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The budding yeast Saccharomyces cerevisiae has long proved to be a very useful model in cell biology. Its cell morphology
is established and maintained at least in part by the cell wall, a rigid but dynamic structure that affords mechanical protection.
Although fungal cell walls represent an unique phenomenon, recent progress in research has shown striking parallels
between yeast and mammalian cells in the area of cell morphogenesis and proliferation. Further studies promise to shed
common light on the processes of cell morphogenesis including the intersections with proliferation control. This review
focuses on the recent progress in this promising area in the yeast Saccharomyces cerevisiae.

The process of cell wall synthesis in Saccharomyces cerevisiae was reviewed by several authors recently *~°. Briefly, the
cell wall represents a complex structure of cross-linked chitin, 3-(1,6)-d-glucan, B-(1,3)-D-glucan and mannoproteins.
Chitin and 3-(1,3)-D-glucan are synthesized by enzymatic complexes at the cell membrane and extruded into the periplasmic
space, mannoproteins are synthesized along the yeast secretory pathway, and the site of 3-(1,6)-D-glucan synthesis is still
unknown. The principal motif which interconnects individual cell wall constituents was recently identified by Kollar* et
al. The mechanisms of cross-linking of the polymers in the wall remain unknown, however. Recently, nevertheless,
substantial progress has been achieved in understanding the signalling pathways which target the cell wall construction.
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The process of cell wall synthesis in Saccharomyces
cerevisiae was reviewed by several authors recently!-2:3.
Briefly, the cell wall represents a complex structure of
cross-linked chitin, B-(1,6)-d-glucan, (-(1,3)-D-glucan
and mannoproteins. Chitin and -(1,3)-D-glucan are syn-
thesized by enzymatic complexes at the cell membrane
and extruded into the periplasmic space, mannoproteins
are synthesized along the yeast secretory pathway, and the
site of B-(1,6)-D-glucan synthesis is still unknown. The
principal motif which interconnects individual cell wall
constituents was recently identified by Kollar* et al. The
mechanisms of cross-linking of the polymers in the wall
remain unknown, however. Recently, nevertheless, subs-
tantial progress has been achieved in understanding the
signalling pathways which target the cell wall constructi-
on.

DISSECTING THE PKC1-PATHWAY

Levin’ et al. first described a Saccharomyces cerevisi-
ae homolog of rat protein kinase C (PKC) gene, deletion
of which resulted in a cell cycle arrest between DNA
replication and mitosis, and was represented by cells with
small buds. The same gene was later detected to comple-
ment mutants showing a cell lysis defect in hypotonic
environment® and mutants hypersensitive to the PKC-in-
hibitor staurosporine’. The cell lysis defect was compen-
sated in an osmotically stabilized medium and the cell
walls of pkcl mutants were darker than wild-type cell
walls, which was supposed to reflect changes in cell wall
composition®. Further, loss of PKC1 function was shown

to result in cessation of protein synthesis®. When the first
dominant extragenic supressor, BCK1, was isolated due
to its ability to bypass the requirement for functional
PKCI1 gene’, the hunting of kinases functioning in a
presumed kinase cascade was started. Bck1p was shown
to be a protein kinase, which functions most probably
downstream of PKC1 in a common pathway, as bckl
mutants (i) showed a pattern of cell lysis similar to that of
pkcl mutants, and (i1) BCK1 supressor mutations bypas-
sed the requirement for PKC1°. As PKCI is essential at
all temperatures and BCK1 is only essential at 37 °C, Lee
and Levin® suppose a bifurcated pathway, where BCK 1
functions in one of the pathway branches downstream of
PKCI. In this model, loss of either branch of the pathway
should not be as severe as the defect associated with the
loss of PKC1.

