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ABSTRACT

To divide each cell must determine a division site and form an organizational scaffold to
recruit the proper cellular machinery. This machinery works to accurately replicate and
distribute cell contents. Septin proteins are important members of this division scaffold, they
affect cell growth and morphology in fungi and animals.

Fungi grow in one of two forms: hyphae or yeasts. Saccharomyces cerevisiae grows as
yeast under most conditions. Here we show: introduction of the septin AspC from the
filamentous fungus A. nidulans caused S. cerevisiae to make elongated cells similar to those of
hyphal fungi. AspC localizes to bud and filament necks, while its S. cerevisiae ortholog, Cdc12,
localizes only to bud necks. Our results suggest that AspC competes with Cdc12 for
incorporation into the yeast septin scaffold and once there alters cell shape.

In A. nidulans there are five septins AspA, AspB, AspC, AspD, and AspE. We
characterized A. nidulans septins AspA and AspC in an attempt to learn more. In S. cerevisiea,
Cdcl11 and Cdc12, orthologs of AspA and AspC are essential so results from our studies shed
new light on septin function. Deletion mutants show early germination, increased germ tube and
branch emergence, abnormal septation and disorganized conidiophores. The unexpected
increased growth phenotypes in deletion mutants suggest septins may function as negative
regulators or interact with proteins that are negative regulators. AspA-GFP and AspC-GFP show
novel fungal septin localization; it is dynamic and found at all stages of growth examined so far.
Both septins show different types of animal-like septin localization which is punctate or as
micro-filaments. In mammalian cells this type of localization is associated with membrane
trafficking or the cytoskeleton. In other organisms septins form multi-septin scaffolds. In S.
cerevisiae When Cdcll1 or Cdcl2 is mutated the other septins do not localize. AspA-GFP
localizes in 4aspC and therefore septin structure may still be intact. However, AspC-GFP does
not show localization in 4aspA suggesting that discrete septin structures are not formed. Our
results suggest that in A. nidulans AspA and AspC may have different roles in septin complex
formation, membrane trafficking and cytoskeletal interactions.

INDEX WORDS:  Septin, AspA, AspC, cell division, germ tube emergence, septation
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CHAPTER 1
INTRODUCTION

To divide, all cells must go through a regulated process. They must determine a
division site and form an organizational scaffold to recruit the proper cellular machinery
to complete cytokinesis. This machinery works to accurately replicate and then distribute
cell contents. Septin proteins are important members of this division scaffold. Septins
have been shown to play roles as cytoskeletal elements, in coordinating nuclear division,
and in membrane trafficking.

Septins are GTPases that are not found in plants, but they form filaments in all
other eukaryotes from fungi to humans (Neufeld and Rubin, 1994; Longtine et al., 1996;
Nguyen et al., 2000; Gale et al., 2001; Kartmann and Roth, 2001). Within and between
species, septins usually have at least 30% amino acid sequence identity. Their structure
is highly conserved, with an amino terminal basic region, a central GTP-binding domain,

and in most septins a coiled-coil domain at the carboxy terminus (Figure 1,Longtine et

al., 1996).
Basic GTP Binding Coiled coil
N4 I B | -C
Gl G3 G4

Figure 1.1. General septin protein structure. Septins typically contain a N-terminal basic region;
conserved GTP binding domains G1 (GXXXGKT), G3 (DTPG) and G4 (XKXD) a C-terminal coiled coil.

Septin function and localization in Saccharomyces cerevisiae
Septins are a family of proteins that were first discovered in Saccharomyces

cerevisiae (Hartwell, 1971). The original septin mutants, cdc3, cdc10, cdc11 and cdcl2,



identified in a screen for temperature sensitive cell cycle mutants, make elongated buds at
restrictive temperature and are unable to complete cytokinesis. Septins were first
visualized by transmission electron microscopy as a set of highly ordered 10 nm
filaments forming rings around the mother-bud neck of S. cerevisiae (Byers and Goetsch,
1976).

