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The yeast Ste20 protein kinase is involved in pheromone response. Mammalian homologs of Ste20 exist, but 
their function remains unknown. We identified a novel yeast STE20 homolog, CLA4, in a screen for 
mutations lethal in the absence of the G1 cyclins Clnl  and Cln2. Cla4 is involved in budding and cytokinesis 
and interacts with Cdc42, a GTPase required for polarized cell growth. Despite a cytokinesis defect, cla4 
mutants are viable. However, double cla4 ste20 mutants cannot maintain septin rings at the bud neck and 
cannot undergo cytokinesis. Mutations in CDC12, which encodes one of the septins, were found in the same 
screen. Cla4 and Ste20 kinases apparently share a function in localizing cell growth with respect to the septin 
ring. 
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Mechanisms of cytokinesis are extremely variable 
among eukaryotes. One variant of this theme is cell di- 
vision by budding, typical for yeasts. The cleavage fur- 
row in animal cells or the preprophase band {a cytoskel- 
etal structure determining the future cell division plane) 
in plant cells forms only after most of the growth re- 
quired to double the mass of the cell has occurred, 
whereas in budding, the formation of the "cleavage fur- 
row" {bud neck) precedes the bulk of cell growth. Unlike 
cleavage or fission, budding is dependent on the ability 
to direct growth exclusively to one side of the division 
plane--to the bud. Despite differences in timing and 
morphology, at least some of the molecular mechanisms 
underlying budding and cytokinesis are conserved 
among eukaryotes (see e.g., Shinio et al. 19901 Manser et 
al. 1994; Neufeld and Rubin 19941. Studies in yeast may 
be as useful for understanding cytokinesis and its regu- 
lation as they have been for elucidating the mechanisms 
of cell cycle control by cyclin-dependent protein kinases 
(for reviews, see Nasmyth 19931 Pines 1993}. 

Like other cell cycle processes, the timing of cytoki- 
nesis must be carefully regulated. In yeast, the first step 
toward cytokinesis is budding. The processes leading to 
bud emergence begin in late G1, concurrently with the 
onset of DNA replication and with the duplication of the 
spindle pole body. The simultaneous onset of these three 
processes {often referred to as "Start") occurs as a conse- 
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quence of the activation of a cyclin-dependent protein 
kinase, Cdc28, by at least one of the G1 cyclins Clnl,  
Cln2, and Cln3. Under normal conditions, Cln3 induces 
the accumulation of Clnl and Cln2, which then trigger 
budding and DNA replication {Richardson et al. 19891 
Dirick and Nasmyth 19911 Tyers et al. 19931 L. Dirick, 
pers. comm.}. 

Bud emergence results from several distinct events (for 
review, see Chant 1994}. The cell must choose a site on 
its surface (the bud site} and direct growth toward this 
site, ensuring at the same time that no other part of the 
cell exterior grows. 

The first event necessary for budding--bud site estab- 
l ishment-requires the products of multiple genes in- 
cluding CDC42, which codes for a Rho-like GTPase that 
is localized at the bud site {Johnson and Pringle 19901 
Ziman et al. 1993}, CDC24, coding for a GDP/GTP ex- 
change factor (Sloat et al. 1981~ Zheng et al. 19941, and 
CD C43 / CAL 1, encoding a prenyl transferase required to 
attach Cdc42 to membranes {Johnson et al. 1990~ Ohya 
et al. 1995}. The nonessential genes RSR1/BUD1, 
B UD2, BUD3, BUD4, and BUD5 are responsible for 
nonrandom localization of the bud site with respect to 
the previous bud (see Chant 1994J. One of them, BUD2, 
is essential for budding in cells lacking Clnl and Cln2, 
suggesting that bud emergence is controlled by Clnl and 
Cln2 {Benton et al. 19931 Cvr~kowi and Nasmyth 1993). 

A second prerequisite for budding is a change in cell 
growth mode that occurs at Start. Pre-Start cells grow in 
a nonpolar manner, increasing their size but maintaining 
their shape. After Start, growth becomes limited to a part 
of the cell--the nascent bud. Polarization of growth is 
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accompanied by translocation of cortical actin to the 
growing area, triggered by Cdc28 and Clnl or Cln2. 
Overexpression of Clnl or Cln2 causes "hyperpolarized" 
growth, suggesting that Clnl  and Cln2 have a role in 
directing growth toward the bud site (or toward the bud 
tip in budded cells). Later in the cell cycle, Cln cyclins 
are replaced by the mitotic B cyclins, at which point the 
bud begins to expand isometrically (Lew and Reed 1993). 

The third prerequisite of normal bud development is 
the establishment of a "border" between the bud and the 
mother cell and restriction of surface growth to the bud. 
Unlike the previous steps, which are required not only 
for budding but also for the morphological changes 
("shmooing") in haploid cells differentiating into ga- 
metes, border formation is specific for budding. The bor- 
der is marked by a ring of 10-nm filaments attached to 
the cytoplasmic membrane. The ring forms around the 
bud site at the time of bud emergence and persists at the 
bud neck till cytokinesis (Byers and Goetsch 1976}. 
Mutants in CDC3, CDCIO, CDCl l ,  and CDC12 fail 
to assemble the ring, produce malformed buds, and can- 
not undergo cytokinesis. CDC3, CDCIO, CDCl l  and 
CDC12 encode structural components of the ring 
(Haarer and Pringle 1987; Ford and Pringle 1991; Kim et 
al. 1991), which are proteins closely related to each 
other, to products of several anonymous mammalian 
cDNAs and to the Drosophila peanut (Pnut) protein re- 
quired for cytokinesis (Neufeld and Rubin 1994). Mem- 
bers of this protein family were termed "septins" (Sand- 
ers and Field 1994). 

Other proteins involved in budding are also evolution- 
arily conserved. Homologs of Cdc42 have been found in 
higher eukaryotes (Shinjo et al. 1990}. Their biological 
function remains largely unknown; the expression of 
mutationally activated Cdc42 in fibroblasts may cause a 
cytokinesis defect (T. Leung, E.M. Lira, and L. Lira, un- 
publ.). Biochemical partners of Cdc42 in mammalian 
brain tissue were found (Manser et al. 1993, 1994). One 
of these partners, the Pak protein kinase, is related to a 
yeast protein--Ste20--necessary for the response of hap- 
loid cells to sexual pheromones. Ste20 transduces the 
signal elicited by the binding of pheromone to a mem- 
brane receptor toward a protein kinase cascade consist- 
ing of Stel l ,  Ste7, and Fus3/Kssl, one of several yeast 
homologs of the mammalian MAPK system. Induction 
of the kinase cascade leads to transcriptional activation 
of pheromone-regulated genes and to cell cycle arrest in 
G~ as a prelude to conjugation. Loss of Ste20 or other 
components of the pheromone response pathway does 
not affect budding or the establishment of cell polarity in 
haploids (Leberer et al. 1992; for review, see Ammeter 
1994). The interaction between the mammalian Ste20 
and Cdc42 homologs was therefore surprising. So far, 
there is only one observation suggesting a role for Ste20 
in morphogenesis: Ste20 is, among other components of 
the pheromone response pathway, required for the for- 
mation of pseudomycelia in nitrogen-starved diploid 
cells {Liu et al. 1993). It is, however, unclear whether 
Ste20 functions in cell morphogenesis or in perceiving 
nutrient conditions during pseudomycelial differentiation. 