A MAP kinase homolog MPK1 was identified as a
further component of this pathway by Lee!¥ et al. This
gene was identified as dosage supressor of a bck1 deletion
defect and mpk1 mutants showed a cell lysis defect indis-
tinguishable from the defect associated with deletion of
bck1. Asneither expression of an activated allele of BCK 1
nor overexpression of wild-type BCK1 supressed the
mpk1 defect, it was concluded that MPK1 functions do-
whnstream of BCK 110, Later Mazzoni!! et al. detected the
SLT2 gene which was found to be identical with MPK1.
Mutation of this gene was detected as an enhancer of the
division defect of cells expressing a partially inactivated
cdc28. The results suggested that the Mpklp/SIt2p is
either a downstream activation target of the Cdc28 kinase
or that SIt2p and Cdc28p function in parallel in promoting
bud emergence and subsequent growth!!. The slt2 mutant



cells were also shown to exhibit a number of phenotypes
that recall those of yeast cytoskeletal mutants including
morphological defects, delocalization of both chitin depo-
sition and actin cortical spots, and accumulation of secre-
tory vesicles. This clearly demonstrates that Mpk1p/Slt2p
is involved in polarized growth, possibly through phos-
phorylation of one or more cytoskeletal components. A
pair of redundant protein kinase genes MKK 1/MKK?2 was
further isolated by Irie!2 et al. as supressors of the pkcl
cell lysis defect. The mkk1/mkk2 double mutant showed
a temperature-sensitive cell lysis defect similar to that
showed by bckl. Overexpression of MKK1 suppressed
the growth defect of bckl and overexpression of MPK1
suppressed the defect of the mkk1/mkk2 double mutant,
whereas an activated allele of BCK1 did not suppress the
defect of the mkk1/mkk2 double disruption. Thus, it can
be supposed that the pair of Mkk1p/Mkk2p kinases func-
tions downstream of Bck1p and upstream of Mpk1p in the
pathway!2.

Finally, Levin!3 et al. summarized these findings in a
model of the PKC1-pathway and described the cell wall
ultrastructure in Pkc1p-depleted cells. These cells showed
cell walls reduced in thickness to approximately 60 % of
wild-type cells. Either marked thinnings of the cell wall
or even single breaches releasing plums of membranes and
cytoplasm were often observed at the bud tips. Based on
the above mentioned findings the PKC1-pathway has also
been termed as the cell integrity and proliferation pat-
hway. Based on (i) the epistatic experiments, (ii) on the
fact that Pkc1p phosphorylates Bck1p in vitro, and (iii) on
the much lower levels of Mpk1p protein kinase activity in
bck1 mutants, it is generally accepted that this pathway
represents a three-gene module characteristic of the extra-
cellulary regulated kinase pathways. In this pathway, the
signal should be transfered from Pkclp to the MAPKKK
(mitogen-activated protein kinase kinase kinase) Bckl1p,
next through the pair of MAPKKs (MAP kinase kinases)
Mkk1p/Mkk2p, finally to the MAPK (MAP kinase)
Mpklp. A two-hybrid screen for protein-protein interac-
tions confirmed some of the interactions which could be
expected from epistatic experiments, however other were
not confirmed and some new unexpected interactions
were detected!®. Bckl1p-Mkklp, Beklp-Mkk2p and
Mkk2p-Mpklp interactions were confirmed, but not the
Pkclp-Bceklp interaction. Capacity for possible Beklp-
Bckl1p dimerization was newly found as well as a Pkclp-
Mkk1p interaction, which may represent a feedback loop
as an attenuation mechanism. These results suggest that
the members of the pathway form a complex in vivo.

IDENTIFYING THE TARGETS OF PKC1-PATHWAY

Although it was clear that the PKCl1-pathway fun-
ctions in cell wall integrity, cell polarity, and proliferation
control, some of the targets were identified only recently
and others may be still unknown. First, two nonhistone
chromosomal proteins Nhp6A and Nhp6B described ear-
lier!>-16 as homologous to bovine high mobility group
protein 1 (HMG1) were identified to be multicopy sup-
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pressors of the synthetic lethality of bck1 and spa2!”. The
NHP6A/NHP6B genes were shown to be functionally
redundant. Strains from which both NHP6 genes were
deleted shared many phenotypes with pkcl, bckl and
mpk1 mutants. They showed an osmotically remediable
temperature-sensitive growth defect and also exhibited a
variety of morphological and cytoskeletal defects!”.
Nhp6Ap/Bp were found to be required for the induction
of a subset of genes, however none of them involved in
cell wall synthesis, integrity or polarity. Namely, activa-
tion of the CUP1 (copper-binding metallothionein),
CYCI (cytochrome c), GAL1 (galactokinase), and DDR2
(for DNA damage response) genes was decreased or abo-
lished completely in the nhp6A/B double mutant!8.

