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ABSTRACT The Shk1 protein kinase, a homolog of Sac-
charomyces cerevisiae Ste20 and mammalian p21Cdc42/Rac-
activated kinases, is an essential component of a Ras- and
Cdc42-dependent signaling cascade required for cell viability,
normal morphology, and mitogen-activated protein kinase-
mediated sexual responses in the fission yeast, Schizosaccha-
romyces pombe. To identify S. pombe proteins that modulate or
mediate Shk1 functions, we conducted a two-hybrid screen for
Shk1-interacting proteins. One of the genes identified as a
result of this screen was skb1. We show that Skb1 interacts
with a region of the N-terminal regulatory domain of Shk1
distinct from that to which Cdc42 binds, and that Shk1,
Cdc42, and Skb1 are able to form a ternary complex in vivo.
S. pombe cells carrying an skb1 null mutation are less elongate
in morphology than wild-type cells and exhibit a moderate
growth defect. The morphology defect of the skb1 deletion
mutant is suppressed by overexpression of Shk1. Overexpres-
sion of Skb1 causes wild-type S. pombe cells to become
hyperelongated. Additional genetic analyses described herein
suggest that Skb1 is a component of the morphology control
branch of the Ras signaling cascade in S. pombe and that it
positively modulates Shk1 function. Homologs of Skb1 are
encoded by open reading frames in the genomes of S. cerevisiae
and Caenorhabditis elegans and by an uncharacterized human
cDNA sequence. Thus, skb1may be the first well-characterized
member of a highly conserved family of genes encoding
potential p21Cdc42/Rac-activated kinase regulators.

The small GTP-binding proteins encoded by members of the
highly conserved ras gene family are essential components of
signal transduction pathways regulating cell growth and dif-
ferentiation in eukaryotes from yeasts to mammals (1). It has
been firmly established that a key function of Ras proteins in
mammalian cells is in the regulation of mitogen-activated
protein kinaseyextracellular-regulated kinase (MAPKyERK)
cascades (2). The best-characterized Ras effector is the seriney
threonine kinase, Raf, which phosphorylates and activates the
MAPKyERK kinase MEK. However, multiple lines of evi-
dence indicate that there are additional Ras effectors besides
Raf in mammalian cells. For example, Ras proteins have been
shown to bind phosphatidylinositol-3-OH kinase (3), Ral-GDS
(4), and MEKK, a MAPK kinase kinase (MAPKKK) that is
structurally unrelated to Raf (5). In addition, Ras appears to
act through MAPKKKs distinct from Raf in some types of
mammalian cells (6–8) and a mutant Ras protein, H-RasT35S,
that does not bind to Raf strongly induces MAPK activation in
Xenopus oocyte extracts (8).

Perhaps the most significant unanswered questions pertaining
to Ras function revolve around its role in regulation of the actin
cytoskeleton. Treatment of mammalian cells with growth factors
or with oncogenic Ras proteins rapidly induces actin reorgani-
zation,membrane ruffling, and alterations in cellmorphology (9).
Joneson et al. (10) recently used mutants of H-Ras to show that
membrane ruffling and MAPK signaling occur through distinct
Ras effector pathways in mammalian cells. Although the molec-
ular details have yet to be fully elucidated, various lines of
evidence indicate that members of the Rho family of Ras-related
GTP-binding proteins, which includes Rho, Cdc42, and Rac
proteins, are key intermediates in the Ras-induced cytoskeletaly
morphological control pathways in higher eukaryotes (11). Pro-
tein kinases that are activated specifically by Rho family members
have been identified and include the Rho-activated kinases
ROKa and PKN (12, 13), and several structurally related
p21Cdc42/Rac-activated kinases (PAKs) (14–16). However, it has
yet to be demonstrated whether any of these kinases link the
Rho-related proteins to cytoskeletal regulatory pathways.
The product of the single known ras homolog, ras1, in the