In S. cerevisiae there are seven septins, five of which (Cdc3p, Cdc10p, Cdcllp,
Cdc12p and Sep7p) co-localize to the neck where they interact with each other to form a
scaffold that recruits other proteins to the bud neck. There are over 35 proteins known to
interact directly or indirectly with septins at the bud neck (Gladfelter et al., 2001).
Cdc3p, Cdc10p, Cdcllp, Cdcl2p and Sep7p initially localize as a ring with actin, in late
G1 phase, about 15 minutes before bud emergence. Chitin is deposited in the cell wall
where the septins are present. New cell wall material is deposited in this area to form the
wall of the growing bud. As the bud emerges the septins broaden at the neck and remain
there for the rest of the cell cycle. Once the bud is mature Chs3p and Chs4p are localized
to the septum and synthesize chitin to form the primary septum (DeMarini et al., 1997).
Eventually, some of the primary septum degrades so the mother and daughter cells can
separate (Gladfelter et al., 2001; Faty et al., 2002; Kinoshita, 2003; Longtine and Bi,
2003). The remaining two septins, Spr3p and Spr28p, are involved in formation of the
double membrane or prospore that encapsulates the haploid nucleus during ascospore
formation. These septins along with Cdc3p and Cdc11p localize to the leading edge of

the prospore wall (Ozsarac et al., 1995; De Virgilio et al., 1996; Fares et al., 1996).



S. cerevisiae septin interaction with actin cytoskeleton

Septins and actin localize to the bud site at about the same time, but further details
are unclear. A number of studies found that septins are able to localize as rings at bud
necks when actin is depolymerized and actin is able to localize to bud necks when the
septins are mutated (Adams and Pringle, 1984; Ford and Pringle, 1991; Ayscough et al.,
1997). Studies in which actin was depolymerized and deletions or mutants of
downstream effectors were used suggest that actin may be required to maintain a mature
septin ring (Kadota et al., 2004; Kozubowski et al., 2005). The formins, Bnil and Bnr1l,
which nucleate or polymerize actin filaments, do interact with the septins at the bud neck
(Evangelista et al., 2002; Sagot et al., 2002). Septins and actin are two of many proteins
found at the bud neck and it is probable that other proteins are involved.
Septin function and localization in other eukaryotes

Chapter 2 is a review of septin localization across kingdoms (Lindsey and
Momany, 2006). We reviewed septin localization and function in A. nidulans, Candida
albicans, Ashbya gossypii, S. cerevisiae, Schizosaccharomyces pombe, Caenorhabditis
elegans, Drosophila melanogaster and mammals. We found that septins with similar
localization patterns have been implicated in similar processes: septins at the base of
projections (as at the base of the conidium) shape emerging growth and serve as barriers;
septins at partitions (as in fly cellularization) compartmentalize previously existing
cytoplasm without affecting its overall shape; septins at the base of projections and at
partitions frequently coordinate nuclear division with cell division; septins at the cell
periphery or throughout the cytoplasm in a punctate pattern are often involved in

membrane trafficking; septins that form long filaments co-localize with actin and/or



tubulin. These septins either organize the other elements of the cytoskeleton or are
organized by them.
Other Eukaryotes and septin interaction with actin cytoskeleton

In mammalian cells, septins and actin co-localize and have been shown to be
structurally dependent on each other. In mouse NIH3T3 fibroblasts Sept2, Sept6 and
Sept7 localize with long bundles of actin fibers and at cortical arcs and when actin was
depolymerized with cytochalasin D septin bundle localization changed to small rings,
while the arcs remained (Kinoshita et al., 2002). Similar results were seen in mammalian
fibroblast cells with Sept2 and Sept4 (Xie et al., 1999). Kinoshita et. al. suggest septin
rings are possibly a default septin form, as pure septin complexes of Sept2, Sept6 and
Sept7 form rings in in vivo reconstitution studies (Kinoshita et al., 2002). When anillin, a
protein that co-localizes with septins and binds F-actin, was added to the reconstitution
mix, septin filaments formed (Kinoshita et al., 2002). When RNAIi was used to deplete
Sept2 and Sept7 in NIH3T3 cells there was a loss of actin bundles (Kinoshita et al.,
2002). The authors conclude that septins either stabilize or promote assembly of actin
bundles.
Septin complex formation in S. cerevisiae

