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Abstract

Cellular morphogenesis is a complex process and molecular studies in the last few decades have
amassed a large amount of information that is difficult to grasp in any completeness. Fungal systems,
in particular the budding and fission yeasts, have been important players in unravelling the basic
structural and regulatory elements involved in a wide array of cellular processes. In this article, we
address the design principles underlying the various processes of yeast and fungal morphogenesis.
We attempt to explain the apparent molecular complexity from the perspective of the evolutionary
theory of “facilitated variation”. Following a summary of some of the most studied morphogenetic
phenomena, we discuss, using recent examples, the underlying core processes and their associated
“weak” regulatory linkages that bring about variation in morphogenetic phenotypes.
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Introduction

Fungi exist in nature in arich variety of shapes and forms suitable to their distinctive life styles.
How these relatively simple organisms develop diverse morphologies at the single cell level
is of significant interest to both cell and evolutionary biologists. Powerful molecular genetics
techniques in budding and fission yeasts have brought forth an era where most of the genes
and the pathways they constitute are known, but the emerging molecular networks exhibit a
daunting complexity, and the logic and design principles are not apparent. As all living systems
are built through an evolutionary process, the ability to evolve must be a fundamental design
principle. Thus, a useful perspective for understanding complex cellular systems is the
relationship between the molecular network architecture and the ability to generate rapid
phenotypic variation.

The recent “Theory of Facilitated Variation” [1] proposes that variation in form and function
is brought about through variation in the regulatory linkages that impinge upon highly
conserved core processes. The premise of this theory is that the core processes of biological
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systems are built from conserved core elements in a highly adaptable way, which enables “weak
regulatory linkages” to release their output in response to diverse signal input. The term “weak”
refers to those regulatory connections that are not directly involved in output generation and
can thus be changed with little constraints in the course of evolution under different selective
conditions. In this review, we intend to use this theory as a guiding principle to analyse and
interpret some of the recent data from the study of yeast and fungal morphogenesis. We focus
on the budding yeast Saccharomyces cerevisae, as this model organism has provided the
majority of the basic insights into the establishment of cell polarity — a core process required
for all morphogenetic processes. However, due to the limited range of morphogenetic features
in budding yeast, we will broaden the scope to include other types of fungi where new molecular
details of cellular morphogenesis have been unravelled in recent years. Our purpose is not to
provide a comprehensive review on all the detailed molecular interactions, which have been
expertly covered in a recent article [2]. Moreover, due to the large volume of the literature
touched upon, we apologize for often citing review articles where primary citations can be
found instead of the primary articles themselves.

Fungal morphogenesis — an overview

The kingdom of fungi is visible to cell biologists mostly through groundbreaking discoveries
in the model organisms S. cerevisiae and Schizosaccharomyces pombe (fission yeast). It is
rarely appreciated that fungi constitute a large group of organisms that diverged from animals
around one billion years ago and encompass a vast range of morphological forms [3]. In
addition to the aforementioned budding and fission yeasts there are a number of other fungal
models currently studied to address such topics as plant and animal pathogenicity, and
antibiotics biosynthesis [4]. Furthermore, a growing number of studies address basic cell
biological questions in diverse fungal species. These studies exploit the powerful genetic and
molecular manipulations possible in fungi and often uncover fascinating variations on common
themes as well as novel regulatory mechanisms.