In another screen, Watanabe!? et al detected a trans-
cription factor RLM1 to interact genetically with the
PKCl1-pathway by suppressing the growth-inhibitory ef-
fect of MKK1 overexpression. Although rlml mutants
were able to grow, they displayed a caffeine-sensitive
phenotype similar to that of bckl, mkk1/mkk2 or mpkl
mutants and a gene fusion providing Rlm1 transcriptional
activation suppressed defects associated with bckl and
mpk! disruptions!®. The supposed role of RImlp as a
transcription factor which functions downstream of
Mpkl1p was confirmed by Dodou and Treisman20, who
showed the C-terminal sequences of RLM1 to function as
Mpkl1p-dependent transcriptional activators and descri-
bed the RIm1p DNA-binding specificity as the consensus
sequence CTA(T/A)4TAG. Rlmlp was demonstrated to
activate transcription in a manner regulated by Mpklp
which was shown to directly phosphorylate it>!. Finally,
RLMI1 is also able to suppress the calcineurin-requirement
for viability of an fksl mutant (see also the subchapter
,,Cell wall and ion stress*) indicating that Rlm1p regulates
expression of FKS2 gene coding for the catalytic subunit
of glucan synthase 222. However Rlm1p is not required
for the heat stress activation of FKS2 through the PKC1-
pathway?2, thus an alternative branch should exist as well.
Further, in a screen for hypo-osmolarity-sensitive mutants
Shimidzu?3 et al. identified a pkc1 mutant which overpro-
duced a [-glucanase, encoded by BGL2. Disruption of
BGL2 partially rescued the growth rate defect, suggesting
that the PKC1 kinase cascade regulates BGL2 expression
negatively. However, evidence for the mediators of this
negative regulation is still lacking.

Substantial progress in identifying PKC1-pathway tar-
gets were done by Igual?* et al. who studied mpk1 disrup-
tants and detected a strong reduction in expression of
FKS1 (B-(1,3)-D-glucan synthase 1 catalytic subunit),
MNNI1 (0-1,3-mannosyltransferase), CHS3 (chitin syn-
thase 3 catalytic subunit), and significant reduction in the
expression of GAS1 (GPI-anchored protein involved in
B-(1,3)-D-glucan synthesis), and KRE6 (engaged in syn-
thesis of B-(1,6)- and [3-(1,3)-D-glucan). They further de-
tected synthetic lethality of pkcl/swi4 double mutants.
Swidp forms together with Swi6p the heterodimeric trans-
cription factor SBF which regulates gene expression in
late G1 by its binding to a specific promoter sequence
called the SCB element. This element was found in the
promoters of many genes involved in the synthesis of cell
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wall components and clear cell cycle regulation peaking
near the G1/S boundary was observed in transcription of
FKS1, MNN1, CHS3, GAS1, KRE6 and VAN2 (may
regulate Golgi function and glycosylation)24. Finally,
phenotypic similarities between mpk1 and swi4 mutants
and the fact that Swidp and Swi6p are phosphoproteins led
to an investigation of whether SBF might be activated by
Mpk1p. Madden?> et al. found SBF to exist in a complex
with Mpk1p and detected the ability of Mpkl1p to directly
phosphorylate Swi4p and Swi6p in vitro. Although other
results predict that SBF and Mpk1p may also have inde-
pendent functions?4, it can be supposed that at least 5
genes directly involved in cell wall synthesis are transcrip-
tionally activated by Mpk1-phosphorylated SBF. In addi-
tion, Mpklp-activated SBF promotes expression of the
PCL1 and PCL2 G cyclins resulting probably in coordi-
nation of polarized growth events and entry into S pha-
se?>. However, other results question these conclusions
and show that at least FKS1 should not be under the
control of the PKC1-pathway?2.