To date, septins are always found in complexes. They form multi-septin
heteropolymers that act as scaffolds to organize other proteins. In S. cerevisiae mutants
in which CDC3, CDC10, CDC11, or CDC12 is mutated, the remaining three septins are
unable to localize normally to the bud neck (Haarer and Pringle, 1987; Ford and Pringle,
1991; Kim et al., 1991). Versele et al. used electron microscopic analysis and

reconstitution studies of multi-septin complexes to predict a model of heteropentamer



septin complex and sequential filament formation in mitotic cells in which Cdc12 is at the
center of the septin complex. They propose each individual septin forms dimers then
Cdc3 and Cdc12 associate with each other through their C-terminal ends, Cdc10 then
associates with the N-terminal domains of Cdc3 and Cdc12. Cdcll and Cdcl2 are
predicted to associate with each other through their N-terminal domains while Shsl
(which is dispensable to complex formation) and Cdc11 associate through C-terminal
domains. Paired heteropentamer septin complexes then assemble into filaments that are
held together by Cdc10 bridges (Versele et al., 2004).

In S. cerevisiae and Drosophila septin complexes show very low rates of GTP
hydrolysis and guanine-nucleotide exchange (Field and Kellogg, 1999; Vrabioiu et al.,
2004). So what role do GTP hydrolysis and guanine-nucleotide exchange have in septin
complex or filament formation? Using mutants with defective nucleotides in conserved
locations Versele et. al. were able to block GTP hydrolysis and/or binding in vitro. They
found that in vivo septin filaments formation at the bud neck was dependant on GTP
binding, while GTP hydrolysis did not have an effect of filament formation (Versele and
Thorner, 2004).

Septin complex formation in Other Eukaryotes

Septin-septin complexes are found in higher eukaryotes. In Drosophila septin
proteins Pnut and Sepl co-immunoprecipitate and co-sediment suggesting formation of a
complex (Fares et al., 1995). In pnut null Drosophila embryos there was reduced or no
staining with Sepl antibodies (Fares et al., 1995). In mouse studies, Sept5 co-
immunoprecipitated with Sept2 and Sept7 and in Sept5 null mice reduced expression

levels of Sept7 were found (Peng et al., 2002). In NIH3T3 cells RNAI knockdown of



Sept2 resulted in a slight reduction of Sept7 levels and visa versa (Kinoshita et al., 2002).
In mammalian cells the minimal septin formation is three septin dimers forming a
heterotrimeric complex (Joberty et al., 2001; Kinoshita et al., 2002; Sheffield et al.,
2003). SEPT7 is always present and binds proteins from the SEPT2 (SEPT1, SEPT4,
SEPT5) and SEPT6 (SEPT8, SEPT10, SEPT11) groups to form the multiseptin complex
(Kinoshita, 2003).

Aspergillus nidulans vegetative growth

A. nidulans is a simple, well-characterized filamentous fungus well suited to the
study of septins especially since there are major developmental differences between

budding yeast and filamentous fungi (Figure 1.2.). In yeast after mitosis cell division

Figure 1.2. S. cerevisiae vs. A. nidulans development.

takes place. In A. nidulans, asexual conidia break dormancy and grow isotropically and
soon after the first round of mitosis they switch to polar growth. The germ tube grows by
tip extension while several rounds of mitosis take place and fill the germ tube with new
nuclei. The third mitotic division triggers formation of the first septum near the basal end
of the germ tube (Figure 2,Momany and Taylor, 2000). After further mitotic divisions
septa divide the hypha into regular multinucleate sections. Basal compartments are
arrested in interphase until branch formation, at which time mitosis begins in that

compartment again. In A. nidulans, only the tip cell, with 8-20 nuclei, remains



mitotically active (Fiddy and Trinci, 1976; Kaminskyj and Hamer, 1998). In A. nidulans
cytokinesis does not always follow mitosis and does not result in a separate daughter cell

allowing separation of septin roles in partitioning vs. organization of new growth.

Septins in A. nidulans

Four of the five A. nidulans septins are related by

Table 1.1. A. nidulans

homology to the four main septins in S. cerevisiae (Table septin orthologs
A. nidulans S. cerevisiae

1,Momany and Hamer, 1997; Momany et al., 2001; gene ortholog

aspA Cdcl11*
Westfall and Momany, 2002). The fifth, aspE, is not

aspB Cdc3*
closely related to any of the S. cerevisiae septins. Previous aspC Cdclz*
mutant and immunofluorescence localization studies show aspD Cdc10
that AspB plays a role in cytokinesis, branch initiation and aspe nfa
asexual development (Westfall and Momany, 2002). * essential