How is budding linked to the rest of the cell cycle? We 
described previously the isolation of mutants  defective 
in bud emergence only in the absence of Clnl  and Cln2 
and proposed that Clnl and Cln2 are involved in bud site 
establishment (Cvr6kova and Nasmyth 1993). The same 
genetic screen yielded mutants unable to undergo cyto- 
kinesis because of a defect in bud neck morphogenesis, 
suggesting that Clnl and Cln2 have a role also in deter- 
mining the border between the mother cell and its bud. 
One of the genes required for cytokinesis in clnl cln2 
cells, CLAIO, is allelic to CDC12, suggesting that septin 
ring assembly or function may be controlled by Cln 1 and 
Cln2. Other mutants with a similar phenotype define a 
novel gene, CLA4, that codes for a putative protein ki- 
nase related to Ste20 and Pak. Similar to Pak, Cla4 binds 
Cdc42. CLA4 is a nonessential gene, but Cla4 and Ste20 
share an essential function required for the restriction of 
cell growth to the portion of cell surface enclosed by the 
septin ring. The phenotype of cla4 ste20 double mutants  
identifies not only a role for Ste20-1ike protein kinases in 
morphogenesis, but also a novel step in bud development. 

Results 

Mutations in CLA4 and CLA10 cause a cytokinesis 
defect in cells lacking Clnl and Cln2 

To find additional regulators of Start, we set up a screen 
for yeast mutants unable to survive in the absence of the 
two G1 cyclins Clnl and Cln2 (cla mutants- -Cln  activ- 
ity dependent). Unexpectedly, no novel genes involved 
in all aspects of Start were found. We described previ- 
ously the bud emergence mutants obtained in this screen 
and proposed that Cln 1 and Cln2 have a role in the con- 
trol of bud emergence (Cvr6kov~i and Nasmyth 1993). 

Other mutants, especially cla4 {two alleles character- 
ized; allelic to erclO described by Benton et al. 1993), 
cla6 (two alleles), and clal 0 (five alleles), suffer from de- 
fects in cytokinesis, that is, at a very late stage of the cell 
cycle. This was surprising because G1 cyclins are 
thought to act early. In the absence of Clnl  and Cln2, 
cla4, cla6, and clalO mutant  cells divide their nuclei and 
bud, but they cannot undergo cytokinesis (Fig. 1). Sub- 
sequent observations revealed that even cultures of the 
viable clnl cln2 mutant  contain cells with broad bud 
necks and cell clusters resulting from delayed cytokine- 
sis. This further supports the idea that Clnl  and Cln2 
have a role in bud development and cytokinesis in addi- 
tion to the previously reported function in bud emer- 
gence; the apparent cytokinesis failure in cla4, cla6, and 
clalO mutants could perhaps be a late consequence of an 
early defect. 

CLA10 is allelic to CDC12 

The wild-type CLAIO gene was cloned by complemen- 
tation of cla10-1 mutation and sequenced (EMBL/Gen- 
Bank accession no. X82498). The cloned DNA fragment 
was shown to be linked to the CLAIO locus. Sequence 
comparison revealed that CLAIO is allelic to CDC12 
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Figure 1. cla4, cla6, and clalO mutants suffer 
from a cytokinesis defect in the absence of Clnl 
and Cln2. {a) clnl cln2 cells carrying GAL::CLN1 
(K3065) were grown exponentially in YEPGalRaff 
and transferred for 4 hr into YEPDRaff to achieve 
Clnl depletion. The following cultures were 
treated in the same manner: (b) clnl cln2 cla4-1 
GAL::CLN1 (K3546) cells; {c) clnI cln2 cla6-1 
GAL::CLN1 (K5007) cells; (d) clnl cln2 clalO-1 
GAL::CLN1 (K3543)cells. (Top)Nomarski phase 
contrast; {bottom) DNA staining (DAPI). 

(GenBank L16551), a member of the septin gene family 
that includes also the yeast genes CDC3, CDCIO, 
CDCll ,  several mammalian genes, and the Drosophila 
Pnut gene required for cytokinesis (Neufeld and Rubin 
1994). 

Yeast Cdc3, Cdcl0, Cdcl l ,  and Cdcl2 (possibly to- 
gether with other--yet  unknown--proteins) form a ring 
of 10-nm filaments at the neck between the mother cell 
and its bud around the time of Start. Perturbation of the 
ring by a mutation in one of the septins causes a pheno- 
type similar to that of clnl cln2 clalO mutants. CDC12 
is an essential gene (B. Haarer and J.R. Pringle, unpubl.); 
our mutants  must thus be partial loss-of-function alleles. 
A possible explanation for the clnl cln2 clalO phenotype 
would be that phosphorylation of some protein associ- 
ated with the septin ring by Clnl- or Cln2- activated 
Cdc28 kinase facilitates ring assembly and that this 
phosphorylation becomes essential if a component of the 
ring is damaged by mutation. 

CLA4 codes for a novel protein kinase 

We cloned the CLA4 gene by complementation of the 
cla4-1 mutation, confirmed that the cloned DNA is 
linked to CLA4, and sequenced the gene. The minimal 
complementing fragment contained a single open read- 
ing frame. Northern analysis of RNA from a synchro- 
nous culture revealed that CLA4 is transcribed through- 
out the cell cycle (data not shown}. CLA4 [EMBL/Gen- 
Bank accession no. X82499} encodes a protein of 842 
amino acids, with a putative protein serine/threonine 
kinase domain on its carboxyl terminus and two con- 
served motifs in its amino-terminal part (Fig. 2). One of 
these motifs is the Pleckstrin homology (PHJ domain, 
shared by several proteins interacting with GTP-binding 
proteins and other components of signaling pathways 
(see Mustacchio et al. 1993). The PH domain can bind 
phosphatidylinositol-4,5-bisphosphate in vitro (Harlan 
et al. 1994}. The other motif, flanking the carboxy-ter- 
minal end of the PH domain, is shared by two kinases 
whose overall structure is similar to that of Cla4: 

the mammalian brain-specific kinase Pak (Manser et 
al. 1994) and the yeast Ste20 kinase (Leberer et al. 
1992; Ramer and Davis 1993). Neither Ste20 nor Pak 
contains a PH domain. In Cla4, the Pak/Ste20 homology 
region contains a good match to the sequence motif 
ISxPx~_6HxxH shared by several kinases associated with 
Rho-related small GTPases. In Pak, this region binds the 
GTP-bound form of two Rho-like proteins, Cdc42Hs and 
Racl (Manser et aI. 1994); Cdc42Hs is a human homolog 
of the yeast Cdc42 GTPase required for bud emergence. 

CLA4 is a nonessential gene 

To study the role of CLA4 in wild-type cells, we replaced 
the Cla4 kinase domain by the LE U2 gene, producing the 
cla4::LEU2 allele (see Materials and methods}. Diploid 
cells heterozygous for cla4::LEU2 were indistinguish- 
able from the wild type with respect to colony growth 
and cell morphology. Haploid cla4::LEU2 cells derived 
by sporulation of this diploid were viable and grew at a 
rate comparable to wild-type haploids (data not shown}, 
but they had grossly abnormal morphology. They pro- 
duced rough colonies containing clusters of deformed 
cells apparently defective in cytokinesis; similar defects 
were seen in liquid media (Figs. 3 and 4, below}. Ho- 
mozygous cla4::LEU2 diploid cells grew more slowly 
than wild-type or heterozygous controls. We conclude 
that CLA4 is required for normal cell morphology and 
possibly for proper timing of cytokinesis. 