fission yeast Schizosaccharomyces pombe is required for two
distinct cellular functions that closely parallel Ras functions in
higher organisms. First, Ras1 regulates a pheromone-induced
MAPK cascade composed of the protein kinases Byr2 (MAP-
KKK), Byr1 (MAPKK), and Spk1 (MAPK) (17). Ras1 binds
to the N-terminal regulatory domain of Byr2 in a GTP-
dependent fashion (18, 19). This interaction is believed to be
analogous to the interaction between Ras and Raf in mam-
malian cells. The second, genetically separable function of
Ras1 is in the control of cell morphology. Wild-type S. pombe
cells are rod-shaped, whereas ras1null mutants are ellipsoidal in
morphology (20, 21). Neither the mating pheromone recep-
tors, Gpa1, nor the components of the MAPK module are
required for normal morphology in S. pombe (22–27). A fission
yeast homolog of mammalian Cdc42 (28) acts downstream
from Ras1 in controlling cell morphology (29). Ras1 and
Cdc42 are part of a multiprotein complex that includes Scd1,
the putative Cdc42 guanine nucleotide exchange factor, and
Scd2, an SH3 domain-containing protein of unknown function
(29). We recently showed that the Shk1 protein kinase is an
essential component of the Ras1yCdc42 signaling module in S.
pombe (30). Genetic analyses demonstrated that Shk1 is
essential for cell viability and participates both in the regula-
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tion of cell morphology and in the Ras1-dependent mating
response pathway (30). Shk1 is a homolog of mammalian PAKs
(14–16) and the Ste20 protein kinase, which is required for
pheromone response, localization of cell growth, and induction
of filamentous growth in the budding yeast, Saccharomyces
cerevisiae (31–34).
As a step toward further elucidating the function and

regulation of Shk1, we conducted a two-hybrid screen for S.
pombe cDNAs encoding Shk1-interacting proteins. In this
report, we describe the cloning and characterization of the skb1
gene, which was identified as a result of this screen.We provide
genetic evidence that the Skb1 protein functions in the mor-
phology control branch of the Ras1 signaling cascade in S.
pombe and that it positively modulates Shk1 function. Skb1 was
found to be homologous to proteins encoded by open reading
frames (ORFs) in the genomes of S. cerevisiae and Caenorhab-
ditis elegans and by an uncharacterized human cDNA se-
quence, suggesting that skb1-related genes have been highly
conserved through evolution.

MATERIALS AND METHODS

Yeast Strains, Manipulation, and Genetic Analysis. S.
pombe strains used in this study were SP870 (h90 ade6-210
leu1-32 ura4-D18) (from D. Beach, Cold Spring Harbor Lab-
oratory), SP870D (h90 ade6-210 leu1-32 ura4-D18yh90 ade6-210
leu1-32 ura4-D18) (from V. Jung, Cold Spring Harbor Labo-
ratory), SP870M3 (h90 ade6-210 leu1-32 ura4-D18 scd1-1) (29),
SP42N17 (h90 ade6-216 leu1-32 ura4::adh1-cdc42N17) (30),
SPGLD (h90 ade6-210 leu1-32 ura4-D18 gpa1::LEU2yh90 ade6-
210 leu1-32 ura4-D18 gpa1::LEU2) (17), SPRN1 (h90 ade6-210
leu1-32 ura4-D18 ras1D) (35), SPRN1D (h90 ade6-210 leu1-32
ura4-D18 ras1Dyh90 ade6-210 leu1-32 ura4-D18 ras1D) (see
below), SPSCD2L (h90 ade6-210 leu1-32 ura4-D18 scd2::leu2)
(29), SPSKB1U (h90 ade6-210 leu1-32 ura4-D18 skb1::ura4)
(see below), and SPSUD (h90 ade6-210 leu1-32 ura4-D18
byr2::ura4yh90 ade6-210 leu1-32 ura4-D18 byr2::ura4) (26). S.
cerevisiae strains used were L40 (MATa ade2 his3 leu2 trp1
LYS2::lexA-HIS3 URA3::lexA-lacZ) (37) and HF7c (MATa
ade2-101 his3-200 leu2-3, 112 lys2-801 trp1-901 ura3-52 gal4-
542 gal80-538 LYS2::GAL1UAS-GAL1TATA-HIS3 URA3::
GAL417 mers(x3)-CYC1TATA-lacZ) (36). Standard yeast culture
media and genetic methods were used (37, 38). S. pombe
cultures were grown on either rich medium (YEA) or synthetic
minimal medium (EMM) with appropriate auxotrophic sup-
plements (38). S. cerevisiae cultures were grown on either rich
medium (YPD) or drop-out medium with appropriate auxo-
trophic supplements (37). Yeast were transformed by the
lithium acetate procedure (38). The skb1::ura4 strain,
SPSKB1U, was constructed by transformation of SP870D with
a 2.5-kb SpeI–EarI skb1::ura4 fragment from the plasmid
pBSskb1::ura4. Diploid transformants carrying a single dis-
rupted and a single wild-type copy of skb1 were identified by
Southern blot analysis. The ras1Dyras1D diploid strain,
SPRN1D, was isolated by subjecting the ras1D haploid strain,
SPRN1, to the lithium acetate transformation process, fol-
lowed by selection of diploids on YEA plates containing
phloxin B.
Plasmids. The two-hybrid plasmids pGADGH (for expres-