A defining property of fungi is that they are surrounded by a stable cell wall made up of proteins,
glucans and chitin [5]. The presence of a cell wall puts significant constraint on the way fungal
cells grow but also provide a rigid stabilizing scaffold to the cell shape that forms through
polarized growth [6,7]. The two major modes of growth in fungi are filamentous growth, such
as formation of hyphae, and yeast-like growth [8]. Hyphae are typical for most fungi and are
characterized by continuous tip growth leading to the formation of an elongated tube consisting
of a chain of single nucleate cells divided by septa. In some fungi, the cells along the hyphae
communicate through septal pores that result from incomplete cytokinesis [9,10]. The yeast
forms are characterized by discrete cells that divide either by budding or by fission where
daughter cells dissociate from the mother cell after division. Many human or plant pathogenic
fungi, such as Candida albicans or the corn smut fungus Ustilago maydis, are capable of a
“dimorphic switch” between yeast and hyphal growth forms, but the filamentous form is most
often associated with pathogenicity [11]. A distinct growth mode in filamentous fungi is the
simultaneous maintenance of more than one axis of polarized growth during sub-apical
branching or tip splitting [12]. In addition there are several more specialized morphological
states in fungi such as pseudohyphae, various types of spores and mating projections, which
develop in response to well defined environmental cues [13]. Even more specialized
morphologies are adopted during interaction of pathogenic fungi with their host plants or
animals. For example, infection of corn plants by U. maydis occurs through a single dikaryotic,
highly elongated cell. This cell results after two compatible haploid yeast-like sporidia form
mating protrusions and fuse with each other [14]. Thus, fungal species are a rich platform for
studying the development of forms and shapes in response to physiological cues.
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The budding yeast S. cerevisiae is naturally found in soil or the bark of trees [15] but has
probably adopted new hosts such as grapes or rice as a result of domestication and its use in
the production of wine and sake [16]. Nearly all studies of budding yeast are limited to
laboratory strains that have lost morphogenetic features important in the natural environment.
In particular, naturally occurring S. cerevisae colonies exhibit a structured pattern that seems
related to an extracellular matrix material and is rapidly lost under laboratory conditions [17].
Despite their smooth colony morphology in the lab, budding yeast cells are also capable of
forming biofilms [18] and multicellular stalk-like structures that might be linked to spore
dissemination [19,20]. Budding yeast can stably exist as either haploid or diploid cells, which,
under favourable growth conditions, divide by budding. In this process a daughter cell (bud)
forms through polarized growth from a particular site on the mother cell surface and remains
connected to the mother cell through the bud neck that is stabilized by a ring of chitin in the
cell wall [21]. After nuclear division, cytokinesis occurs through constriction of an actomyosin
ring at the bud neck coupled with formation of the primary septum catalyzed by chitin synthase
11 [22,23]. Cell separation is accomplished through a cohort of cell wall remodelling enzymes
[24,25]. The position of an incipient bud site on the cortex is specified through a process termed
“bud site selection” and depends on the previous sites of cell division known as bud scars (on
mother cells) or birth scars (on daughter cells) [26]. Budding is also temporally controlled by
the cell cycle: buds are initiated at the G1-S transition upon establishment of growth polarity
[27]. The bud continues to enlarge through polarized growth during S and G2 phases, and
cytokinesis occurs subsequent to mitotic exit [23].

Haploid yeast cells can be either of a or the o mating type. If cells of opposing mating types
are in sufficient proximity to each other, a distinct morphogenetic program is engaged through
pheromone signalling [28]. Both cells form shmoos, which are mating projections that grow
in a direction guided by the pheromone gradient elicited by the opposing mating cell. Cell
fusion occurs at the shmoo tip, followed by nuclear fusion (karyogamy). The direction of shmoo
formation is guided through the pheromone gradient elicited by the opposing mating cell.
Diploid S. cerevisiae cells of the a/o type cannot form shmoos but undergo another growth
form, termed pseudohyphal growth, when the cells are starved for nitrogen [29]. Pseudohyphae
are chains of slightly elongated cells that have separated cytoplasms but are connected through
their cell walls. This growth mode enables the cells to cover long distances and is thought to
aid in the search for an improved nutritional environment.

The fission yeast S. pombe cells have a regular, rod-shaped morphology. In contrast to budding
yeast, they do not form buds but grow by polarized tip elongation, first at the old end and then
also at the new end that resulted from the previous cell division [30]. Cells divide in the middle
through membrane constriction driven by an actomyosin-based contractile ring, followed by
septum formation and cell separation [31]. There has been considerable work on the regulation
of polarized growth and cell division in S. pombe. One major difference relative to S.
cerevisiae is the prominent role for microtubules and microtubule-associated motors in the
determination of cell shape.