Deletion of CLA4 in cells lacking any single CLN gene 
did not cause any additional phenotype. Triple clnl cln3 
cla4::LEU2 or cln2 cln3 cla4::LEU2 mutants  are viable, 
though they grow more slowly and have a more severe 
cytokinesis defect than cla4 mutants. One could argue 
that the lethality of clnl cln2 cla4 mutants results from 
a decrease in fitness owing to the combination of three 
mildly deleterious mutations. However, loss of Clb5 and 
Clb6, the pair of B-type cyclins involved in S-phase reg- 
ulation, has as great an effect on growth rate and cell size 
as deletion of CLN1 and CLN2 (Schwob and Nasmyth 
1993}, but clb5 clb6 cla4::LEU2 mutants  are viable. This 
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Figure 2. Predic ted  s t ruc tu re  of the  Cla4 prote in  
and sequence of the conserved domains. (@} The 
putative Cdc42-GTP binding site; CLA4-A and 
CLA4-B denote the parts of the protein used in 
the interaction assays {Fig. 3; Table 1). For the PH 
domain, alignment to representative members of 
the sequence family is shown {Mustacchio et al. 
1993). 
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is consistent wi th  Cln 1 and Cln2 having a specific role in 
bud morphogenesis and cytokinesis. 

Physical and genetical interactions between Cla4 
and Cdc42 

The presence of a putative GTP-Cdc42-binding site in 
Cla4 suggests that in spite of the different mutan t  phe- 
notypes, Cla4 and Cdc42 may  be involved in the same 
process. Binding between Cdc42 and Cla4 could, for in- 
stance, be needed for localization or spatially restricted 
activation of the Cla4 kinase at the bud site, which  is 
marked by Cdc42, and local activity of Cla4 may  be re- 
quired for proper function of the septin ring. We there- 
fore decided to test whether  Cla4 could bind to GTP-  
Cdc42 in vitro. 

We could not express full-length Cla4 as a glutathione 
S-transferase (GST) fusion protein in Escherichia coli, 
but two fragments of Cla4, containing the putative 
Cdc42-binding site, were successfully purified. Both frag- 

ments  bind GTP-loaded yeast and h u m a n  Cdc42 effi- 
ciently in overlay assays. The related yeast Rho I GTPase 
is not bound {Fig. 3J. Yeast GTP-Cdc42 binds better to 
the Cla4 fragments than to the m a m m a l i a n  Pak kinase, 
whereas the converse is true for h u m a n  GTP-Cdc42.  No 
such difference was observed wi th  another m a m m a l i a n  
Cdc42-binding kinase, Ack (Manser et al. 1993}. 

Interaction between Cla4 and Cdc42 was also detected 
using the two-hybrid system in vivo {Table 1). No inter- 
action was seen between full-length, normal  Cdc42 and 
either full-length Cla4 or a fragment of Cla4 that bound 
Cdc42 in vitro (line 1). However, an interaction was 
found with a mutan t  Cdc42 that should be unprenylat-  
able and hence less t ightly (if at all} membrane  associ- 
ated {line 2}. The interaction was stronger when  Cdc42 
also contained mutat ions  inactivating its GTPase activ- 
ity and thus locking it in the GTP-bound state {lines 3 
and 4) and disappeared when  Cdc42 contained a muta- 
tion believed to lock it in the GDP-bound state {line 5}. 
To avoid high backgrounds observed wi th  the unpreny- 
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Figure 3. (a) Cla4 binds Cdc42-GTP. (Left) Re- 
combinant GST fusion proteins separated on a 
SDS-polyacrylamide gel and stained with 
Coomassie blue. CLA4-A corresponds to Cla4 res- 
idues 174-279, CLA4-B to Cla4 residues 174-222, 
PAK to Pak residues 69-150, and ACK to Ack 
residues 499-570. CLA4-B corresponds to the 
minimal p21-binding domain described for Ack 
(Manser et al. 1993). (Middle and right) p21 over- 
lay assays on parallel gels with the indicated re- 
combinant p21 proteins. (b) cla4 and cdc42 mu- 
tations are synthetic lethal. Microcolonies grown 
from spores from a diploid (K5057) heterozygous 
for cdc42-1 and cla4::LE U2 after 24 hr on YEPD at 
25~ 

latable Cdc42 (lines 2--4), the tests were repeated with 
the vectors reversed (lines 16-19). In this case, back- 
ground values were low, and a weak but significant in- 
teraction was detected between full-length Cla4 and the 
GTPase-defective, unprenylatable Cdc42 (line 16). More 
striking results were obtained with the truncated Cla4 
(line 17), where a very weak interaction was detected 
even with normal Cdc42. The interaction was -30-fold 
stronger for the unprenylatable Cdc42 and another 2.6- 
fold stronger for Cdc42 locked in the GTP-bound form. 
No interactions were detected between either full-length 
or truncated Cla4 and a variety of other small GTPases 
(lines 6-15}. 

We conclude that Cla4 directly interacts with Cdc42, 
that this interaction is specific for Cdc42 among the fam- 
ily of small GTPases, that the interaction is much stron- 
ger (and perhaps only occurs) with GTP-bound Cdc42, 
and that the interaction is mediated by a site within 
amino acids 174-294 of Cla4p. 

In Pak, the GTP-Cdc42-binding domain regulates au- 
tophosphorylation-mediated kinase activation. Cla4 
could also be regulated by its interaction with GTP- 
Cdc42; that is, Cdc42 might have another role in cyto- 
kinesis in addition to its known function required for 
polarized cell growth. This second function might have 
escaped detection, because polarized cell growth is itself 
required for budding. Perturbation of the GTPase cycle of 
Cdc42 can cause a phenotype reminiscent of that caused 
by loss of Cla4. In our strain background, cdc42-1 mu- 
tant cells often produce elongated buds at the permissive 
temperature (Fig. 3). Some mutant alleles of CDC24, a 
gene encoding the GDP/GTP exchange factor for Cdc42, 
produce elongated buds at semipermissive temperature 
{Sloat et al. 1981). Consistent with an interaction be- 
tween Cla4 and Cdc42 in vivo is the finding that double 
cla4 cdc42-1 mutants are inviable at the permissive tem- 

perature for cdc42-1. We did not obtain any double mu- 
tants from 22 tetrads of a diploid strain heterozygous for 
cla4::LEU2 and cdc42-1. All 10 spores predicted to have 
the cla4 cdc42-1 genotype germinated and underwent 
one to four cell divisions, producing finally a microcol- 
ony of misshapen dead cells (Fig. 3). 

Cla4 and Ste20 share an essential function 

The similarity between Cla4 and Ste20 suggests that the 
two kinases might have overlapping functions. Because 
the loss of STE20 in one of our strain backgrounds 
(K1107) leads only to a decrease in mating efficiency but 
not to sterility (B. Stevenson, pers. comm.), we could 
obtain a diploid strain heterozygous for CLA4 and STE20 
by mating. Dissection of 12 asci from this diploid yielded 
no viable double mutants. All nine spores predicted to be 
the double cla4 ste20 mutants germinated, produced one 
to two elongated buds, and usually lysed within 24 hr; 
none of them divided. A function shared by Cla4 and 
Ste20 is thus required at least in the first cell cycle after 
germination. To examine whether it is required also 
for the vegetative cell cycle, we constructed a regu- 
lated allele of CLA4 {MET::CLA4) by exchanging the 
chromosomal CLA4 promoter for the methionine-regu- 
lated MET3 promoter {see Materials and methods). 
MET::CLA4 STE20 cells are indistinguishable from wild 
type on media lacking methionine where the CLA4 gene 
is transcribed. On media containing methionine (where 
the gene is repressed), they acquire the shape typical for 
cla4 mutants only after several cell generations, suggest- 
ing that the Cla4 protein is rather stable. MET::CLA4 
ste20 cells grow well in the absence of methionine, but 
most cells form only microcolonies consisting of 20-40 
misshapen cells on media with methionine, indicating 
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Table 1. Interaction between Cdc42 and Cla4 detected by the two-hybrid assay 