A. nidulans septin structure including predicted introns, exons, coiled coils and

GTPase domains are shown below (Figure 1.3, Momany et. al., 2001). AspD

w = o = = TFrFF—
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Figure 1.3. Comparison of septin structure A. nidulans. Shaded boxes represent exons and open
boxes represent introns (shown relative to predicted amino acid sequence of exons). Coiled coil domains
are indicated by striped boxes. Solid boxes represent the predicted positions of GTPase domains. A
vertical dashed line indicates the first G1 GTPase domain. Redrawn from Momany et. al. 2001.

does not contain a coiled coil which is expected since its S. cerevisiae ortholog Cdc10,

does not contain one either (Momany et al., 2001). Based on previous work in A.




nidulans and other systems, | predict septins AspA and AspC could have roles in the
formation of septa, branches, and conidiophores. Potential deletion mutant phenotypes
would show abnormalities in septation, branches and conidiophore development.
Potential localization would be at septa. AspA and AspC will probably interact with
many proteins including other septins, actin and the formin, SepA. Using the model of
yeast septin complex and filament formation from Versele et. al. as a template (Versele et
al., 2004), and incorporating results described in other chapters of this dissertation. |
predict that A. nidulans septin complex formation is similar except AspA would be at the

center of the complex (Figure 1.4., Versele et al., 2004).

Septin Complex

Septin Filament

Figure 1.4. Septin complex and filament formation at A. nidulans septa. Each septin protein forms
a dimer (shown only as single septins) which interacts through N or C-terminal domains to form a
complex or filament. AspE is absent from the model above because its role is thought to be elsewhere.
Septin interactions and model based on studies conducted in yeast (Versele et. al. 2004).

In chapter 2 of this dissertation “Septin localization across kingdoms: three
themes with variations” is a literature review that focuses on localization of septins and
their corresponding functions across kingdoms. Chapter 3 “Expression of a single A.

nidulans septin gene is sufficient to induce filamentous growth in the budding yeast S.



cerevisiae” examines how the addition of an A. nidulans septin changes the morphology
of S. cerevisiae cells from round to filamentous. Chapter 4 “Characterization of septins
AspA/Cdcll and AspC/Cdcl12 in Aspergillus nidulans” examines two A. nidulans

septins. Chapter 5 is a conclusion chapter with possible future studies.
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CHAPTER 2

SEPTIN LOCALIZATION ACROSS KINGDOMS: THREE THEMES WITH

VARIATIONS!

Lindsey, R. and M. Momany (2006). Septins across kingdoms: three themes with
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SUMMARY

Septins are GTPases that form filaments in fungi and animals. In addition to their
original role in cell division, septins have been shown to play roles in coordinating
nuclear division, membrane trafficking and organizing the cytoskeleton. Many recent
studies have examined subcellular localization of septins in a wide range of fungi and
animals. Septin localization shows three patterns which generally correspond to function
across kingdoms. Septins that localize to projections shape and partition emerging
growth. Septins that localize to partitions compartmentalize pre-existing cellular
material. Septins that localize to the whole cell are involved in membrane trafficking and
organizing the cytoskeleton.

Septins were first observed thirty years ago associated with filamentous rings at
the mother-bud neck in Saccharomyes cerevisiae (Longtine et al., 1996). During the next
two decades septins were found in other fungi and some animals. With the increased
availability of genome sequences it is now clear that septins are found in fungi, animals
and microsporidia and that they are absent from plants. The number of septin proteins in
a single organism ranges from two in Caenorhabditis elegans to thirteen in humans
(Neufeld and Rubin, 1994; Fares et al., 1995; Longtine et al., 1996; Nguyen et al., 2000;
Gale et al., 2001; Momany et al., 2001; Spiliotis and Nelson, 2006) (M Momany et al.,
unpublished). Septins are members of the P loop GTPase family and septin
heteropolymers form filaments. The combination of GTPase activity and filament
formation has led to comparisons between the septins and the cytoskeletal elements actin

and tubulin (Field and Kellogg, 1999; Kinoshita, 2006).
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Recent reviews have focused on septins in fungi (Douglas et al., 2005; Gladfelter,
2006) and mammals (Spiliotis and Nelson, 2006), on the scaffolding role of septins
(Kinoshita, 2006) and on septin filament formation (Versele and Thorner, 2005). Here
we will focus on the subcellular localization of septins. All fungi and animals have
multiple septin genes, ranging from two in C. elegans to thirteen in humans (M Momany
et al, unpublished) and splice variants have also been reported (Spiliotis and Nelson,
2006). Further complicating matters, septin localization is dynamic, changing during
development and the cell cycle (Gladfelter, 2006; Spiliotis and Nelson, 2006). In the past
few years, many studies have examined septins in fungi and animals yielding a
bewildering array of subcellular localization patterns. However, upon closer examination
subcellular septin localization falls into variations of three distinct patterns: localization
to projections, to partitions or to whole cells (Figure 2.1).