ROLE OF RHO1P-GTPase

Small Rho-type GTPases have repeatedly been shown
to play universal roles in signalling and morphogenesis.
In the case of cell wall synthesis in yeast the Rholp plays
apparently a central role. It was first identified as a mem-
ber of the Ras-superfamily (Rho for Ras-homologous)29.
Later it was shown to be crucial for bud formation and was
localized to the periphery of yeast cells including the site
of bud emergence, the tip of the growing buds, and the
mother-bud neck region of cells prior to cytokinesis?’.
The role of this protein in yeast was further elucidated by
the finding that GTP-Rho1p but not GDP-Rholp interacts
with the region of Pkclp containing the pseudosubstrate
site and the C1 domain23. It was demonstrated that Rholp
regulates the activity of Pkc1p29-30 and that there are at
least two signalling pathways regulated by Rho1p23. Mo-
reover, the Rholp was further identified as a regulatory
subunit of B-1,3-D-glucan synthase3!:32, There are two
genes coding for [3-(1,3)-D-glucan synthase catalytic acti-
vity, FKS1 and FKS2, which are differentially expres-
sed33, however it is not certain, that both gene products
are regulated by Rholp in vivo. Co-purification and co-
immunoprecipitation of Rholp and Fks1p, but not Fks2p
were described?!32, however glucan synthase activities in
both fks1 and fks2 membrane preparations were described
to be equally sensitive to inactivation by Rholp-specific
ribosylation, suggesting that Rholp is the required, or at
least predominant, regulatory component of glucan syn-
thase containing either Fksp isoform32,

As Rho proteins function in the organization of the
cytoskeleton in animal cells, an analogous role integrating
cell wall synthesis and polarity controls could be expected
for Rholp. In a two-hybrid screen BNI1, known to be
implicated in cytokinesis or establishment of cell polarity,
was identified3*. BNI1 is a member of the formin family
which forms complexes with actin-associated proteins,
profilin and Budép3>. Thus, Rholp regulates not only the

glucan synthase activity directly and the expression of
several genes engaged in cell wall synthesis through the
PKCl1-pathway, but it regulates the cytoskeleton assembly
as well, probably at least through Bnilp and through
Mpkl1p. As Rholp functions upstream of Pkclp, its regu-
lation will be reviewed in the next section.

WHAT ARE THE SIGNALS THAT ACTIVATE THE
PKCI-PATHWAY?

Members of the family of mammalian protein kinase
C kinases generally respond to extracellular signals that
act through receptor-mediated hydrolysis of phosphatidyl-
inositol-4,5-bisphosphate to diacylglycerol and inositol-
1,4,5-trisphosphate3¢. Diacylglycerol serves as a second
messenger to activate PKC37-38 and inositol-1,4,5-tris-
phosphate functions to mobilize Ca2* from intracellular
stores3”. Calcium ions serve as cofactors for Pkclp acti-
vation. However, it remains unclear if the yeast Pkclp
may be activated in an analogous way, as the in vitro
Pkclp activity is calcium independent?0. Kamada*! et al.
showed that the Mpklp is activated in response to mild
heat shock, rapid reduction in extracellular osmolarity,
and treatment with chlorpromazine. All of these stimuli
are supposed to have one characteristic feature in com-
mon: plasma membrane stretch. The PKC1-pathway res-
ponse to mild heat shock is not responsible for heat
shock-induced expression of genes under STRE or HSE
control. As there is a considerable delay in Mpk1p respon-
se to the mild heat shock, Kamada*! et al. suppose the
activation of Pkclp can be attributable to increased mem-
brane fluidity and/or to development of weakness in the
cell wall which result in plasma membrane stretch. Both
of the other stimuli observed to activate Mpk1p, namely
rapid reduction of extracellular osmolarity and insertion
of the amphipathic drug chlorpromazine into the plasma
membrane lipid bilayer, should cause a plasma membrane
stretch as well. It can be only speculated about how the
plasma membrane stretch signal could be tranformed and
transmitted to Pkclp. Yeast cells possess mechanosensi-
tive ion channels which pass both cations and anions*2 and
a calcium pulse was described in response to hypotonic
shock in yeast*3. Calcium ions can thus be candidates for
Pkclp activation or co-activation, as the thermosensitivity
of pkcl mutants can be supressed by growth at high levels
of calcium*. However, the recent finding that FKS2 gene
is regulated in response to ion stress via the Ca2"-depend-
ent phosphatase calcineurin offers alternative explanation
for the impact of increase in Ca2" as well (see also the next
section). Anyway, the role of PKC1-pathway in hypotonic
shock signalling is clear and unquestioned*>. Recently it
was demonstrated that an increase in FKS2 transcription
induced by mild heat shock is mediated independently
both by calcineurin signalling in early response and by
PKC1-pathway signalling in late response?2.