sion of GAD fusions), pHP5 and pGBT9 (for expression of
GBD fusions), and pBTM116 and pVJL11 (for expression of
LBD fusions) have been described previously (18, 29, 39, 40).
The plasmids pGADCdc42, pGADRas1, pGADShk1, pGAD-
Scd1, pGADScd2, pGBDByr1, pLBDByr2, pLBDCdc42, pLB-
Dlamin, pLBDMek1, pLBDRas1, pLBDSte7, pLBDSte11,
pLBDSte20, pAAUCMShk1, and pALR have also been de-
scribed (29, 30, 39, 40). pLBDRac1 was a gift from J. Camonis
(Faculte de Medecine Lariboisiere, Paris). pLBDRaf1 was a
gift from L. Van Aelst (Cold Spring Harbor Laboratory, Cold
Spring Harbor, NY). The S. pombe cDNA library constructed

in the plasmid pGADGH was a gift from G. Hannon (Cold
Spring Harbor Laboratory). The S. pombe-Escherichia coli
shuttle vectors pAAUCM (30) and pART1 (41) were used for
high level expression of coding sequences from the S. pombe
adh1 promoter. pREP1 (42) was used for expressing coding
sequences from the S. pombe nmt1 promoter. The S. cerevi-
siae-E. coli shuttle vector pAUD6 (40) was used for expressing
coding sequences from the S. cerevisiae ADH1 promoter.
pLBDShk1 was obtained by subcloning a BamHI–SalI frag-
ment of shk1 from pGADShk1 into the corresponding sites of
pVJL11. An HpaI–BamHI fragment of shk1 (encoding amino
acid residues 189–540) was isolated from pBSIIShk1 (30) and
cloned into the SmaI–BamHI sites of pBTM116, generating
plasmid pLBDShk1DN. Polymerase chain reactions (PCRs)
were used to generate DNA fragments encoding Shk1DC
(residues 1 to 262), Shk1 R2 (residues 29-85), and Shk1 R3
(residues 86-262) subdomains for subcloning into pGADGH,
pHP5, and pVJL11 to produce the plasmids pGADShk1DC,
pGBDShk1R2, and pLBDShk1R3, respectively. A BamHI
fragment of Shk1 from pAAUCMShk1 was cloned into the
BamHI sites of pAUD6 to produce pAUD6Shk1.
pAUD6Shk1-ADE2 was constructed by cloning a SacI frag-
ment of the ADE2 gene into the corresponding site in
pAUD6Shk1. pREP1Shk1 was constructed by cloning a SalI–
SacI fragment of shk1 from pAAUCMShk1 into the corre-
sponding sites of pREP1. A BamHI–KpnI fragment of skb1-1
from pGADSkb1-1 was cloned into the corresponding sites of
pBluescript II SK2 (Stratagene) to produce pBSskb1-1. A
PCR-derivedBamHI–NdeI fragment of the skb1 gene was used
to replace the BamHI–NdeI fragment of skb1-1 in pBSskb1-1
to produce pBSskb1. pGADSkb1 was constructed by cloning
a BamHI–XhoI fragment of skb1 from pBSskb1 into the
corresponding sites of pGADGH. A BamHI–KpnI fragment of
skb1 from pBSskb1 was cloned into pAAUCM producing
pAAUCMSkb1. A BamHI–SacI fragment of skb1 was isolated
from pAAUCMSkb1 and cloned into pREP1 and pART1 to
produce pREP1Skb1 and pART1Skb1, respectively. pGBD-
Skb1-1 was constructed by cloning a BamHI–XhoI fragment of
skb1 from pGADSkb1-1 into the BamHI–SalI sites of pHP5.
pGBDSkb1DN72 was constructed by cloning an EcoRI–XhoI
fragment of skb1 into the EcoRI–SalI sites of pGBT9. pGBD-
Scd1 was constructed by cloning a BamHI fragment of Scd1
from pGADScd1 into pHP5. pGBDScd2 was constructed by
cloning a BamHI fragment of Scd2 from pGADScd2 into
pHP5. A BamHI fragment of shk1 was isolated from pBSI-
IShk1 and cloned into pHP5 to produce pGBDShk1. pLBD-
Scd1 was constructed by cloning a BamHI fragment of scd1
from pGBDScd1 into pVJL11. The plasmid pBSskb1::ura4 was
constructed in three steps. First, a 39 skb1 fragment was
amplified by PCR using pGADSkb1-1 as template and the
primer pair 59-AAACCCAAGCTTCCAATGCCTATCTG-
GTGT and 59-GTAATACGACTCACTATAGGGC. The re-
sulting product was digested withHindIII and XhoI and cloned
into the corresponding sites of pBluescript II SK2 to create
pBSskb1-39. Next, a 59 fragment of skb1 was amplified by PCR
using pGADSkb1-1 as template and the oligonucleotide
primer pair 59-GATACCCCACCAAACCCAAAA and 59-
AAACCCAAGCTTGGGTGAAGTTGGACCCAT. The re-
sulting product was digested with BamHI and HindIII and
cloned into the corresponding sites of pBSskb1-39. The result-
ing plasmid, pBSskb1D, was digested withHindIII, then ligated
to a HindIII fragment of the ura4 gene to produce
pBSskb1::ura4. An skb1::ura4 knockout fragment, which car-
ries a 1.4-kb deletion of the skb1 ORF, is released by digesting
pBSskb1::ura4 with EarI and SpeI.