The conserved core process in the generation of cell polarity

Whereas many studies are focused on specific morphogenetic processes in yeast or fungi, it
may be difficult to understand how regulatory linkages affect specific morphogenetic outcomes
without insights into the core processes upon which regulatory linkages exert their effects. A
hallmark of the core processes is the highly conserved structural or regulatory elements that
are shared not just among fungal species but also among other eukaryotic kingdoms such as
animals and plants. However, core processes are also adaptable, enabling their own regulation
by a variety of signals. Whether in budding or hyphal growth, the origin of fungal
morphogenesis, as in most morphogenetic processes, is the establishment of cell polarity. This
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core process is constructed through several conserved core elements, as first discussed below,
and enables cell surface growth to be localized in defined patterns.

Rho family GTPases

The central regulator of cell polarity in S. cerevisiae —and nearly all other eukaryotic organisms
studied so far—is a small GTPase of the Rho family called Cdc42 [32]. Rho GTPases hydrolyze
GTP and cycle between two states, either bound to GDP (“off” state), or to GTP (*on” state).
The latter enables interaction with downstream effector molecules. This GTPase cycle is slow
on its own, but can be drastically accelerated by two types of enzymes: the guanine nucleotide
exchange factors (GEF), which assists the release of GDP and the GTPase activating proteins
(GAP), which stimulate the rate of GTP hydrolysis. Rho GTPases are anchored into the
membrane through C-terminal prenylation but can also exist in a soluble cytosolic form due
to binding to GDP dissociation inhibitors (GDI), which shield the hydrophobic prenyl group
and at the same time block access of GEFs and GAPs. This way, Rho GTPases are also capable
of cycling between membrane and cytosolic compartments. While Cdc4z2 is essential for cell
polarization in S. cerevisiae, in other fungi such as U. maydis [33] Cdc42 has a less prominent
role, partly due to other Rho type GTPases taking over Cdc42's functions, in particular in the
organization of the actin cytoskeleton.

Cytoskeletal polymers

While the GTPase module is central to the control of cell polarity, structures containing polar
cytoskeletal elements, actin filaments and microtubules, are almost always the work horse for
this process. In budding yeast, only the actin cytoskeleton is involved in cell polarity, while
microtubules are mainly involved in chromosome segregation and nuclear migration. S.
cerevisiae have three types of F-actin structures [34]: 1) actin patches, which contain a dendritic
network of actin filaments nucleated by the Arp2/3 complex and are the major sites of
endocytosis; 2) actin cables, made up of parallel bundles of short actin filaments nucleated by
formin family proteins, which are directly activated by Rho family GTPases, and responsible
for intracellular transport of organelles and RNAs through type VV myosin motors; and 3) the
actomyaosin ring, which contains formin-nucleated actin filament and type 11 myosin and is
involved in cytokinesis. These three types of structures are comprised largely of distinct sets
of actin-associated proteins but are regulated in a coordinated fashion. The Rho GTPases are
known to exert control over the assembly of all three types of actin structures; however, the
molecular mechanisms underlying this control remain poorly understood and are still an area
of active research.

In contrast to the situation in budding yeast, microtubules play an important role in polarized
growth and cell shape determination in the fission yeast S. pombe and in many filamentous or
dimorphic fungi, such as U. maydis. These fungal species possess the same actin structures as
budding yeast and these structures are equally important for polarized growth. However, in the
case of fission yeast, microtubules exert control over the location of actin assembly, thus
dictating the pattern of growth and cell shape [35], whereas in U. maydis microtubules have
taken over part of actin's role in vesicular transport [36]. In fission yeast, anti-parallel interphase
microtubule arrays originating from the interphase microtubule organizing centres at the cell
centre, deliver factors, such as the Kelch-repeat-containing protein Teal and its interacting
proteins, which restrict actin cable nucleating proteins to the growing cell cortex [30]. In order
to ensure growth only at cell ends, the organization and dynamics of microtubules must be
precisely controlled. Recent work suggests that the antiparallel microtubule arrays are
established through coordinated actions of a kinesin family microtubule motor Klp2 and a
conserved microtubules bundling protein Asel [30,37]. Microtubules grow continuously until
the plus ends reach the polar cortex (but not the lateral cortex) where depolymerization is
triggered. This pattern of microtubule dynamics requires several highly conserved microtubule
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Exocytosis