Another possible candidate for the upstream regulator
of Pkeclp activity was isolated in a screen for supersensi-
tivity to the protein kinase C inhibitor staurosporine. The
STT4 gene codes for a phosphatidylinositole-4-kinase,
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which functions probably in the same pathway upstream
of PKC14°. Finally, more putative upstream regulators of
Pkclp were isolated recently. A HCS77 gene coding for
a putative integral membrane protein shows dose-depend-
ent suppression of swi4 mutants. hcs77 mutants exhibit
phenotypes like mpk1 mutants, are defective in heat shock
induction of Mpklp activity and can be partially suppres-
sed by overexpression of PKC147. A family of genes
WSCI1, WSC2 and WSC3 coding for putative integral
membrane proteins was further described to function
upstream of PKC1 in mild heat shock signalling as well*8.
Thus, there are lot of new findings concerning stress
signalling through PKC1-pathway. Although our know-
ledge is not complex enough, better understanding of the
modes of Pkclp-stress activation can be expected soon.

However, PKC1-signalling does not function in stress-
signalling solely. In S cerevisiae, entry into the mitotic
cell cycle is regulated at a point late in the Gi interval,
operationally defined as START. Cyclin Cln3 was shown
to activate the central Cdc28 protein kinase, which in turn
transcriptionally activates the CLN1 and CLN2 genes*.
Sudden accumulation of cyclins Clnl and CIn2 occurs
during late G1, which is required for the execution of most
START-related events. Clnl together with CIn2 were
demonstrated to further activate the Cdc28 protein kinase
to regulate the other STAR T-regulated events. Bud emer-
gence is one of these events and this requires activation of
cell wall synthesis. The possible role of PKC1-pathway in
this process was supported by the isolation of a mpkl
mutant as an enhancer of the division defect associated
with cdc28 mutation®?. It was proposed that Mpk1p may
function downstream or in parallel with Cdc28p in stimu-
lating polarized growth. Further, activation of Mpklp
during periods of polarized growth was found. In a screen
for mutations that decrease the effectiveness of signaling
by the Cdc28 kinase, the PKC1 gene was identified, and
a cell cycle dependent hydrolysis of phosphatidylcholine
to diacylglycerol was demonstrated’!. These results im-
plied that an activation of Pkclp may be mediated via
Cdc28p-dependent stimulation of phosphatidylcholine-
specific phospholipase C (PC-PLC). Based on experi-
ments with suppression of the growth defect associated
with swi4 mutation it was concluded that PKC1-pathway
promotes bud emergence in a Cdc28-Clnl— and Cdc28-
ClIn2-dependent process*’.

Another element which regulates the PKC1-pathway
is the GTPase Rholp, as already mentioned above. Like
other small GTPases, Rholp switches between an inactive
GDP-bound form and an active GTP-bound form. The
switch from inactive to active form is mediated by the
GEF (GDP/GTP exchange factor) Rom2p>2, the switch
from active to inactive form is mediated by the GAP
(GTPase activating protein) Bem2p>3, and the inactive
GDP-bound state may be stabilized by the rho-GDI (GDP
dissociation inhibitor) described to function in yeast rho-
proteins>*. As another protein which interacts with Rholp
and may function in regulating the binding of Rho1p to its
targets or regulatory proteins the Bem4p was isolated>>.
The GEF Rom2p was further shown to be activated by the
phosphatidylinositol kinase Tor2p>°, which is involved in
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nutrient sensing independent from the RAS/cAMP pat-
hway>’. If nutrients are available, Tor2p in concert with
Torlp activates translation initiation and Tor2p controls
organization of the actin cytoskeleton®®. Both processes
mediate progression through early Gi if nutrients are
available, or eventually stop it in response to starvation.
As the regulation of Pkclp by Rholp was clearly estab-
lished, it can be supposed that cell wall synthesis is regu-
lated in response to nutrient availability through the
Tor2p-Rom2p-Rholp-Pkclp pathway as well. Indirect
evidence supporting this suggestion was demonstrated by
the finding that bem2 mutants (Bem2p functions as GAP
for Rholp) display not only disturbed polarization, but
defects in cell wall thickness, in resistance to sonication
and to the action of hydrolytic enzymes as well>°.