b-Galactosidase (b-gal) Assays. The 5-bromo-4-chloro-3-
indolyl b-D-galactoside (X-Gal) filter assay for determining
two-hybrid interactions was performed as described (18). The
liquid assay for b-gal activity was performed as described (37).
b-Gal activity was calculated using the following formula:
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(OD420 3 1.7)y(0.0045 3 protein conc. 3 extract volume 3
time). Protein conc. is expressed as mgyml, extract volume in
ml, and time as minutes.

RESULTS

Cloning and Sequence Analysis of the skb1 Gene. A TRP1-
based plasmid was constructed for expressing Shk1 as a fusion
to the C terminus of the LexA DNA-binding domain (LBD)
(see Materials and Methods). LBD-Shk1 formed complexes
with Cdc42 and Rac Gal4 activation domain (GAD) fusion
proteins, but did not form detectable complexes with any of
several other proteins implicated in MAPK signaling andyor
morphological control in S. pombe, S. cerevisiae, and mamma-
lian cells (some shown in Table 1). An S. cerevisiae two-hybrid
host strain, L40, which carries lexA-HIS3 and lexA-lacZ re-
porter genes (ref. 39; seeMaterials and Methods), was cotrans-
formed with pLBDShk1 and a S. pombe cDNA library con-
structed in a LEU2-based plasmid, pGADGH (18), for ex-
pression of GAD fusion proteins. From a screen of
approximately 360,000 Leu1yTrp1 transformants, 216 His1
colonies were isolated, 33 of which produced strong b-gal
signals. Nine of the His1yb-gal1 transformants carried
pGADGH clones expressing proteins that interacted with
LBD-Shk1, but not with LBD-lamin. Eight of the nine Shk1-
interacting clones carried various fragments of the same cDNA
sequence, which we have designated skb1 (for Shk1 kinase-
binding protein 1). A ninth clone carried a distinct sequence,
designated skb2, that will be described elsewhere.
The full-length skb1 gene was cloned by screening a S. pombe

genomic library (43) for sequences that hybridized to one of
the isolated cDNA clones of skb1, skb1-1. The full-length skb1
gene (GenBank accession no. U59684) contains two introns
and encodes a predicted protein 646 amino acids in length (Fig.
1A). Searches of computer data bases revealed that Skb1 lacks
significant structural similarity to any characterized protein,
but is highly homologous to proteins encoded by ORFs in the

genomes of S. cerevisiae and C. elegans and by an uncharac-
terized partial human cDNA sequence (Fig. 1B). We conclude
from these analyses that skb1-related genes have been highly
conserved through evolution.
Skb1 Interacts with the R3 Subdomain of Shk1 and Forms

a Homomeric Two-Hybrid Complex. We used the two-hybrid
system to examine both the specificity of Skb1 protein–protein
interactions and whether Skb1 interacts with other compo-
nents of the Ras1yShk1-dependent signaling pathways in S.
pombe (Table 1). Skb1 did not form detectable complexes with
S. cerevisiae Ste20 or mammalian p65Pak (Pak1). Skb1 also did
not interact detectably with the S. pombe proteins Ras1, Gpa1,
Cdc42, Scd1, Scd2, Byr2, or Byr1, nor with any of several other
proteins involved in Ras andyor MAPK signaling in mamma-
lian cells and S. cerevisiae. However, interaction between
GBD-Skb1 and GAD-Skb1 fusion proteins was detected,
suggesting that Skb1 is capable of forming homomeric com-
plexes in vivo.
Shk1 is composed of a C-terminal catalytic domain and an