plus end-tracking proteins (Tipl/CLIP170, Mal3/EB1), a kinesin-like motor protein (Tea2), as
well as a nuclear rim protein Amo1 [30].

In U. maydis, while polarized growth still happens in the absence of microtubules or
microtubule dependent motors, the remaining actin cytoskeleton can only support growth, at
a reduced rate, up to 40-60 um compared to 100-150 um long wildtype hyphae [36]. The role
of microtubules in efficient polarized growth may be three fold. First, like in all other studied
filamentous fungi, nuclei in U. maydis are exclusively transported via microtubules and they
fail to enter the hyphae in the absence of microtubules [38]. Therefore, if any signal is generated
from the nucleus to sustain tip growth, nuclear positioning in the hyphae would be required
for fast signal transmission. Second, it was shown recently that several RNA binding proteins
are transported along microtubules in U. maydis and some of these seem to be involved in
polarized growth [39,40]. Finally, endosomes are transported bidirectionally along
microtubules, which is required for efficient recycling and the generation of fast polar growth
[41,42]. Interestingly, depletion of a type V myosin (essential in budding yeast) also only
reduces hyphal growth rates, and only the combined disruption of actin- and microtubule
dependent transport completely blocks growth [43]. This is an example of multiple pathways
contributing to a similar goal, where individual pathways might be non-essential but their
collaboration results in a higher efficiency, robustness or fine-tuning of the outcome.

In addition to actin and microtubules, the septins are a group of conserved GTP-binding
proteins that assemble into filaments and play important roles in morphogenesis, cytokinesis
and membrane trafficking [44,45]. In budding yeast the septins form a ring around the bud
neck and define the typical morphology of a budding yeast cell [46]. The septins also serve as
a diffusion barrier between the bud and mother cortex, which in turn is required for the
asymmetric distribution of several proteins involved in mitotic exit and cell polarization [47,
48]. Interestingly, a recent paper reported that the septins are localized at the bases of “bud-
like” dendritic spines in hippocampal neurons and are important for dendritic spine
development [49]. This finding suggests that septins' role in morphogenesis may be conserved
between fungi and animal cells. In S. pombe, septins are not essential for cell division but are
required for efficient cell separation. Interestingly, haploid U. maydis cells, which are elongated
but divide by budding, switch to a fission-like division process upon deletion of the septin Sep3
[50]. The septins also seem to have important roles in hyphal growth [51] and the localization
of the septin ring can be used as morphological distinction between hyphae and pseudohyphae
[52].

Cell surface growth ultimately requires addition of new surface materials. Exocytosis is the
process of delivering newly synthesized or recycled components to the plasma membrane or
the extracellular milieu, and as such, encompasses many different steps, from trafficking of
exocytic vesicles through the ER and Golgi to cytoskeleton-based transport to the sites of
growth, and finally, fusion with the plasma membrane. This discussion emphasizes the final
vesicle docking and fusion step once delivery via the actin cytoskeleton has been accomplished.
Six subunits of the so-called exocyst complex are preassembled on secretory vesicles that
contain the Rab GTPase Sec4 [53]. Other exocyst components, Sec3 and Exo70, are localized
at the target site possibly via direct interaction with Rho GTPases [54,55], although the extent
to which this localization contributes to polarized secretion is still being debated [56].
Completion of exocyst formation could thus tether secretory vesicles at the plasma membrane
to enable fusion. There appears to be some separation of duty between Sec3 and Exo70, where
the latter is required for secretion of a specific class of secretory vesicles that are important
early steps in bud formation [57], whereas Sec3 has an important role in inheritance of the
cortical ER in the bud [55]. In the vesicle fusion reaction Sec4 facilitates the formation of a
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SNARE-complex between the v-SNAREs Sncl and Snc2 and the t-SNAREs Ssol, Sso2 and
Sec9 [58]. Recently, Sro7 and Sro77, members of the conserved Lethal Giant Larvae (Lgl)
family, were shown to play an important role in SNARE regulation. Sro7 and Sro77 interact
with the exocyst and Sec4-GTP, as well as the t-SNARE Sec9 [58-60]. A new structure study
suggests that Sro7 allosterically regulates the formation of the SNARE complex through its
interaction with Sec9 [61].