CELL WALL AND ION STRESS

As already mentioned above, the PKC1-pathway and
thus changes in cell wall synthesis play crucial role in
response to hypotonic shock or adaptation to hypotonic
environment*3. Another well studied signalling pathway,
namely the HOG-pathway (high osmolarity-glycerol),
plays a crucial role in the response to hypertonic stress.
The main target of this pathway is the glycerol accumula-
tion which compensates for the loss of water in hypertonic
environment. This pathway was not reported to influence
cell wall synthesis yet, thus the most recent review®’
should be consulted for detailed information. However,
cell wall synthesis is undoubtedly regulated in response to
ion stress. In yeast, Ca?"-dependent Ser/Thr protein phos-
phatase 2B (calcineurin) was shown to play a crucial role
in the regulation of salt homeostasis in response to ion
stress®!. This is done through the Tcenlp transcription
factor, which was shown to regulate expression of ENA1
gene (plasma membrane Na'-pump)®!, PMR1 gene
(Ca2*-pump)©2, and PMC1 gene (vacuolar Ca2*-ATPa-
se)%2. In our context it is important that mutants deficient
in the glucan synthase catalytic subunit FKS1 show a
calcineurin-dependent growth®3. Also, it was shown that
overexpression of MPK1 suppresses the mutation of the
gene CNBI1 which encodes the calcineurin regulatory
subunit, demonstrating partial functional redundancy of
the PKC1- and calcineurin-pathways®*. Calcineurin was
further shown to affect the budding pattern and cell mor-
phology®? and the upstream element calmodulin concen-
trates at regions of active cell growth®®. All these findings
indicate calcineurin-signaling to be involved in cell pola-
rity and cell wall synthesis. The engagement in cell wall
synthesis was finally confirmed by the recent finding that
calcineurin activates FKS2 transcription through the
Tenlp transcription factor®2:67. As already mentioned
above, the FKS2 transcription is under control of the
PKC1-pathway as well?2.

In an attempt to identify novel phosphatases in yeast
the protein phosphatases PPZ1 and PPZ2 were isola-
ted®8:69 and it was shown that they are involved in the
maintainance of yeast osmotic stability, possibly in a way
related to the function of the PKC1-pathway’%7!. This
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was further supported by the fact that these protein phos-
phatases bypass the requirement for functional PKC1 and
MPK1 genes in a dosage-dependent fashion’2. Later it
was shown that these phosphatases are important determi-
nants in salt tolerance and play a functional role opposite
to calcineurin, most probably through repression of the
ENA1 gene’3. Two further proteins were shown to possib-
ly function in a common pathway branch with
PPZ1/PPZ2: Bck2p, a serine/threonine-rich protein’Z, and
Brolp, required for regulation of cell proliferation in
response to nutrient limitation’4. However, it remains
unclear what the cell wall synthesis targets of the
PPZ1/PPZ2-pathway are. There are two models proposed
for the apparent partial redundancy of the PKC1-pathway
and the PPZ1/PPZ2-pathway. In one model, Pkclp regu-
lates the Ppz1p/Ppz2p branch of the pathway parallel to
the branch represented by Bek1p-Mkk1p/Mkk2p-Mpk1p,
in a second model, Ppzlp/Ppz2p are not regulated by
Pkclp, but they contribute to the pathway at a point below
or at the same level as Mpk1p’2. The first model could be
favored by the finding that recombinant Ppz1p was detec-
ted to be phosphorylated in vitro by protein kinase C7.