N-terminal regulatory domain (Fig. 2A). The regulatory do-
main can be further divided into at least three subdomains,
which we have designated R1, R2, and R3 (Fig. 2A). The R2
subdomain is the Cdc42yRac-binding site of Shk1 (Fig. 2A)
and is highly homologous to Cdc42yRac-binding sites found in
mammalian and S. cerevisiae PAKs. In contrast, the R1 and R3
subdomains are not highly conserved among PAKs across
species. Skb1 formed two-hybrid complexes with the complete

Table 1. Detection of Skb1–Shk1 and Skb1–Skb1 interactions in
the two-hybrid system

DNA-binding
domain
fusions

Activating domain fusions

Skb1 Shk1 Pak1 Cdc42 Ras1 Scd1 Scd2

LBD fusions
Shk1 1 1 ND 1 2 2 2
Ste20 2 ND ND 1 2 2 2
Cdc42 2 1 1 ND 2 2 1
Rac1 2 1 1 ND ND ND ND
Ras1 2 2 2 2 ND ND ND
Gpa1 2 2 ND ND 2 ND ND
Byr2 2 2 ND ND 1 ND ND
Ste11 2 2 ND ND 2 ND ND
Raf1 2 2 ND ND 1 ND ND
Ste7 2 2 ND ND 2 ND ND
Mek1 2 ND ND ND 2 ND ND
Scd1 2 2 ND ND 2 ND 1

GBD fusions
Skb1 1 1 2 2 2 2 2
Shk1 1 ND ND 1 2 ND ND
Gpa1 2 2 ND ND 2 ND ND
Scd2 2 2 ND 1 2 ND ND
Byr1 2 ND ND 2 ND ND ND

Values represent the presence of transformed colonies that ex-
pressed detectable b-gal activity (1) or not (2). ND, not determined.
Activating domain fusions were to the activating domain of S. cerevisiae
Gal4 (GAD). GBD–GAD combinations were expressed in the Gal4
two-hybrid tester strain, HF7c. LBD–GAD combinations were tested
in the LexA tester strain, L40. At least eight independent transfor-
mants were tested for each determination.

FIG. 1. Deduced amino acid sequence of Skb1 and alignment of
Skb1-related proteins encoded by open reading frames in the genomes
of C. elegans and S. cerevisiae and by an uncharacterized human cDNA
sequence. (A) Deduced amino acid sequence of the skb1 gene product.
(B) BLAST searches of nucleic acid data bases revealed the existence of
a human cDNA sequence, which we have named HsSkb1, and open
reading frames in C. elegans (CE34E10.5) and S. cerevisiae (YBR1008)
encoding predicted polypeptides with significant structural homology
to Skb1. Alignments were generated using the LaserGene MEGALIGN
program (DNAStar). Identical amino acid residues are indicated by
black boxes. The HsSkb1 sequence was derived from four overlapping
human expressed-sequence tag cDNA clones (GenBank accession nos.
F12149, H25612, R65681, and T69495). The polypeptide encoded by
the entire partial length HsSkb1 cDNA is shown. Residues 110–690 of
the 1281 amino acid protein predicted by the CE34E10.5 ORF are
shown, while residues 106-677 of the 827 amino acid protein predicted
by YBR1008 are shown. Skb1 and HsSkb1 exhibit 47% identity over
a span of 213 amino acids. Over its entire length of 646 amino acids,
Skb1 is 35% identical to C34E10.5 and 33% identical to YBR1008.
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Shk1 regulatory domain and with the R3 subdomain, but did
not form detectable complexes with either the catalytic do-
main or the R2 subdomain of Shk1 (Fig. 2A). These results
demonstrate that Skb1 interacts with a regulatory subdomain
of Shk1 distinct from that to which Cdc42 binds, and that Shk1
kinase activity is not required for interaction between Skb1
and Shk1.
Having determined that Skb1 and Cdc42 bind to separate

subdomains of Shk1, we asked whether the three proteins
could form a ternary complex. To do this, we expressed Cdc42
as a fusion to LBD (LBD-Cdc42) and expressed Skb1 as a
fusion to GAD (GAD-Skb1). We then determined whether
Shk1, overexpressed from a third plasmid, could promote
complex formation between LBD-Cdc42 and GAD-Skb1. In-
teraction between LBD-Cdc42 and GAD-Skb1 was detected
only when Shk1 was coexpressed, suggesting that Cdc42, Skb1,
and Shk1 are able to form a ternary complex in vivo (Fig. 2B).
We next sought to determine whether Skb1 homomerization