LexA-DBD 
fusion {pEG202) C LA 4 CLA 4-A 

LexA-AD fusion (piG4-5) 

M S B 2  none  

1. CDC42  1 5 4 2 
2. CDC42  c188s 248 129 41 40 
3. CDC42  G12v/c188s 1280 876 262 323 
4. CDC42 Q61L/clSas 1663 1382 205 311 
5. CDC42  DuSajclaSs 20 10 10 6 

6. RHO1 5 3 7 7 
7. RHO1  c2~ 25 20 33 30 

8. RH02 6 8 6 20 
9. RH02 c188s/c189s 14 23 23 26 

10. RH03 7 4 6 6 
11. RH03 c228s 1 11 14 10 
12. RH04 7 5 39 7 
13. RH04 c28as 17 50 97 69 
14. RSR1 2 4 10 5 
15. RAS2 2 4 6 4 

LexA-AD fusion (pJG4-5) 

CDC42  CDC42  c lass CDC42  Gl2v/clsss CDC42  Q61L/cl ass MSB2  none  

16. CLA4 2 5 110 138 3 6 
17. CLA4-A  57 1777 4550 4777 15 5 
18. MSB2  2 7 3 3 2 2 

19. none 20 18 26 18 17 17 

Interactions were tested first with Cdc42 and related GTPases fused to the LexA DNA-binding domain in plasmid pEG202, and Cla4 
[or Msb2 {Bender and Pringle 1992) for negative control] fused to the activation domain in the plasmid plG4-5 {lines 1-15). Selected 
experiments were repeated with reversed vectors (lines 16-19). CDC42 c~sss, RH01 C2~ R H 0 2  C1ass/Clags, RH03 c2s8s, and 
RH04 c2sss encode unprenylatable proteins. CDC42 G~2v and CDC42 ~ code for protines predicted to be locked in the GTP-bound 
form, whereas the product of CDC42 DI~sA should be locked in the GDP-bound state (Ziman et al. 1991). The controls described as 
"none" are empty pIG4-5 or pEG202, respectively. 

that Cla4 and Ste20 share a function essential for vege- 
tative growth. 

Cla4 does not  act through the p h e r o m o n e  signaling 
or protein k inase  C (PKC1)pathway 

Ste20 transduces the signal elicited by the binding of the 
mat ing pheromone to its receptor toward a protein ki- 
nase cascade related to the m a m m a l i a n  mitogen-acti- 
vated protein kinase (MAPK) pathway (for review, see 
Ammerer  1994). The pheromone response system con- 
sists of kinases encoded by STE11, STET, and FUS3 or 
KSS1; the Ste5 protein {which is not a kinase) is also 
required for signal transduction, possibly at mul t iple  
steps. One explanation for the lethali ty of cla4 ste20 
double mutants  is that the Cla4 and Ste20 protein ki- 
nases share substrates whose phosphorylation is needed 
for cytokinesis. Alternatively, Cla4 might  share a direct 
or indirect target wi th  an e lement  of the pheromone re- 
sponse system downstream of Ste20. If the latter were 
true, constitutive, Ste20-independent activation of the 
pheromone response pathway should abolish the re- 
quirement  for Ste20 in cla4 mutants ,  and disruption of 
the pheromone response pathway downstream of STE20 

may be as deleterious for the cla4 mutants  as the loss of 
Ste20 itself. 

Low-level ectopic expression of the dominant  hyper- 
activated STEl l -279S  allele consti tut ively activates 
pheromone response and is sufficient to restore mat ing 
to ste20 mutants  in a strain background where these are 
sterile (Stevenson et al. 1992). However, it does not affect 
the phenotype of MET::CLA4 ste20 mutants  on media 
containing methionine.  Furthermore, double cla4 ste5 
and cla4 s te l  1 mutants  are viable. The essential  funct ion 
of Ste20 in cla4 cells does not therefore require known 
components of the pheromone response pathway imme-  
diately downstream of Ste20. 

The functional redundancy between Cla4 and Ste20 
might  be attributable to the abil i ty of Ste20 to activate 
another MAPK-like kinase cascade. The essential  pro- 
tein kinase C (PKC1)-dependent system, consisting of 
the Bckl, M k k l / M k k 2 ,  and M p k l  kinases, is required 
for the maintenance of cell wall  integrity. Const i tut ive 
activation of the PKC1 pathway by the dominant  
BCK1-20 allele (Lee and Levin 1992} does not affect the 
phenotype of MET::CLA4 ste20 mutants  on media  con- 
taining meth ionine  {data not shown); therefore, this sys- 
tem is unl ikely  to be involved in the essential  funct ion 
common to Cla4 and Ste20. 
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Activation of the high osmolarity response (HOG) 
pathway may compensate for loss of Cla4 

Another MAPK-like kinase cascade known to function 
in vegetative yeast cells--the HOG {_high osmolarity 
glycerol) response system--is required for proliferation 
on high osmolarity media. Mutants lacking either of the 
bottom two kinases of this cascade--Pbs2 or Hogl--can- 
not accumulate intracellular glycerol nor transcribe 
some osmolarity-regulated genes nor undergo cytokine- 
sis on high salt media (Brewster et al. 1993). The pheno- 
type of cla4 mutants is reminiscent of the described de- 
fect of hog1 and pbs2 mutants on high salt media, sug- 
gesting that a Cla4-dependent mechanism and the HOG 
system might have a similar role, the former being func- 
tional only on low salt media, the later in a high osmo- 
larity environment. 

If this were the case, increased salt concentration in 
the media might rescue the morphological defect caused 
by the loss of Cla4. It is therefore remarkable that 
cla4::LEU2 mutants acquire an almost wild-type shape 
in high salt media (Fig. 4). Disruption of either HOG1 or 
PBS2 aggravates the morphological phenotype of cia4 on 
standard media and abolishes the rescue by salt (Fig. 4). 
However, the latter result should be interpreted cau- 
tiously, because single hog1 or pbs2 mutants are already 
impaired under the same conditions. Nevertheless, our 
observations are consistent with the idea that the HOG 
pathway and Cla4 have common functions. 

Cla4 or Ste20 is required for proper function 
of the septin ring 

The phenotype of cla4 mutants and the isolation of 
cdcl2 mutants in the same genetic screen suggest that 
Cla4 may be needed for proper function of the septin 
ring. Additional support for this hypothesis comes from 
the finding that double cla4::LEU2 cdcl2-1 mutants are 
inviable or at least severely impaired even at permissive 
temperature for the cdci2-1 mutant: no viable double 
mutants were obtained in 19 tetrads from a diploid het- 
erozygous for the two mutations. We thus decided to 
study the behavior of septins in cla4 mutants. 