MATING PROJECTION FORMATION

During mating, Saccharomyces cerevisiae cells form
mating projections, also called shmoos, which growth
towards the source of sexual pheromone from the mating
partner. A cell fusion occurs then at the contact site of the
mating partners. Both of these processes require regulati-
on of cell wall lysis and synthesis. The pheromone signal-
ling pathway was the first and best studied signalling
pathway in yeast. It was also the first time when a gene
involved in cell wall synthesis, namely the CHS1 (chitin
synthase) gene, was identified to be regulated in response
to a signal in yeast’®. Deposition of chitin at the tips of
shmoos was described”’, Chslp is, however, not respon-
sible for this synthesis and the B-subunit of protein gera-
nylgeranyltransferase type-I encoded by CDC43/CALI1
was shown to be required for this synthesis’®. The enga-
gement of this gene in cell wall synthesis was shown
earlier when it was described to be required for chitin
synthase 3 activity’, although its role in cell wall synthe-
sis and regulation is far more complex3?. However, in the
case of mating projection formation no changes in
CDC43/CALLI transcription were detected’®, thus its re-
quirement for pheromone induced chitin synthesis indica-
tes only that Chs3 is probably responsible for the chitin
deposition at the tip of the mating projection. The CHS1
transcription is activated probably due to the fact that Chs1
acts as a repair enzyme counteracting the lytic processes
needed during mating projection formation and cell fusi-
on.

The yeast mating pathway was described to consist of
a receptor, which activates a heterotrimeric G-protein by
dissociation of an inhibitory GO subunit from stimulatory
Gy subunit. This activates then a kinase cascade consis-
ting of Ste20p-Stel1p-Ste7p-Fus3p,Ksslp, where SteSp
functions as a protein scaffold for the interaction®!. Which
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way is this pathway coupled with control of cell wall
synthesizing enzymes? One piece of evidence was de-
monstrated by the finding that Mpk1p phosphorylation is
induced if cells are treated with sexual pheromone82-50.,
Zarzov>? et al. showed that this activation of the PKC1-
pathway does not require transcriptional activation by the
Stel2p transcription factor, which is regulated by the
pheromone signalling kinase cascade, but it does require
functional STE20 and BCK 1 genes. Buehrer and Errede®3
demonstrated that the Mpk1p activation is only partially
impaired in cells lacking Bck1p and propose that activa-
tion of transcription by Stel12p serve as a messenger of the
pheromone action in PKC1-pathway activation as well.
Further, they described that Spa2p and Bnilp contribute
in a nonadditive fashion not only to the timing and normal
morphology of mating projections but also to the timing
of Mpk1p activation®3.

In addition to activation of the PKC1-pathway, Ste20p
was shown to bind to the essential Rho-type GTPase
Cdc42p84, which plays a key role in inducing polarization
of the actin cytoskeleton and in promoting the localized
deposition of secretory vesicles at the projection site3>.
Cdc42p was also shown to interact with the formin Bnilp
mentioned earlier, thus possibly linking the pheromone
response to regulation of the actin cytoskeleton33. In this
context it should be further mentioned, that conserved
domain in yeast myosins Myo3p and Myo5p was identi-
fied as a unique phosphorylation site for Ste20p8¢. The
signalling complex of Ste20p may be stabilized by binding
to cytoskeleton through its interaction with Bem1p, which
interacts with both actin and Ste20p. The role of Bem1p
is very important as well, as it interacts further with
Cdc24p (GEF for Cdc42p), Ste5p and Farlp, which is a
Fus3p substrate required for Gi arrest and proper polari-
zed growth during mating87-3:88,

Steps towards understanding another link between
mating and cell wall synthesis were started when Ca2"-up-
take was detected in response to mating pheromone8? and
found to be essential for survival of pheromone-induced
growth arrest?0. Later, calcineurin activated by Ca%*-cal-
modulin was shown to be the mediator of this signal®!-92,
but it was shown that the essential function of calcineurin
in this response may be distinct from its role in modulation
of intracellular Ca2*-levels?3. The link to cell wall synthe-
sis was finally established when FKS2 was detected as one
of the targets of calcineurin signalling, as already menti-
oned above?2. Although two genes were isolated which
code for components of the channel that should mediate
CaZ" uptake in response to mating pheromone and salt
stress?499, the mechanism of its activation remains uncle-
ar.