is required for interaction with Shk1. Seven of the eight skb1
cDNAs isolated from our Shk1 two-hybrid screen were trun-
cated such that they encoded Skb1 proteins lacking only the
first 24 amino acids of full-length Skb1, while the eighth isolate
encoded a protein lacking only the first 33 amino acids of Skb1.
These results suggested that significant loss of N-terminal Skb1

sequence might render the protein defective in its ability to
form a complex with Shk1. Indeed, a truncated protein,
Skb1DN72, lacking the N-terminal 72 amino acids of full-
length Skb1 failed to form a detectable two-hybrid complex
with Shk1 (Fig. 2C). In addition, Skb1DN72 was significantly
impaired in its ability to form a homomeric two-hybrid com-
plex with full-length Skb1 protein (Fig. 2C). This was not due
to decreased protein stability, as GBD-Skb1DN72 was judged
to be as stable as GBD-Skb1 byWestern blot analysis (data not
shown). These results suggest that the N-terminal domain of
Skb1 is required for formation of Skb1–Shk1 and Skb1–Skb1
complexes and that Skb1 homomeric complex formation may
be important for interaction with Shk1.
Genetic Evidence for Functional Interaction Between Skb1

and Shk1 in S. pombe.An skb1 deletion plasmid was generated
in which the majority of the skb1 coding sequence was replaced
with the ura4 gene (Fig. 3A; see Materials and Methods). The
skb1::ura4 fragment was used to transform the S. pombe
diploid strain, SP870D. Two independent skb11yskb1::ura4
diploids were sporulated and asci containing four spores were
dissected for tetrad analysis. Most asci produced two viable
Ura1 spores and two viable Ura2 spores. Southern blotting
was used to confirm that cells derived from Ura1 spores
contained a disrupted copy of skb1 and lacked the wild-type
skb1 gene (data not shown). These results demonstrated that
skb1 is not an essential gene.
Microscopic analysis of skb12 cells (Fig. 3C) revealed that

they are less elongate in morphology than wild-type S. pombe
cells (Fig. 3B). This phenotype is similar to, though substan-
tially less severe than, the morphology defects of shk12, ras12,
and cdc422 mutants, which are spheroidal in shape. Like ras1

FIG. 2. Analysis of two-hybrid interactions between Skb1, Shk1,
and Cdc42. (A) Skb1 forms a complex with the R3 subdomain of Shk1.
Pairs of two-hybrid fusion proteins were tested for the ability to form
complexes as indicated. The domains of Shk1 tested were as follows:
Shk1DC, residues 1 to 262; Shk1R2, residues 29 to 85; Shk1R3, residues
86 to 262; and Shk1DN, residues 189-540. Shk1, Shk1R3, and Shk1DN
were expressed as LBD fusions; Shk1R2 was expressed as a GBD
fusion; and Shk1DC was expressed as a GAD fusion. Skb1 and Cdc42
were expressed as GAD fusions for testing against LBD-Shk1, LBD-
Shk1R3, and LBD-Shk1DN. For testing against GAD-Shk1DC, Cdc42
and Skb1 were expressed as LBD and GBD fusions, respectively. The
X-Gal filter assay was used for measuring b-gal activity. The detection
(1) or not (2) of b-gal is indicated. Two-hybrid interactions were
detected between Skb1 and Shk1, Shk1R3, and Shk1DC, and between
Cdc42 and Shk1, Shk1R2, and Shk1DC. (B) Evidence that Skb1,
Cdc42, and Shk1 form a ternary complex in vivo. S. cerevisiae strain L40
was transformed (1) or not (2) with plasmids expressing Skb1 fused
to GAD (GAD-Skb1), Cdc42 fused to LBD (LBD-Cdc42), andyor
c-myc epitope-tagged Shk1 (MShk1) and assayed for b-gal expression
by filter assay (shown at right). Complex formation between Skb1 and
Cdc42 is bridged by MShk1, suggesting that the three proteins form
a ternary complex in vivo. (C) Evidence that Skb1 homomerization is
required for interaction with Shk1. Skb1DN23 (Skb1-1) and Skb1DN72
GBD fusion proteins were tested for their ability to form complexes
with GAD, GAD-Skb1, or GAD-Shk1 as indicated. b-gal activity was
measured using both X-Gal filter assays and liquid assays of cell
extracts. Values at right of panel indicate b-gal activity (nmolesymin
per mg protein) as measured by liquid assay.