Projections

Septins localize to projections, outgrowths from a larger cell, in fungi and animals
(Figure 2.1, pattern 1; Table 2.1). Projections can be round (e.g., yeast buds and fungal
spores) or tubular (e.g., fungal hyphae and mammalian neurites) and arise from cells of
any shape.

Septins at the projection base:

Septin localization to the base of a projection is common in fungi where round
projections include buds, reproductive structures and spores, and tubular projections
include germ tubes, hyphae and branches. Indeed the first septin structure observed was
the prominent ring formed by Cdc3p, Cdc10p, Cdcllp and Cdcl12p at the base of the

projecting daughter bud in S. cerevisiae (Longtine et al., 1996). Later work showed that
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the septin ring forms on the mother cell along with an actin ring late in G1 phase,
circumscribing the site where the bud will emerge in S phase (Gladfelter et al., 2001). As
the bud emerges through the ring, the septins broaden at the neck and remain there for the
rest of the cell cycle. Septins at the neck form a barrier to diffusion of products between
mother and daughter cells (Dobbelaere and Barral, 2004), are part of the morphogenesis
checkpoint that monitors the progression of budding and the spindle checkpoint that
monitors chromosome segregation (Gladfelter, 2006).

In the filamentous fungi Aspergillus nidulans and Ashbya gossypii, a similar
pattern is seen in branching (Westfall and Momany, 2002) (AS Gladfelter, personal
communication). The septin ring appears, the branch emerges within the circumference
of the ring and nuclear division occurs. Though details are not yet clear, it appears that
septins play a role in coordinating branch emergence and mitosis. In Candida albicans
hyphae a broad, diffuse septin band appears at the base of the emerging germ tube before
nuclear division (Sudbery, 2001; Warenda and Konopka, 2002). In the A. nidulans
reproductive structure the conidiophore (Westfall and Momany, 2002), septins localize to
the base of round projections, though in this case many projections emerge in synchrony
forming multiple layers of cells before spores are made.

In animals, sperm cells furnish the only example of septin localization to the base
of a projection. In mice Sept4, along with other septins, forms the annulus, a cortical ring
separating the sperm into two segments, the midpiece and the primary piece. Sperm from
mice lacking Sept4 also lack the annulus and are sterile (Ihara et al., 2005; Kissel et al.,
2005). Though the septins have not yet been localized during early sperm development,

EM studies have followed the annulus, now thought to be composed of septins (Clermont
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Y, 1993). Early in sperm development, before the tail is made, an electron dense
rudimentary annulus appears near the centrosome. The flagellum develops within the
annulus, much as a bud or branch emerges from the septin ring in fungi. During
flagellum development the sperm nucleus is reorganized, though it is not clear if the
septins have anything to do with this process. After the flagellum is made the annulus
moves down the tail to serve as a barrier between the midpiece and primary piece.
Interestingly septins remain at the mature annulus making this the only clear case of a
permanent septin ring (Kissel et al., 2005).

Septins at the base of a projection define its circumference before it emerges from
the main cell. These septins appear to couple growth with nuclear division. Septins at
the base of a projection serve as diffusion barriers, though in some cases the barrier
function occurs long after the projection is made.

Septins at the projection tip and punctate throughout the projection:

Septins are at the tips of C. albicans and A. gossypii hyphae. The tip is where all
growth occurs in fungal hyphae (Harris et al., 2005), thus tip-localized septins are well-
positioned to play a role in the addition of new membrane and cell wall. Mammalian
Sept 5 is localized to plasma membranes and concentrated in tips of neurites where it
associates with vesicles and is thought to regulate vesicle targeting and fusion (Beites et
al., 2005). The single example of punctuate localization to a projection is also consistent
with a role in secretion and membrane fusion. Sept3, a septin expressed in brain,
localizes to synaptic vesicles in mammalian neurons (Xue et al., 2004).