To examine the phenotype caused by the loss of the 
essential function of Cla4, we generated a thermosensi- 
tive allele of CLA4 (cla4-75) by PCR mutagenesis of the 
cloned gene and introduced it into a strain lacking CLA4 
and STE20. The resulting cla4-75 ste20 strain was ther- 
mosensitive for growth, exhibiting a uniform first cell 
cycle arrest with a phenotype similar to the original clnl 
cln2 cla4 mutant. To characterize this phenotype more 
thoroughly, we compared the progression of the cell cy- 
cle of CLA4 ste20 and cla4-75 ste20 cells. G~ cells were 
isolated by centrifugal elutriation and grown at 3 7~ the 
nonpermissive temperature for cla4-75. Inactivation of 
Cla4 in cla4-75 ste20 cells did not affect the timing of 
DNA replication, mitotic spindle formation or budding 
compared with the CLA4 ste20 strain (Fig. 5). However, 
buds formed at 37~ were malformed, resembling the 
protuberances or "shmoos" of yeast gametes preparing to 

Figure 4. (a) Loss of Cla4 causes a morphological defect. ILe[t) 
cla4::LEU2 (K3591); (right) wild-type (K699) cells grown in 
YEPD. (b) This defect is compensated for under conditions in- 
ducing the HOG pathway. {Left) cla4::LEU2 {K3591); {right) 
wild-type (K699) cells grown in YEPD + 0.4 M NaC1. {c) This 
rescue requires the HOG pathway. {Left) cla4::LEU2 hog1: 
:TRP1 (K4329) or cla4::LEU2 pbs2::URA3 (K4333) ceils; (right) 
hogl::TRP1 (K4327) or pbs2::URA3 (K4331) cells grown in 
YEPD or YEPD + 0.4 M NaC1. 

mate (Fig. 6a). Immunofluorescent staining of the Cdcl 1 
septin revealed that a septin ring forms in mutant cells at 
the same time and place ii.e., at the site of "bud/shmoo" 
emergence) as in ste20 cells that do not have any cyto- 
kinesis defect. However, at later stages the ring appears 
in most cases at the tip of the malformed bud rather than 
at a defined bud neck and often becomes diffuse {Fig. 6b). 
Whereas wild-type cells deposit new cell wall only on 
the bud side of the septin ring, cla4 ste20 mutant cells 
grow new wall mostly if not exclusively on the mother 
side of the ring (Fig. 6c). Cortical actin localizes normally 
(i.e., toward the bud tip) in cla4 ste20 cells, suggesting 
that at least some Cdc42-dependent events remain un- 
disturbed in the double mutant (Fig. 7). In addition to the 
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described phenotype, cla4 ste20 mutants have a delay in 
mitotic spindle elongation: only about a third of the cells 
undergoes anaphase within 4 hr, and many of the others 
die and lyse as uninucleate cells (Fig. 5b; data not 
shown), suggesting that bud neck formation may not be 
the only event dependent on Cla4/Ste20. More likely, 
proper establishment of bud neck may be required for 
normal timing of nuclear division, as in the case of bud 
emergence {Lew and Reed 1995). 

It is remarkable that cla4 ste20 cells assemble the sep- 
tin ring but fail to develop the constriction ("neck") at 
the base of the bud. Septin ring assembly, although re- 
quired, is therefore not sufficient for the establishment 
of a normal border between the mother cell and the bud. 
The phenotype of cla4-75 ste20 mutants  seems to define 
a novel step in bud neck development: Cla4 and Ste20 
share a function necessary for proper localization of cell 
surface growth with respect to the septin ring (or vice 
versa). 

Discussion 

G1 cyclins have a role in cytokinesis  

Cyclin-dependent protein kinases (Cdks) are responsible 
for the timing of cell cycle events in eukaryotic cells. 
Cytokinesis is one of the processes likely to be con- 

trolled by Cdks. The first step toward cytokinesis in 
yeast--budding--occurs in late G1, simultaneously with 
the onset of DNA replication and spindle pole body du- 
plication. These three events (often referred to as Start} 
are all regulated by a Cdk, Cdc28, associated with the G1 
cyclins Clnl,  Cln2, and Cln3. Mutants lacking one or 
two of the G1 cyclins are viable, whereas the triple clnl 
cln2 cln3 mutant  cannot undergo Start (Richardson et al. 
1989). This, however, does not mean that the roles of the 
three G, cyclins are equivalent. The concentration of 
Cln3 remains constant throughout the cell cycle, while 
the abundance of Clnl  and Cln2 and the associated ki- 
nase activity oscillate during the cell cycle with a max- 
imum around Start. Cln3 is probably involved in the 
transcriptional activation of Clnl  and Cln2 in late G~ 
(Cross and Tinkelenberg 1991; Dirick and Nasmyth 
1991; Tyers et al. 1993; L. Dirick and K. Nasmyth,  un- 
publ.) and in the activation of the B-type cyclins Clb5 
and Clb6 that trigger DNA replication. The observed 
functional overlap of the G~ cyclins results from the ca- 
pability of Clnl and Cln2 to induce their own--de- 
layed-accumula t ion  and the transcription of Clb5 and 
Clb6 in the absence of Cln3 and from the ability of Clb5 
and Clb6 to provide the function of Gin 1 and Cln2, albeit 
with a decreased efficiency (Epstein and Cross 1992; 
Schwob and Nasmyth 1993). 

1824 GENES & DEVELOPMENT 

 Cold Spring Harbor Laboratory Press on February 2, 2021 - Published by genesdev.cshlp.orgDownloaded from 

http://genesdev.cshlp.org/
http://www.cshlpress.com


Ste20-like kinases in cell morphogenesis 

The isolation of two genes involved in cytokinesis 
(CLAIO/CDC12 and CLA4) in a screen for genes re- 
quired for proliferation in the absence of Cln 1 and Cln2 

Figure 7. Cla4 and Ste20 are not required for normal distribu- 
tion of cortical actin. Exponential cultures of cia4-75 ste20 
(K4580) or CLA4 ste20 (K3621) cells grown at 25~ in YEPD 
were shifted to 37~ for 3 hr and fixed, and actin was stained 
with rhodamin-labeled phaloidin. 

suggests that some proteins required for an early step 
toward cell division may  be a direct substrate for the 
Cdc28/Cln  complex. The regulated step could be the 
es tabl ishment  of the bud neck- -an  event that involves 
the assembly of a septin ring on the border between the 
mother  cell and its bud; one of the components  of the 
ring is encoded by CDC12. In the absence of C ln l  and 
Cln2, their function can be provided by another cyclin 
present at the same stage of the cell cycle (e.g., by Clb5 
and Clb6), as long as all other proteins required for bud 
neck es tabl ishment  and septin ring assembly are intact. 
If a component  of the ring is damaged (as in cdc l2  mu- 
tants) or a regulatory event (e.g., phosphorylat ion of 
some protein by the protein kinase encoded by CLA4) is 
missing, C ln l  and Cln2 may  become the only cyclins 
able to induce proper bud neck development.  

We proposed previously a s imilar  model  suggesting a 
direct role for C ln l  and Cln2 in the first step toward 
budding-- in  bud site es tabl ishment  and cell polarization 
(Cvr6kowi and Nasmyth  1993). This  model  can now be 
extended--also the next step in bud development,  the 
formation of the border between the bud and its mother  
cell, appears to be controlled by G1 cyclins. The apparent 
evolutionary conservation of cytokinesis mechan i sms  
indicates that a s imilar  control (perhaps involving differ- 
ent Cdk species) may be at work also in higher eukaryotes. 

Figure 6. cla4-75 ste20 cells produce deformed buds with mis- 
localized septins at restrictive temperature and deposit new cell 
wall proximally to the septins. (a) Exponential cultures of cla4- 
75 ste20 or CLA4 ste20 cells grown at 25~ in YEPD were 
shifted to 37~ for 3 hr and observed by phase-contrast micros- 
copy. (b) Typical cells from the synchronous cultures from Fig. 
5., representing successive stages of the cell cycle (denoted by 
numbers). (Blue) DNA; (yellow) Cdcll. Because the staining 
requires the removal of cell wall, small buds may become dif- 
ficult to see. (c) Exponential cultures of cla4-75 ste20 or CLA4 
ste20 cells grown at 25~ in YEPD were shifted to 37~ for 1 hr, 
the cell wall was labeled with fluorescein-conjugated Con- 
canavaline A, and cells were grown for an additional 30 min at 
37~ in the absence of the label and observed by fluorescence 
and phase-contrast microscopy. (Left) cla4-75 ste20 (K4580); 
(right) CLA4 ste20 {K3621). 