FIG. 3. S. pombe cells carrying a deletion of the skb1 gene are
aberrant in morphology and slightly defective for growth. (A) Map of
the skb1 gene showing the fragment deleted by ura4 in construction of
the skb1::ura4 mutant strain, SPSKB1U. The shaded bar corresponds
to the sequence encoding the Skb1 protein; the open bar represents the
skb1 sequence shown in Fig. 1. (B) Photomicrograph of wild-type
(SP870) S. pombe cells. (C) Photomicrograph of skb1::ura4
(SPSKB1U) cells. Note that skb1::ura4 cells are less elongate than
wild-type cells. (D) skb1::ura4 cells overexpressing shk1 from the
plasmid pREP1Shk1. Cells were grown at 308C in EMM to about 107
cells per ml prior to photomicrography. (E) Growth curves for
SPSKB1U cells transformed with pART1Skb1, for expression of Skb1
(E), and pART1 (●). S. pombe cells carrying the skb1 deletion exhibit
a slower growth rate than skb11 cells. (F) Wild-type (SP870) S. pombe
cells overexpressing Skb1 from the plasmid pREP1. Note that cells are
abnormally elongate in morphology, compared with control cells in B.
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null mutants, skb1 mutants exhibited the most marked degree
of morphological aberrancy as cultures approached the later
phase of exponential growth. As shown in Fig. 3D, overex-
pression of shk1 restored elongate morphology to the skb1 null
mutant. Overexpression of skb1, on the other hand, did not
bypass loss of shk1 (data not shown). We observed further that
overexpression of skb1 causes wild-type S. pombe cells to
become hyperelongated (Fig. 3F). We conclude from these
results that Skb1 participates in the regulation of cell mor-
phology in S. pombe and that it acts upstream of Shk1.
Shk1 and Cdc42, but not Ras1, are essential for cell viability

in S. pombe (20, 21, 28, 30). As shown in Fig. 3E, skb12 cells
have a slower growth rate than skb11 cells. On the other hand,
skb1 null mutants exhibited no obvious mating or sporulation
defects (data not shown), suggesting that Skb1 is not required
for sexual differentiation in S. pombe.
Genetic Evidence Linking Skb1 to a Ras1-Dependent Mor-

phology Control Pathway in S. pombe. S. pombe cells carrying
a deletion of the ras1 gene are ellipsoidal in morphology (Fig.
4A). This defect is not markedly suppressed by overexpression
of Shk1 (Fig. 4C). However, as shown in Fig. 4D, we observed
that overexpression of skb1 does partially restore elongate
morphology to a S. pombe ras12mutant. More significantly, we
observed that ras1mutants that cooverexpressed both skb1 and
shk1 (Fig. 4E) are substantially more elongate in morphology
than ras12 cells overexpressing skb1 or shk1 alone. Overex-
pression of skb1 also partially restored elongate morphology to
an scd2 deletion mutant (data not shown). However, neither
overexpression of skb1 alone or in combination with shk1
suppressed the morphology defects of an scd1 deletion mutant
or of an S. pombe strain expressing a dominant inhibitory allele
of cdc42, cdc42T17N (data not shown). These results suggest
that Skb1 participates in the morphological control branch of
the Ras1 signaling cascade at a level downstream from Ras1
and Scd2 and at the same level as Cdc42. In addition, these
results are consistent with a role for Skb1 functioning as a
positive modulator of Shk1 function.
We performed additional genetic analyses to determine if

Skb1 participates in the pheromone-induced MAPK branch of
the Ras1 signaling cascade. Overexpression of Skb1, either
alone or in combination with Shk1, did not provide detectable
suppression of either the conjugation or sporulation defects of

S. pombemutants carrying deletions of ras1, gpa1, or byr2 (data
not shown). These results, combined with the fact that skb12

cells lack discernible sexual response defects, suggest that Skb1
function is restricted to the morphological control branch of
the Ras1 signaling cascade in S. pombe.

DISCUSSION

We have described the cloning and characterization of the
fission yeast skb1 gene, which we identified from a two-hybrid
screen for proteins that interact with the Ste20yPAK homolog
Shk1. Our genetic analyses indicate that Skb1 is a component
of the morphological control branch of the Ras1 signaling
cascade in S. pombe and that it positively modulates Shk1
function. Skb1 is not required for either mating or sporulation
in S. pombe. Our results are consistent with a role for Skb1
functioning as a Shk1 activator, although we have thus far been
unable to prove this hypothesis biochemically using epitope-
tagged or glutathione S-transferase fusion proteins. Further
insights into the nature of the Skb1–Shk1 interaction may be
provided by the identification of additional factors that interact
with each protein.
Based on our genetic analyses and two-hybrid experiments,