Septins localized at projection tips and throughout the cytoplasm in a punctate

pattern appear to direct new growth through membrane trafficking.
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Partitions

Septins localize to partitions, barriers that divide existing cytoplasm, in animals
and fungi (Figure 2.1, pattern 2; Table 2.1). Septins at the base or tip of projections also
form barriers; however we consider this a different pattern because in projections septins
shape the new growth they circumscribe, while in partitions septins do not alter the
overall shape of the cell, only its organization. When fungal septa and animal cleavage
furrows separate cytoplasm into two compartments that will occupy the same plane
septins localize only to the partition between the cells, not to the periphery of the cells.
During cellularization of embryos partitions separate cytoplasm into multiple
compartments that form a network extending in all directions and septin localization is
peripheral, forming a cage around the new compartment.

Septins at partitions:

In the fission yeast Schizosaccharomyces pombe septins form a ring late in
mitosis at the center of the elongated, tubular cell. As the contractile ring constricts, the
septin ring splits (Berlin et al., 2003; Tasto et al., 2003). In the filamentous fungus A.
nidulans, septins form rings that partition the tubular hypha into compartments after
mitosis is complete (Westfall and Momany, 2002). Septins partition hyphae of C.
albicans, though in this case mitosis occurs after the septin ring appears (Warenda and
Konopka, 2002). Septins also partition the hyphae of A. gossypii, where septation and
mitosis appear to be much less coordinated (AS Gladfelter, personal communication).
Similarly, C. elegans and Drosophila melanogaster septins localize to cleavage furrows
during partitioning of cells. After cleavage, septins are often found at the midbody, an

intercellular bridge of inter-digitated spindle microtubules seen in animal cell cytokinesis
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(Fares et al., 1995; Adam et al., 2000; Nguyen et al., 2000; Finger et al., 2003). This
same pattern of septin localization to constricting cleavage furrows often followed by
localization to the midbody has been reported for a variety of mammalian cell types (Hsu
et al., 1998; Xie et al., 1999; Surka et al., 2002; Qi et al., 2005; Spiliotis et al., 2005;
Ahuja et al., 2006). Interestingly, in addition to its localization at the cleavage furrow
and midbody, Septl in HeLa cells localizes to the spindle poles throughout mitosis (Qi et
al., 2005). This association of septins with both spindle and cleavage plane led to the
suggestion that mammalian septins form a scaffold that coordinates chromosome
segregation and division plane specification (Qi et al., 2005; Spiliotis et al., 2005). In S.
cerevisiae ascospore formation and D. melanogaster embryo cellularization, partitions
divide compartments in more than one plane and septins localize to the periphery of
compartments (Fares et al., 1995; Fares et al., 1996; Adam et al., 2000; Field et al.,
2005).

Septins localized to partitions do not alter the cell’s overall shape, only its
organization into compartments. Though the mechanisms are not clear, septins in
partitions appear to relay information between sites of nuclear division and sites of cell
division.

Whole cells

Septins localize throughout the cell most often in animals, though examples from

a single fungus have been reported (Figure 2.1, pattern 3, Table 2.1).
Septins at the whole cell periphery and punctate throughout:
The single published example of septin localization to the periphery of a fungal

cell is found in C. albicans chalmydospores where short septin filaments localize to the
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cortex (Martin et al., 2005). Since no divisions occur in the spore, it is thought that these
septins direct vesicles carrying cell wall biosynthetic enzymes to the plasma membrane.
Peripheral and punctate septin localization has been seen in a number of mammalian cell
types (Hsu et al., 1998; Beites et al., 1999; Walikonis et al., 2000; Takahashi et al., 2003;
Kinoshita et al., 2004; Martinez et al., 2004; Xue et al., 2004; Martinez et al., 2006;
Spiliotis and Nelson, 2006) where it is also thought to be involved in membrane
trafficking. In platelets punctate Sept5 and Sept6 have been associated with secretion
(Martinez et al., 2004; Martinez et al., 2006) and rat brain septins co-precipitate with
proteins needed for vesicle delivery (Hsu et al., 1998). One interesting exception is the
punctate localization of a Sept3 splice variant to mitochondria in neurons where it is
thought to be involved in neural development (Takahashi et al., 2003).