Ste20-Iike kinases and the Cdc42 GTPase are required 
for cytokinesis 

Eukaryotes have evolved several ways to divide one cell 
into two. Most animal  cells divide by cleavage, that is, 
by cytoskeleton-driven contraction of a part of the cell 
surface. Cells of higher plants form their  septa "from 
within",  by fusion of membrane  vesicles carrying cell 
wall  material  to a location determined by cytoskeletal 
structures, producing the cell plate, which  develops into 
a septum. Cytokinesis  by budding, typical for yeasts, is a 
somewhat  unusual  variation of this theme. Neverthe- 
less, s imilar  mechanisms  seem to be involved in budding 
and cleavage. Genes required for var ious  steps of cyto- 
kinesis in the yeast Saccharomyces cerevisiae have been 
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isolated and often shown to have relatives in higher 
eukaryotes. 

One of the central molecules involved in the early steps 
toward yeast cytokinesis is the small GTPase Cdc42. In 
S. cerevisiae, Cdc42 is required for polarized cell growth 
both in the vegetative cell cycle (budding) and in the 
process of mating {asymmetric growth of gametes-- 
shmooing). Cdc42 cycles between the GTP- and GDP- 
bound form; the putative guanine nucleotide exchange 
factor for Cdc42--Cdc24--is also required for directional 
growth (Zheng et al. 1994; for review, see Hall 1992). 

Cdc42 is required for at least two events in bud devel- 
opment: One leads to actin polarization and subse- 
quently to bud growth; the other leads to the deposition 
of a ring of 10-nm filaments (the septin ring} under the 
cytoplasmic membrane at the site of the future bud. Pro- 
teins related to components of the ring were found in 
animals, and a fruit fly homolog is required for cytoki- 
nesis (Neufeld and Rubin 1994). 

Cdc42 homologs have also been found in higher eu- 
karyotes. Biochemical studies identified a mammalian 
brain-specific protein kinase (Pak) that selectively binds 
to the GTP-bound form of Cdc42. Interestingly, Pak is 
related to the yeast Ste20 kinase, a component of the 
signal transduction mechanism required for differentia- 
tion of haploid cells into gametes in the presence of sex- 
ual pheromones and for pseudornycelial differentiation 
of diploid cells starved for nitrogen (Leberer et al. 1992; 
Liu et al. 1993; Ramer and Davis 1993). Until now, there 
was no indication that Ste20 might be involved in bud- 
ding. It is therefore somewhat surprising that Ste20 also 
can, like Pak, bind Cdc42-GTP {Manser et al. 1994; Z.-S. 
Zhao, T. Leung, E. Manser, and L. Lira, in prep.; C. De 
Virgilio and J.R. Pringle, unpubl.). 

We have isolated a novel yeast gene, CLA4, whose 
product is closely related to Ste20 and Pak and specifi- 
cally binds Cdc42-GTP both in vitro and in a two-hybrid 
in vivo assay. The interaction between Cla4 and Cdc42 
might be regulated in vivo, because truncated forms of 
Cla4 bind Cdc42-GTP better than a full-length protein. 
The observation that cla4 cdc42-1 double mutants are 
lethal under conditions permissive for single mutants 
indicates that the interaction between Cdc42 and Cla4 
may be significant in vivo. Binding to GTP-Cdc42 acti- 
vates the mammalian Pak kinase (Manser et al. 1994); 
similarly, in yeast the interaction between Cla4 and 
GTP-Cdc42 might be needed for spatially restricted ac- 
tivation of the Cla4 kinase at the bud site, which is 
marked by Cdc42. 

We found that Cla4 and Ste20 share an essential role in 
bud development. The previously observed lack of cell 
cycle-related phenotypes in ste20 mutants was appar- 
ently a result of a functional overlap between Ste20 and 
Cla4. Ste20 interacts with the pheromone receptor-asso- 
ciated G protein and acts through a signaling pathway 
involving three protein kinases corresponding to the 
mammalian MAPK module. Unlike Ste20, other compo- 
nents of this pathway downstream of Ste20 are not re- 
quired for cytokinesis in cells lacking Cla4. Ste20 there- 
fore does not exert its essential function in cla4 cells by 

activating the pheromone response pathway. However, 
some other MAPK-like kinase cascade activated by ei- 
ther Cla4 or Ste20 might be required for bud neck devel- 
opment. It is interesting that the nonlethal morphoge- 
netic defect of cla4 mutants is compensated under con- 
ditions that induce another MAPK-like system, the 
HOG pathway, and this rescue seems to require the bot- 
tom two kinases of the HOG kinase cascade. Altema- 
tively, some protein associated with the bud neck may 
have to be directly phosphorylated by either Cla4 or 
Ste20 to become functional. 

Ste20-like kinases are required for proper 
localization of cell growth with respect to the 
division plane 

Double cla4 ste20 mutants have a severe defect at an 
early stage of bud morphogenesis and cannot undergo 
cytokinesis. Normal bud neck development and cytoki- 
nesis require the establishment in late G1 of a ring of 
septin-containing filaments defining the site of future 
cell division. Later on, all cell growth occurs on the bud 
side of the ring, whereas the mother cell ceases growing. 
The shape of cla4 ste20 mutants  superficially resembles 
that of mutants defective in components of the septin 
ring. Moreover, mutants in CDC12, which codes for one 
of the septins, were found in the same genetic screen. 
Cla4 or Ste20 may thus be required for proper localiza- 
tion or function of the septins. However, upon closer 
inspection, cla4 ste20 double mutants  differ from septin- 
defective mutants, cdcl2-1 cells under restrictive condi- 
tions maintain a border between the mother cell and the 
bud, despite gross morphological abnormalities and de- 
spite the absence of a detectable septin ring {Haarer and 
Pringle 1987). On the other hand, the septin ring assem- 
bles at the correct time and place in cla4 ste20 mutant  
cells. However, it fails to stay at the bud neck and re- 
mains on the tip of the growing misshapen "bud" instead 
and usually becomes diffuse. Contrary to wild-type cells, 
new cell wall deposits proximally to the septin structure 
(i.e., on the mother cell side) in cla4 ste20 mutants. 

These observations suggest that the assembly of the 
septin ring, albeit essential for cytokinesis, is not the 
only prerequisite for development of a normal bud neck. 
A separate event that requires a Ste20-1ike protein kinase 
{possibly regulated by Cdc42 and the Cdc28/Cln com- 
plex) is needed to direct growth to a distinct part of the 
cell surface (Fig. 8). The growing part of the surface is 
normally enclosed by the septin ring, but the border be- 
tween the growing and nongrowing surface apparently 
can form even in mutants  defective in components of the 
ring itself, as documented by the phenotype of previ- 
ously described cytokinesis mutants  (cdc3, cdclO, 
cdcll ,  and cdcl2) that are defective in the septin ring. 
Mutants lacking Cla4 and Ste20 thus define a novel 
event in cell morphogenesis: They are impaired in the 
formation of a normal border separating the bud from the 
mother cell. 

Septins, Ste20-1ike protein kinases, and Cdc42-1ike 
GTPases are evolutionarily conserved. Interestingly, 
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Figure 8. Cla4 and Ste20 share a role in establishing the border 
between mother cell and its bud, an event controlled by Clnl 
and Cln2. The interaction between Cla4 and Cdc42 may be 
required for colocalization of active Cla4 kinase and the septin 
ring--two components contributing to the restriction of cell 
growth to the bud. 

m a m m a l i a n  homologs  of these  prote ins  are abundan t ly  
expressed in the  brain, that  is, in a t i ssue tha t  conta ins  
rather  few dividing cells. Could  these  pro te ins  func t ion  
in ano ther  process besides cytokinesis?  The  role of Cla4 
and Ste20 in yeast  morphogenes i s  suggests the  possibil- 
i ty that  a s imilar  m e c h a n i s m  m i g h t  be invo lved  also in 
spatial res t r ic t ion of cell surface g rowth  in  o ther  situa- 
tions, including,  perhaps, neura l  cell deve lopmen t .  