Many filamentous fungi contain an intriguing structure in their growing hyphal tips called the
“Spitzenkorper” (spk) [62]. This structure has been proposed to function as a vesicle supply
centre that supports sustained and rapid polar growth at the apex of the highly elongated hyphal
tip cell [63]. It has been estimated that in fast growing hyphae of N. crassa up to 38000 vesicles
per minute fuse with the apical area of the plasma membrane [64]. As this study did not take
recycling processes into account this may even be an underestimation [65]. Markers localized
to the spk in C. albicans include the endocytic dye FM4-64, the myosin light chain Mlc1 and
the formin Bnil [66]. The integrity of the spk is dependent on the actin cytoskeleton and on
several proteins that interact with Bnil [66]. One possible interpretation of the spk is simply
as the terminal site of secretory vesicle transport. Vesicles might accumulate there because
they get delivered faster than they can fuse with their target sites in the hyphal tip. This would
be consistent with observations that the spk is most visible in hyphae that grow rapidly (and
where more vesicles get delivered to the tip) and is often absent from slow or non-growing
hyphae [62].

The core process in the establishment of cell polarity

From an evolutionary perspective, an intrinsic core process of symmetry breaking that allows
polarity establishment, and is not completely dependent on external or developmental signals,
can be highly advantageous for diverse morphogenetic purposes. From the standpoint of fungi,
the most crucial and perhaps ancient function is vegetative proliferation through either bud
formation or hyphal elongation. Additional morphogenetic patterns, such as bud site selection,
chemotactic shmoo formation or pseudohyphal formation, are likely to be related to sexual
reproduction or nutrient scavenging and might have evolved under different selective
conditions through the emergence of “weak regulatory linkages” that could bias the existing
core process.

Work in S. cerevisiae during the past several years has indeed revealed at least two intrinsic
mechanisms for cell polarization without recourse to external signals [67-69] (Figure 1). One
of these mechanisms is constituted by cyclic interactions between three core elements: the
Cdc42 GTPase module, the actin-based transport system and exocytosis. Experimental
evidence and mathematical modelling implicate positive feedback between these elements.
Thus, Cdc42 recruits the actin cytoskeleton and is itself delivered to the membrane via actin
dependent transport and exocytosis, and this is sufficient to drive spontaneous cell polarity
establishment [68]. Recent work demonstrates that the resulting polarized state is dynamic and
its maintenance requires active recycling through processes such as endocytosis [70]. The
second mechanism for polarization does not require actin but appears to simply involve the
Cdc42 GTPase module and a protein called Bem1 [67,69]. Bem1 homologs have been found
in many fungal species but not yet in animal organisms. However, Bem1 appears to share
several domains with proteins in animals that are directly regulated by Rho family GTPases,
such as p47Phox [71] and the conserved polarity protein Par6 [72]. Precisely how Bem1
functions in cell polarization remains an open question, but existing data suggest that Bem1
interacts with Cdc42CTP, the Cdc42 GEF Cdc24 and the Cdc42 effectors Cla4 and Ste20
[73,74] and may mediate a feedback loop linking Cdc42 activation and GEF activation. During
bud formation, the two polarization mechanisms described above are partially redundant, but
their coupling brings both temporal precision and stability to polarity establishment [69,75].