we propose the model for Skb1 function depicted in Fig. 5 in
which Skb1 functions downstream from Ras1 and Scd2, at the
same level as Cdc42, and upstream of Shk1. Our results are also
consistent with an alternative model for Skb1 function in which
Skb1 participates in a morphological control pathway that
parallels the Ras1 3 Scd1 3 Cdc42 pathway to Shk1. By
identifying additional factors that regulate or physically asso-
ciate with Skb1, it may become possible to distinguish between
these two models for Skb1 function.
Our results indicate that Skb1 is only partially required for

function of the Ras1 signaling cascade in S. pombe. Cells
carrying a deletion of the skb1 gene exhibit only moderate
defects in growth and morphology and no discernible defects
in sexual responses. One explanation for this is that Cdc42
provides the dominant input to Shk1, while Skb1 fine-tunes
Shk1 function. However, it should be noted that the relative
contributions of other components of the S. pombe Ras1
cascade vary significantly (refs. 20–22, 24–26, 29, and 30; see
Fig. 5). For example, with respect to MAPK functions, while
Gpa1, Byr2, Byr1, and Spk1 are each essential for sporulation,
Ras1 function is partially dispensable. On the other hand, Scd1
and Scd2 are not required for sporulation at all, even though
each is essential for mating. With respect to morphological

FIG. 5. Model for Skb1 function in S. pombe. Our results suggest
that Skb1 is a component of the morphological control branch of the
Ras1 signaling cascade in S. pombe and that it positively modulates
Shk1 function. Genetic analyses suggest that Skb1 acts downstream
fromRas1 and Scd2, at the same level as Cdc42, and upstream of Shk1.
Question marks denote uncertainties in the Ras1-dependent signaling
cascade. Shk1 and Cdc42 are essential for cell viability in S. pombe. See
text for details.

FIG. 4. Evidence that Skb1 participates in the Ras1-dependent
morphology control pathway in S. pombe. (A–E) Photomicrographs of
a S. pombe ras12 mutant, SPRN1, transformed with the control
plasmids pAAUCM and pREP1 (A); pALR, which carries the wild-
type ras1 gene (B); pAAUCMShk1, for overexpression of Shk1 (C);
pREP1Skb1, for overexpression of Skb1 (D); and both pAAUCMShk1
and pREP1Skb1 (E). Overexpression of skb1 partially rescues the
morphology defect of ras1-deleted cells. However, ras12 cells overex-
pressing both Skb1 and Shk1 are substantially more elongate than cells
overexpressing Skb1 or Shk1 alone. S. pombe transformants were
patched onto EMM and grown overnight at 308C prior to photomi-
croscopy.
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functions, ras12 cells are ellipsoid in morphology, whereas
scd12 and shk12 mutants are much more spherical. scd22

mutants more closely resemble skb12 cells in morphology
(stumpy, rather than ellipsoidal). With respect to cell growth,
ras12, scd12, and scd22 cells do not exhibit obvious growth
defects, whereas skb12 cells grow more slowly than wild-type
cells and cdc42 and shk1 are each essential for cell viability.
These and numerous other observations may provide an
indication that the interactions among components of the Ras1
signaling cascade in S. pombe are substantially more complex
than those depicted in Fig. 5. It is also possible, if not likely,
that additional components of the cascade remain to be
identified.
Searches of computer data bases revealed that Skb1 is

homologous in structure to proteins encoded by ORFs in the
genomes of S. cerevisiae and C. elegans and by an uncharac-
terized human cDNA sequence. It will be of great interest to
determine whether these proteins are also functionally related.
Preliminary characterization of the S. cerevisiae Skb1 homolog,
YBR1008, suggests that this may turn out to be the case. In
collaborative studies, we have determined that null mutations
in the YBR1008 gene cause readily discernible changes in cell
morphology (C. Inouye, S.M., M. Shulewitz, P.Y., M.G., and
J. Thorner, unpublished results). This phenotype resembles
that of S. cerevisiae mutants carrying a null mutation of the
PAK-encoding gene CLA4 (34). Thus, skb1 may be the first
well-characterized member of a highly conserved family of
genes encoding potential PAK regulators. Proteins like Skb1
could potentially function to impart functional specificity to
PAKs—a specificity that might not be attained by interaction
with Cdc42 andyor Rac proteins alone. The identification of
novel PAK regulators such as Skb1 should provide additional
insights into the function and regulation of PAKs in both yeasts
and in higher organisms.
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