Septins filaments throughout the whole cell:

The only published report of septin filaments in fungi comes from C. albicans
chalmydospores (Martin et al., 2005). Though the filament pattern is reminiscent of actin
or tubulin, no co-localization experiments were reported. Septin filaments have been
reported in a variety of mammalian cell types (Xie et al., 1999; Kinoshita et al., 2002;
Surka et al., 2002; Hanai et al., 2004; Nagata et al., 2004; Spiliotis et al., 2005; Ahuja et
al., 2006) and in all cases they co-localize with actin stress filaments and/or cytoplasmic
microtubules throughout the cytoplasm. One interesting variation on filament
localization is seen in platelets. Platelets are formed by the extrusion of cytoplasm from
larger proplatelets. This process is driven by microtubules which remain coiled around

the platelet forming a circumferential band (Italiano et al., 1999). Septins co-localize
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with this cortical microtubule band where they help maintain the discoid shape of resting
platelets (Martinez et al., 2006).

The co-localization of septin filaments with actin and/or microtubules led to the
question of whether actin or microtubules were serving as templates for septin, or visa
versa. Disruption of mammalian actin caused septins to shift from filaments to small
circles similar to septins reconstituted in vitro suggesting that actin directs the formation
of septin filaments and that circles might be the default septin organization when actin is
absent (Kinoshita et al., 2002). However, other work has shown that disruption of actin
or microtubules causes septins to lose their filamentous form in some cell types and not
others (Hanai et al., 2004). There is only a single report of septin localization to the
cytoplasm and its physiological significance is not yet clear (Sui et al., 2003).

Septins that localize to the cell periphery or cytoplasm in a punctate pattern are
mostly involved in membrane trafficking. Septins that localize as filaments co-localize
with actin or microtubules where they are thought to organize the cytoskeleton via
interactions with cytoskeletal binding proteins (Spiliotis et al., 2005).

CONCLUSION
Septin form and function across kingdoms

Examples of septin localization to partitions (Figure 2.1, pattern 2) are common in
both fungi and animals; however, most examples of localization to projections (Figure
2.1, pattern 1) are in fungi and most examples of localization to whole cells (Figure 2.1,
pattern 3) are in animals. This has led to the assumption that, except for cytokinesis,

fungi and animals use septins in very different ways. However, the apparent differences
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in septin localization between fungi and animals probably have more to do with
experimental systems than with septin function.

Fungi have between five and seven septins (M Momany et al., unpublished). The
full complement of fungal septins has been examined only in the budding yeast S.
cerevisiae and its close relative C. albicans. S. cerevisiae is unicellular and microtubules
have little or no role in its growth. Thus septin localization specific to coordination of
multiple cells or transport over long distances would not be expected in budding yeast. In
this context, it is significant that the only published examples of whole cell septin
localization (pattern 3) in fungi are from C. albicans - a multicellular fungus that
undergoes a number of developmental programs. Further in our unpublished work, we
have seen punctuate and filamentous whole cell septin localization in A. nidulans. As
more septins are studied in multicellular fungi, we’ll undoubtedly find more examples of
whole cell localization.

Septin localization data in animals are similarly skewed, with mammalian cell
culture furnishing most examples. In humans there are thirteen septin genes, many with
alternate splice forms (Spiliotis et al., 2005). Given the likely number of septin isoforms
and complexity of tissue types, it is not surprising that no one has localized the full
complement of septins in any mammal. Studies of septins in early development of cells
that form projections would be especially informative. In fungi the septin ring
circumscribes the region from which the bud or germ tube will emerge. It seems likely
that studies of early sperm and neuron development will reveal similar septin

localization.
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Though the classification of septin localization into three patterns is undoubtedly
an oversimplification, it does point to trends across kingdoms. Septins that show similar
localization patterns have been implicated in similar processes. Based on what we know
so far, we predict that the following will hold true across kingdoms:

1. Septins at the base of projections (Figure 2.1, pattern 1b) shape emerging growth and
serve as barriers, though shape determination and barrier functions might be temporally
separated.

2. Septins at partitions (Figure 2.1, pattern 2) compartmentalize previously existing
cytoplasm without affecting its overall shape.

3. Septins at the base of projections (pattern 1b) and at partitions (pattern 2) coordinate
nuclear division with cell division, though mechanism is not always clear.