Semin Cell Dev Biol. Author manuscript; available in PMC 2009 June 1.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wedlich-Soldner and Li Page 7

Other morphogenetic processes may exhibit different levels of emphasis on each of these
polarization mechanisms. It is interesting that a recent model capturing the characteristics of
S. pombe morphogenesis relies on an assumption that microtubules exert their effect on
polarized growth through delivery of a hypothetical factor that activates an actin assembly
feedback loop, not just actin nucleation [76].

Regulatory linkages affecting the Cdc42 module

The ability to generate phenotypic variation through modification of core processes requires
that regulatory linkages can be easily attached to the various elements that constitute the core
processes. The Rho GTPase modules are well suited to be the malleable core elements that
accommodate a wide array of morphogenetic signals. Rho GTPases are not autonomous
switches but are tightly regulated by GEFs, GAPs and GDIs. This separation of GTPase
regulation into different components could be regarded as an extreme form of allostery. It
allows unconstrained evolution of the different elements in the module and increases the range
of possible regulatory interactions. Consequently, a multitude of signals are transmitted to Rho
GTPases via GEFs and GAPs (relatively little is known about the function of GDIs) while few
act directly on the GTPases themselves.

The Cdc42 module is the best understood example of GTPase-mediated regulation of distinct
morphogenetic signals (Figure 1). As the only GEF for Cdc42 in S. cerevisiae, Cdc24 is not
only essential for cell polarization but also a target of temporal and spatial regulation by a
variety of signals. One level of control that differentiates budding versus mating response
occurs through differential regulation of nuclear sequestration of Cdc24 [77]. During M and
early G1 phase Cdc24 is retained in the nucleus via interaction with Farl, an inhibitor of the
yeast Cdk1 Cdc28. Atthe G1-Stransition Cdk1 triggers the degradation of nuclear Farl through
SCF-mediated ubiquitination, and consequently, the release of Cdc24 from the nucleus and its
subsequent localization to the presumptive bud site. The same mechanism of sequestration,
with a different twist, is used in pheromone response, where pheromone signalling leads to
Farl export from the nucleus. Cytoplasmic Far1l is stable and inhibits Cdk1 to cause cell cycle
arrest.

Recruitment of Cdc24 to the site of pheromone receptor activation through complex formation
with Farl and subunits of the heterotrimeric G protein serves the important function of orienting
the direction of shmoo formation toward the pheromone gradient [78-80]. During budding,
Cdc24 is also a target of regulation dictating the orientation of bud formation relative to the
previous bud scar (Figure 1). Cdc24 is activated and recruited to the plasma membrane partly
through interaction with the GTP-bound Ras type GTPase Rsrl [81-83]. Involvement of
GTPase cascades is a recurring theme in spatial organization. Another example in yeast is the
Rab GTPase cascade that regulates exocytosis [84,85]. As with the Rsr16TP-Cdc24 interaction
the connection between the different GTPase modules occurs mainly between the GTPase of
one module and a regulator (GAP or GEF) of the other module [84]. Interestingly, Rsr1GTP
also directly binds Cdc42 [86], which might further increase the efficiency of local Cdc42
activation through Cdc24. Importantly, the function of Rsrl in activation of the Cdc42 module
requires its GTPase cycle, which is in turn regulated through the GEF Bud5 and GAP Bud2
[87]. Rapid cycling may enable multiple binding and release events, allowing the GTPase to
act catalytically to promote the downstream reactions. Bud5 and Bud?2 are localized in turn
through interactions with proteins associated with the bud scars. Thus the Rsr1/Bud5/ Bud2
GTPase module biases Cdc42-driven polarization toward the cortical landmark (bud scar).
Consistent with the concept of “weak regulatory linkages”, Rsrl is not essential for Cdc24
activation or cortical recruitment and may be partially redundant with Bem1 in these activities
[73,88].
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Whereas budding yeast only has a single GEF for Cdc42, three GAPs have been identified so
far as Rgal, Rga2 and Bem3. Another GAP, Bem2, shows GAP activity towards Rhol instead
of Cdc42 in vitro [89]. However, genetic analysis of cell polarity indicates that Bem2 might
still act on Cdc42 in living cells without relying on its GAP activity [90,91]. Genetic studies
showed that the Cdc42 GAPs have overlapping but non-identical functions. Recent work from
several labs suggests that the GAPs are important targets for cell cycle kinases to control the
timing of polarization (Figure 1). Two proteomics searches for proteins associated with specific
Cdc28-cyclin complexes identified Rgal and Bem3 as targets of Cdc28 in complex with G1
cyclin GIn2 [92,93]. Three recent reports involving S. cerevisae and one involving C.
albicans provided evidence that the GAPs are phosphorylated by Cdc28 and Pho85 Cdks in
late G1 [90,94-96]. Interestingly, overexpression of a GAP-deficient allele of Bem3 acts in a
dominant-negative fashion and induces spontaneous polarization of G1 cells in a manner
similar to constitutively active Cdc42 [90]. This suggests that Cdc42's intrinsic nucleotide
exchange is sufficient to achieve a threshold level of Cdc42CTP once the GAPs are inactivated.
A non-phosphorylatable mutant of Rga2 acts in a dominant-active fashion and inhibits cell
polarization upon overexpression [95]. The same holds true for the respective Bem3 mutants
even for low levels of expression [90]. These results provide compelling evidence that Cdk1
activation at G1-S induces polarization at least in part through inhibition of Cdc42 GAP.

