, as we have previously reported
that it can do so with Teal (PAPADAKI et al. 2002), and
in this study we show that it also does so with Klp5/6.
Furthermore, in ongoing studies, we found that scdIA
together with mal3A also causes a cytokinesis defect (our
unpublished results). How does the Rasl-Scdl pathway
influence cytokinesis? There is evidence that the Rasl-
Scdl pathway can affect protein trafficking. MURRAY
and JoHNSON (2000a) have demonstrated that this Rasl
pathway plays a role in endocytic trafficking, and we
have shown that it controls the nuclear import of Moel
and Rpnb (CHEN e al. 1999; YEN et al. 2003). These
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observations support a hypothesis that the Rasl-Scdl
pathway may influence nuclear localization of key cyto-
kinesis regulators. Alternatively, the Rasl pathway may
influence cytokinesis by anchoring regulatory proteins
to the potential cleavage site. One prediction of this
model is that components of the Ras1 pathway can asso-
ciate with the cell midzone. Indeed, during early mitosis
Scd2 forms a wide band around the cell equator (SAWIN
and NURsk 1998), which is very similar in appearance
to the Mid1 band; furthermore, Rasl, Scd1l, Cdc42, and
Shkl all associate with the cell equator (BAUMAN et al.
1998; L1 et al. 2000; MURRAY and JoHNSON 2000b;
QYANG et al. 2002). Finally, the Ras1 pathway may inter-
act with the SIN pathway, a key signal transduction path-
way that regulates cytokinesis (McCoLLuM and GOULD
2001). In keeping with this, overexpression of a negative
regulator for the SIN pathway (Byr4) can block cytokine-
sis, which is worsened by rasIA and scdIA (SONG et al.
1996).

In both plant and animal cells, microtubules and, in
particular, kinesin motor proteins are very important
for cytokinesis (SmrtH 2002). In S. pombe, the roles of
microtubules in cytokinesis are somewhat less well de-
fined, although they have been implicated in cytokinesis
in at least two other studies. It has been shown that Mal3
overexpression can cause abnormal septum formation
(BEINHAUER ¢f al. 1997) and that Cdcl2, a crucial com-
ponent for proper cytokinesis, associates with microtu-
bules (CHANG 1999). One paradoxical observation ques-
tions the importance of microtubules in cytokinesis.
Thatis, a -tubulin mutant can still form an F-actin ring
in the cold when almost all long microtubule cables are
presumed to depolymerize (CHANG et al. 1996). How
can Klpb and Klp6 function in this mutant if in fact all
microtubules undergo depolymerization? Our genetic
data suggest that Scdl and the Klp5-Klp6 complex may
engage in two different mechanisms that ultimately con-
verge upon cytokinesis control. In the absence of a nor-
mal microtubule cytoskeleton, Scdl may act through
pathways that are sufficient in the cold to support local-
ization of cytokinesis regulators. Furthermore, it has
been shown that GFP-Midl associates with the cell cor-
tex as early as in Gy and that, once in the cell cortex,
the positioning of GFP-Midl is resistant to microtubule
depolymerization (PAoLETTI and CHANG 2000). Thus,
even if Midl localization is only weakly supported by
Scdl in the absence of microtubules, once Mid1 reaches
the cell cortex, it could stay there until cell division. We
were unable to test whether the Midl band in early G,
is affected in the sc¢dl and klp mutants because the GFP
signal is unstable at 36° (our unpublished results).

Since the Ras-Cdc42 pathway is highly conserved from
yeast to humans, it is possible that this pathway also
regulates cytokinesis in other eukaryotic cells. Rho-like
proteins, such as Cdc42, have been shown to control
cytokinesis in numerous systems, including many animal
cells (LiN et al. 1999; PROKOPENKO et al. 2000), and Ras

can regulate cytokinesis in Dictyostelium (SUTHERLAND

et al. 2001).
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