PSEUDOHYPHAL GROWTH

Saccharomyces cerevisiae cells were described to un-
dergo a dimorphic transition that results in invasive fila-
mentous growth of pseudohyphae in response to
starvation for nitrogen®’. This unique process that allows
yeasts to forage for nutrients requires a complex regulati-
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on of several cellular functions including pattern of cell
division, cell polarity determination, and cell wall synthe-
sis as well. The mechanisms of this complex regulation
are still rather unknown, although several components
involved in the processes of dimorphic switch were iden-
tified. A model integrating the known relationships into a
general scheme was proposed recently?®. We will focus
only on those facts which can be supposed to play a role
in cell wall synthesis. First, Ras2p was shown to be
involved in filamentous growth regulation®’. Then, the
constituents of the pheromone response pathway Ste20p,
Stellp, Ste7p kinases and Stel2p transcription factor
were shown to be involved in filamentous growth signal-
ling®. Later, a stimulated allele of RAS2 was shown to
signal towards Ste20p via the Rho-type GTPase
Cdc42p!90. As another upstream activator of Ste20p, a
Ras-family G-protein Kir was described as well!?1, Fur-
ther, homologs of 14-3-3 proteins Bmhlp and Bmh2p
were shown to be essential for pseudohyphal development
signalling but not for mating signalling!92. As they asso-
ciate with Ste20p in vivo, they are candidates for the
discrimination between mating signalling and pseudohyp-
hal growth signalling at the intersection of the pathways
represented by Ste20p. Further, it was shown that although
the pseudohyphal growth signalling pathway shares
Ste20p, Stellp, Ste7p, Ksslp!93 and Stel2p with the
mating pathway, the response is discriminated at the level
of Ste12p transcription factor!%0. The primary function of
this pathway is to repress the invasive growth in haploids
and the pseudohyphal growth in diploids. This repression
is mediated by Ksslp in its inactive state and Ste7p acts
to relieve this repressive action!9. The Ste12p transcrip-
tion factor is probably blocked in its action by the Diglp
and/or Dig2p. If these are phosphorylated by activated
Ksslp, Stel2p is permitted to promote gene expressi-
on!04,105

Although the relationship of the above described sig-
nalling to cell wall synthesis was not targeted yet, it can
be supposed, that analogies or even the same links can be
supposed like those which function in the case of phero-
mone signalling. Thus, the Ste20p-Bck1p link or the rela-
tionship between morphogenetic events due to
transcription activation through Ste20p and PKCl1-pat-
hway activation are the candidates. Nevertheless, any
other links including the RAS/cAMP or Elm1 pathways
cannot be excluded. One such link was indicated by the
finding that FKS2 transcription is, among others, under
control of the SNF1 protein kinase and the MIG1 trans-
criptional repressorzz, which are responsible for ,,general
repression in presence of glucose. In context of the cell
wall modification in invasive growth a Mucl protein
should be further mentioned at least!%. Muclp is a puta-
tive integral membrane-bound protein, similar to mamma-
lian mucin-like proteins that have been implicated to play
arole in the ability of cancer cells to invade other tissues.
The protein backbone of these proteins is very rigid and
long, thus Muclp is supposed to span the cell wall and to
help yeast cells to anchor themselves on the surface of the
substrate during invasive growth!00,
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FINAL COMMENTS

We were certainly not able to include all of the current
available knowledge on signals and signalling pathways
which function towards cell wall synthesis. In addition,
new progress can be observed continuously in this fast
developing research area. The complete genome informa-
tion and well working methodology available in Saccha-
romycescerevisiaeare the best prerequisites to get an even
more integrative view of cell morphogenesis soon. Under-
standing how this is achieved in simple cells will provide
us with important clues to interpret how higher cellular
systems adapt their shape to their environment.
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