Regulatory linkages downstream of Cdc42

Variation in morphogenetic responses may also be accomplished through diverse and often
redundant Cdc42 effectors (Figure 2). A conserved family of Cdc42 effectors are the p21
activated kinases (PAK), including Cla4, Ste20 and Skm1 [97]. These kinases, again, are
partially redundant, but many results point to both shared and divergent roles of these kinases
in budding yeast morphogenesis. Ste20 and Cla4 have been shown to phosphorylate and
activate type | myosins Myo3 and Myo5 [98], which in turn have a role in the internalization
step of endocytosis via actin patches [99,100]. Cla4 is also the major kinase that phosphorylates
the GEF Cdc24, although the exact role for this phosphorylation is still controversial [74,
101]. Cla4 plays a critical role in the assembly of the septin ring at the bud neck [102]. Whereas
Clad's function is more important during vegetative growth, Ste20 is essential during
pheromone signalling, stress response and pseudohyphal growth [97,103]. The major role for
Ste20 during these processes is to transmit signal input at the plasma membrane to the MAP
kinase cascades that leads to transcriptional activation of the downstream morphogenetic
programs. Whereas Ste20 has its own set of interacting partners promoting these processes,
Cla4 appears to have a negative effect on the pheromone response [104], further indicating
functional divergence of these homologous kinases.

Cdc42 interacts with a pair of yeast-specific effectors, Gicl and Gic2, which bind active Cdc42
through the conserved CRIB domain [105,106]. These homologous proteins are largely
redundant and are important for polarized actin assembly and the recruitment and assembly of
the septin ring at elevated temperatures [107]. Both proteins interact specifically with the Cdc12
septin. Interestingly, Borg3, a Cdc42 effector in mammalian cells that bears no similarity to
the Gic proteins, also regulates septin assembly [108,109]. Although the exact mechanism is
unclear in either process, this might be another example of flexible regulatory linkages between
conserved core elements to implement specific morphogenetic responses. In addition to the
role in bud formation, the Gic proteins, as well as the PAKSs, also play a role in mitotic exit
control, which senses spindle orientation relative to the axis of polarity [110-112].

While S. cerevisiae and S. pombe only express the Rho and Cdc42 classes of Rho GTPases
most filamentous fungi also express the third type, Racl. Interestingly, in one of these fungi,
U. maydis, Cdc42 is not essential but limited to a function in septum formation and cell
separation [33]. Instead, the Racl homologue is required for proper bud formation and cells
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without Racl divide by fission instead [33]. Racl overexpression, on the other hand, results
in hypha formation suggesting that Rac1l specifically induces downstream events required for
filamentous growth [33]. Fitting the concept of flexible linkages it seems that Racl in U.
maydis partially acts through some of the same effectors used by Cdc42 in S. cerevisiae, namely
Cla4 [113].