Mater ia l s  and  m e t h o d s  

Yeast strains and genetic techniques 

Genotypes of the strains not fully described in the text are listed 
in Table 2. The clnI, cln2, and ade3 alleles were described pre- 
viously (Dirick and Nasmyth 1991; Cvr~kovfi and Nasmyth 
1993); hogl: :URA3 and pbs2::LEU2 were provided by Ch. 
Schfiller (University of Vienna, Austria), ste20::URA3 (Leberer 
et al. 1992) and the plasmid carrying the STEli-279S allelle 
under the GAL1-GALIO promoter (Stevenson et al. 1992) were 
provided by B. Stevenson, BCK1-20 on a centromeric plasmid 
was a gift from D. Levin (Johns Hopkins University, Baltimore, 
MD). Standard genetic techniques (Mortimer and Hawthorne 
1969) and standard methods of DNA manipulation (Ausubel et 
al. 1987) were used throughout. Yeast cells were transformed by 
the spheroplast or LiAc methods. Integrative transformations 
were verified by Southern blots. Yeast cells were grown aerobi- 
cally at 30~ on YEP media (see Nasmyth and Dirick 1991) 
supplemented with 20 g/liter of the indicated sugars (E)---glu- 
cose, Gal--galactose, Raff--raffinose), unless otherwise stated. 
Standard synthetic media supplemented with appropriate 
amino acids and nucleotides were used for experiments involv- 
ing the methionine-regulated constructs; methionine was 
added to final concentration 2 mM to repress the MET3 pro- 
moter. Plates containing 5-FOA (Boeke et al. 1987) were made as 
described by Nasmyth and Dirick (1991). 

Table 2. Genotypes of yeast strains 

Strain Genotype Origin 

K699 
Kl107 

K2726 

K2790 

W303 1A 
Dirick and 

Nasmyth (1991) 
Cvr~kovfi and 

Nasmyth {1993} 
Cvrakov~ and 

Nasmyth (19931 

MATa, ade2-1, trpl-l, canl-100, leu2-3,112, his3-11,15, ura3, GAL,psi +, ssdl-d2(clal) 
MATa, HMLa, HMRa, ho-[3gal, ura3, ade2-1, ade6?, canl-lO0, met, his3, leu2-3,112, trpl-1, SSDI(CLA1) 

MATa, trpl, leu2, ura3, his3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, [YCp URA3 ADE3 spADH::CLN2] 

MATa, trpl, leu2, ura3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, [YCp URA3 ADE3 spADH::CLN2] 

K3065 MATa, trpl, leu2, ura3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, [YCp URA3 LEU2 GAL::CLN1] K2790 tfn 
K3535 MATa, trpl, leu2, ura3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, clalO-1, [YCp URA3 ADE3 spADH::CLN2] K2790 rout 
K3540 MATa, trpl, leu2, ura3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, cla4-1, [YCp URA3 ADE3 spADH::CLN2] K2790 rout 
K3543 MATa, trpl, leu2, ura3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, clalO-l, [YCp URA3 LEU2 GAL::CLNI] K3535 tfn 
K3546 MATa, trpI, leu2, ura3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, cla4-1, [YCp URA3 LEU2 GAL::CLN1] 
K3591 MATa, cla4::LEU2 K699 bkg 
K3621 MATa, barI::HisG, ste20::URA3 Kl107 bkg 
K3622 MATa/MATa, barl::HisG/BAR1, ste20::URA3/STE20, cta4::LEU2/CLA4 Kl107 bkg 
K4220 MATa, barl::HisG?, ste20::URA3, MET::CLA4 and HIS3 at cla4 K699 bkg 
K4327 MATa, hogI::TRP1 K699 bkg 
K4329 MATa, cla4::LEU2, hogl::TRP1 K699 bkg 
K4331 MATa, pbs2::URA3 K699 bkg 
K4333 MATa, cla4::LEU2, pbs2::URA3 K699 bkg 
K4580 MATap cIa4::LEU2, ste20::URA3, [YCp TRP1 cla4-75] K3622 tfn spore 
K5005 MATa, trpI, leu2, ura3, his3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, cla6-1, [YCp URA3 ADE3 spADH::CLN2] K2726 rout 
K5007 MATa, trpI, leu2, ura3, his3, ade2-1, ade3::HisG, clnl::HisG, cln2::del, SSD1, cla6-1, [YCp URA3 LEU2 GAL::CLN1] K5005 tfn 
K5057 MATa/MAT~, CDC42/cdc42-1, CLA4/cla4::LEU2 K699 bkg 

Plasmid-borne markers are enclosed in square brackets. (tfn) The strain was obtained by transformation of the given parent; {bkg) it was derived from the 
given genetic background (and carries the same genetic markers unless stated otherwise) by multiple transformations and crosses of isogenic strains; (mut) 
an EMS-induced mutant. 
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Isolation of CLA10 and CLA4 

Wild type CLAlO/CDC12 and CLA4 were cloned by comple- 
mentation of clalO-1 and cla4-1 mutants, respectively. The 
cloning strategy, the genomic library used, and the sequencing 
procedure were as described (Cvr6kovfi and Nasmyth 1993). For 
CLAIO isolation, 24,000 library transformants yielded 10 com- 
plementing clones. A 2.94-kb region shared by all of them was 
sequenced. For CLA4, six clones complementing cla4-1 were 
found among 20,000 library transformants; additional CLA4 
clones were found as suppressors of the cla6-2 mutation in an 
attempt to clone CLA6. A 3.86-kb fragment including the region 
shared by all plasmids complementing cla4-1 was sequenced. 

hnkage analysis 

To demonstrate linkage between cloned DNA fragments and 
the original cla mutations, we introduced the LEU2 marker 
close to the cloned loci in a diploid homozygous for the clnl 
cln2 mutations and heterozygous for the CLA gene of interest. 
The strain carried plasmid-borne CLN2 linked to the colony 
color marker ADE3, so that segregation of the cla mutation in 
tetrads could be scored {Cvr6kovfi and Nasmyth 1993). After 
sporulation of the marked strains, the CLA + phenotype in both 
cases cosegregated with the LE U2 marker in at least 32 tetrads. 
The CLA loci were marked by a YIplac128 [Gietz and Sugino 
1988) derivative containing a library insert complementing the 
cla mutation (2.94 kb for CLAIO; 5.3 kb for CLAa). 

Sequence comparisons 

The search for CLAIO and CLA4 homologs in the GenBank and 
EMBL data bases was done by the automated BLAST service at 
the National Center of Biological Lrgormation, USA {Altschul et 
al. 1990). The protein sequence alignment was constructed us- 
ing the MACAW program {Schuler et al. 1991). 

Detection of Cla4/p2I-GTP binding by an in vitro 
overlay assay 

To produce in-frame CLA4/GST fusions, DNA fragments cor- 
responding to CLA4 codons 174-279 [for construct A) and 174- 
222 {for construct B) were amplified by PCR so that BamHI and 
XhoI sites were introduced at the 5' and 3' ends of the PCR 
products, respectively, and cloned into the BamH1-Xhol sites of 
pGEX 4T-1 {Pharmacia). GST fusion proteins were purified from 
E. coli, separated on SDS-polyacrylamide gels, and transferred 
to membranes, and overlay assays were performed with 
[~/-a2p]GTP-loaded recombinant p21 s as described (Manser et al. 
1994), with minor modifications. 