Scaffolds as potential flexible linkages

The use of protein scaffolds to link regulators within defined signalling pathways or at
particular locations in the cell is a frequently inferred mechanism to explain the role of protein
complex formation [114,115]. However, the term scaffold has not been used in a consistent
manner and can imply distinct mechanistic scenarios. In processes that emphasize spatial
localization, scaffold often implies more static structures that serve to restrict mobility of
interacting proteins. For example, the S. cerevisiae bud scars are scaffolds that immobilize
associated proteins, such as Rax2, to form a cortical landmark. Rax2 remains immobilized for
several consecutive cell divisions and can be used to trace the history of a cell [116]. Similarly,
eisosomes are immobile structures in the yeast plasma membrane that exhibit no lateral motion
over time spans of more than 30 minutes and could therefore act as scaffolds for other proteins
[117]. Static scaffolds may be large multiprotein complexes or macromolecular assemblies
that are not subject to the effects of Brownian diffusion.

In contrast, most proposed scaffold proteins implicated in signal transduction or during cell
polarization are dynamic. Through multiple protein interaction domains, these proteins may
facilitate transient protein complex formation but are unlikely to act as static reference site for
the localization of the bound proteins. One example is Bem1, which has binding sites for a
number of proteins involved in cell polarization, including Cdc42C TP, Cdc24, Cla4 and Boil,2
proteins [67,118]. Whereas Bem1 may engage in hetero-oligomeric interactions, it has been
shown to rapidly cycle on and off the plasma membrane and is therefore unlikely to provide
any significant anchorage for its binding partners [69]. Similarly the MAP kinase scaffold
protein Ste5 has been shown to dynamically interact with the shmoo tip as well as the MAP
kinase cascade proteins [119]. In both of these examples, significant interactions also exist
among the binding partners of the scaffold proteins. Thus, it may be reasonable to speculate
that the function of such dynamic scaffolds is to promote cooperative protein complex
assembly, enabling weak interacting partners to form strong and possibly self-enhancing
functional units under a variety of conditions. Through such effects, dynamic scaffolds can be
particularly versatile linkages to generate pathway diversity.

Beml is potentially such an example: whereas during vegetative growth it links Cla4 to active
Cdc42 and the GEF Cdc24 to promote bud formation, during pheromone response Bem1 binds
Ste20 through the same domain and this interaction is required for optimal signalling through
the MAP kinase cascade [120]. Dynamic scaffolding could also account for assembly of
polarity complexes on the cortex without the involvement of transmembrane domains. Cdc42
and other Rho proteins are reversibly linked to the membrane via their prenylated C-termini.
A number of polar cortical components contain weak membrane binding motifs, including
Cdc24, Cla4, Bem1, and Bem1-interacting proteins Boil and Boi2, GAP proteins for Cdc42
and Rho and the exocyst component Exo84. Dynamic scaffolding to allow assembly of protein
complex on the membrane through multiple weak interactions may provide a flexible means
for polarity regulation and adaptation to changing conditions. A similar mechanism has been
proposed for Ste5 in MAPK signalling [121]. Studies of dynamic scaffolds in other fungal
morphogenetic systems could lend further insights into their role as flexible linkages in the
evolution of morphological diversity.
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Figure 1.

Regulatory linkages exert spatial and temporary control over the core process for cell
polarization. Black letters and thick line represent the core process; colored letters and thin
lines denote the upstream regulatory events responding to cell cycle (blue), pheromone (green)
and bud scar (brown) signals.
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Figure 2.

Regulatory linkages downstream of Cdc42 GTPase cycle elicit a multitude of events in
signaling and structure assembly required for various morphogenetic processes. The events
that lead to actin cable formation and exocytosis, denoted with thick lines, are part of the core
process in the establishment of cell polarity.
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