Detection of Cla4/p21-GTP binding by an in vivo 
two-hybrid assay 

The two-hybrid assay was performed as described {Gyuris et al. 
1993; Fields and Stemglanz 1994). To fuse various GTPases to 
the LexA DNA-binding domain {DBD) in pEG202, yeast CDC42 
{Johnson and Pringle 1990), CDC42 ctsss (Ziman et al. 1991), 
RHO1 and RH02  (Madaule et al. 1987), RH03 and RH04 {Mat- 
sui and Toh-e 1992; YKRO55W, accession no. Z28280, MIPS), 
RSR1 (Bender and Pringle 1989), and RAS2 {Powers et al. 
1984) full-length coding sequences were amplified by PCR 
with cloned genes as templates, and appropriate restriction 
sites were introduced with the primers. The mutant 
genes CDC42 G12v/clSas, CDC42 o61L/c188s, CDC42 DllSA/C188s, 
RHO1 c2~ RH02 Ctass/clags, RH03 C228s, and RH04 c2aSs 
were amplified using cloned CDC42 G12v, CDC42 ~ 
CDC42 D118^ (Ziman et al. 1991}, or wild-type RHO genes as 

templates and reverse primers that specifically introduced the 
C-S mutations as well as an XhoI site downstream of the stop 
codon. The PCR products were cloned at the EcoRI-XhoI sites 
(all but RSR1) or at the BamHI-XhoI sites (RSR1) of pEG202. To 
fuse Cla4 or its fragment Cla4-A to the LexA DBD in pEG202, 
the full-length and partial (amino acids 174-294) CLA4 se- 
quences were amplified by PCR as above. The PCR products 
were cloned at the EcoRI-NcoI sites (CLA4) or at the EcoRI- 
XhoI sites (CLA4-A) of pEG202. All constructs except pEG202- 
Rsrl contain 2 additional amino acids (EF), pEG202-Rsrl con- 
tains 5 amino acids {EFPGI) between the LexA DBD and the first 
amino acid of the fused protein {M for all but Rsrl and Cla4-A; 
R, corresponding to the second residue, for Rsrl; I, correspond- 
ing to residue 174, for Cla4-A). All constructs except pEG202- 
Cla4-A use the original stop codons of the fused genes; pEG202- 
Cla4-A uses a stop codon immediately downstream of the 
polylinker. 

To fuse the various proteins to the activation domain {AD) in 
pJG4-5, the desired sequences were amplified by PCR as above 
and cloned into the EcoRI and XhoI sites of pJG4-5 or (for CLA4} 
into the EcoRI and NcoI sites of a pJG4-5 derivative with an 
NcoI site in its polylinker. 

Strain EGY48 containing the LexAop-lacZ reporter plasmid 
pSHI8-34 was cotransformed either with pEG202 or a pEG202 
derivative expressing a LexA-DBD fusion and with pJG4-5 or a 
piG4-5 derivative expressing an AD-fusion protein. B-Galac- 
tosidase activities were measured in cultures grown for 16 hr at 
30~ in minimal medium with 2% galactose and 1% raffinose. 
The average values from three to six different isolates of each 
strain (in Miller units) are reported. 

Construction of the cla4 disruption 

To disrupt CLA4 by one-step gene replacement, CLA4 was 
cloned into pUC19 and the internal SalI-XhoI fragment was 
replaced by wild-type LEU2. The resulting disruption allele was 
used to transform a wild-type diploid strain (isogenic to K699 or 
K11071; haploid cla4 segregants were obtained after sporulation. 

Construction of the conditional lethal MET::CLA4 
ste20 strain 

For construction of the methionine-repressible MET::CLA4 al- 
lele, an NdeI site was introduced by PCR at the ATG start codon 
of CLA4, which was then fused to the MET3 promoter cloned as 
a SalI-NdeI fragment in the pIC19H vector (Mountain and 
Korch 1991; A. Amon, pers. comm.); the HIS3 marker on a 
BamHI-XhoI fragment was inserted upstream of the promoter, 
and a fragment from the CLA4 locus corresponding to bases 
1-606 of the presented sequence was cloned 5' from HIS3. The 
resulting construct was used to replace the endogenous CLA4 
promoter in a wild-type {K699) yeast strain by HIS3 and the 
MET3 promoter fused to the CLA4 coding sequence. The trans- 
formed strain was crossed to a ste20::URA3 mutant (K3621) 
transformed with a plasmid carrying a hyperactivated STEll- 
279S allele under the control of the GALI-IO promoter. The 
basal level of STE11-279S transcription on glucose media is suf- 
ficient for Ste20-independent mating in this strain (G. Am- 
meter, pets. comm.). The plasmid was eliminated from the dip- 
loid, and double MET::CLA4 ste20 mutants were obtained by 
tetrad dissection on methionine-free media. 

Isolation of therrnosensitive alleles of CLA4 and construction 
of the thermosensitive cla4 ste20 strain 

A DNA fragment corresponding to bp 471-3500 of the CLA4 
sequence and sufficient to complement cla4-1 was amplified by 
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mutagenic PCR {Amon et al. 1993). A library of PCR products in 
YCplac22 (Gietz and Sugino 1988) was screened for plasmids 
that suppress the lethality of MET::CLA4 ste20 (K4220) cells in 
the presence of methionine at 25~ but not at 37~ Four such 
clones found among 18,000 transformants were shown to be 
thermosensitive for the ability to rescue growth of clnl cln2 
cla4-1 GAL::CLN1 (K3546) cells on glucose. One of the mutant 
alleles--cla4-75wwas chosen for further study. To obtain a 
temperature-sensitive cla4-75 ste20 strain, a plasmid carrying 
cla4-75 was introduced into a diploid (K3622) heterozygous for 
CLA4 and STE20, and haploids were isolated by tetrad dissection. 

Synchronous cultures 

Cells were grown at 25~ in YEPRaff and synchronized by cen- 
trifugal elutriation as described {Schwob and Nasmyth 1993). 
Elutriated G~ cells were inoculated into YEPD medium at 37~ 
and followed over the period of 4 hr, determining periodically 
the fraction of budded cells {microscopically) and cell size {using 
the CASY1 apparatus, Sch/irfe Systems GmbH} and taking sam- 
ples for immunofluorescence staining and for the analysis of 
DNA content. The DNA content was measured on a Becton- 
Dickinson FACScan analyzer as described {Epstein and Cross 
1992; Lew et al. 1992). For quantitative evaluation of micros- 
copy data, at least 100 ceils were counted for each sample and 
characteristic. 

Fluorescence microscopy 

For in situ immunofluorescence, cells were fixed with 3.7% 
formaldehyde for 30 rain, converted to spheroplasts, and stained 
as described (Nasmyth et al. 19901 except that the cell wall was 
digested at pH 7.4; to visualize nuclei, cells were stained with 
DAPI. Actin was stained with rhodamin-conjugated phalloidin 
according to Ha~ek et al. (1987). For staining of Cdcl 1, a rabbit 
polyclonal antibody (Ford and Pringle 1991) and a FITC-labeled 
goat anti-rabbit antibody (Calbiochem) were used. To localize 
the new cell wall, the following method (Porro and Srienc 1995) 
was used: One-milliliter aliquots of an exponentially growing 
culture in YEPD medium were centrifuged, and cells were 
washed with minimal raffinose medium and resuspended in 
0.05 ml of the same medium with 0.12 mg/ml of fluorescein- 
conjugated concanavaline A {Sigma). After 4 min, cells were 
washed twice with minimal raffinose medium, diluted into 1 
ml of YEPD, incubated for 30 rain to allow growth of unstained 
cell wall, fixed as above, and observed. Cells were photographed 
using either a standard camera or a CCD videocamera con- 
nected to the microscope. 
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