4. Septins at the cell periphery (pattern 3per) or throughout the cytoplasm in a punctate
pattern (pattern 3p) are involved in membrane trafficking or, less commonly,
development of mitochondria or other organelles.

5. Septins that form filaments (pattern 3f) co-localize with actin and/or tubulin. These

septins either organize the other elements of the cytoskeleton or are organized by them.
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Figure 2.1. Septins localize in three basic patterns in fungal and animal cells.
Septins localize to: (a) projections at the base, tip or throughout; (b) partitions between
cells; (c) whole cells at the periphery or throughout in a punctate, filamentous or

cytoplasmic pattern. Green shading represents septin labeling.
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Table 2.1. Subcellular localization of septins.

Subcellular localization of septins.

Spacies Saptin Pattarn® Call typa® Localization ® Rets
Fungi
A. nidulans AspB (Cded) Figurs 1b, part i Hyphas Sapta s
Figure 1a, parti Hyphas Emarging branches 115]
Figure 1a, parti Conidiophores Layars [k
Figure 1a, parti Conidiospores Ring at nack [15]
C. albicans Cde3, Cdo1d, Figurs 1a, parti Yeast Neck? 2,718
Cdz11, Cdel2, Figurs 13, parti Hyphas Emearging gemm tubes B 17,18,49]
Sep? Figura 1a, part i Hyphae Emarging gamm tubss [17,18,49]
Figurs 1b, part i Hyphas Sapta 2.17.18,49]
Cdc10, Cdel2 Figure 1a, parti Chlamydaospores Ring at nack 37
Figurs g, partiii  Chlamydospores Paniphary &7
A. gossypi Sep? Figure 1a, parti Hyphas Emearging branches 18]
Figurs 1a, part i Hyphas Tips [1,1¢g
Figurs b, part i Hyphas Sapta 11,16
S. corevisiae Cde3, Cda10, Figurs 1a, parti Yeast (budding) Neck 0
Cde11, Cdel2,
SepT
Spacias Saptin Pattam® Call typa® Localization® Rafs
Cdec3, Cdeln, Rgure 1b, part i Ascospores Leading adge of praspore mambrana [1,35,50]
Cdeid, Spe3,
Spr28
5. pambe Spnl, Spn2, Figura 1b, part i Yeast fissan) Septa [1,25,26,51]
Spn3, Spnd
Animals
C. elegans uncs, uncsl Fgure 1b, part i Embrya Claavage fumow 5,28]
D. melanogaster Prut, Sep1, Sep2  Fgure 1b, parti Embrya and 52 Cleavage fumow 6,27 ,35]
Figurs 1b, part i Embryo Cellularization front 127]
Mammals® Sapt1 Fgure 1b, part fi,sp Hela Claavage fumow, midbody and spindle  [23]
polas
Sapt1, Septd, Fgure 1a, part i Sparm Annulus [18*%,20%
SaptB, Sept?
Sapt2 Fgure 1b, part i COST, ERC, Hala, Claavage fumow [30-32]
MOCK
Rgure 1c, part i Meauron, Hala, MDCK, Call parphery/plasma mambrana [7.40,41]
PC12
Fgurs ¢, pat i EAC, Hela, NRK Actin strass fibars (23]
Sapt2, Septs, Fgure 1c, part & MIH3T3 Actin stress fibars [44]
Sapt?
Sept2, Septs, Figurs 1o, part i Hela, MDCK Cytoplasmic microtubules, spindls [31-33]
Septd
Saptd Fgure 1a, part & Nauron Call processes, narve tarmini [24]
Rgure 1c, part i MNauron Cell body [24]
Fgure 1c, part i COST Cytoplasm, mitachandria 138]
Fgure 1b, part i COST Cleavage fumow 130]
Figure 1c, part i COS7 Actin stress fibars [30]
Sapts, Sapts Fgurs 1o, pat i Plataist Circumfarantial micratubuls band [42*52]
Septs, Septs Figurs 1o, part i Cytoplasm [42*53]
Seapts Fgure 1a, part i PC12 Plasma mambrane of naurites, [40]
concantrated in tp
Fgure 1c, part i Platalet, COST Cytaplasm, granules [42=43]
Sapte Fgure 1b, part i ERC Claavage fumow 133]
Septd Figure 1b
Sapts, Sept?, Fgurs 1¢, part i Hela, HMEC, MDCK,  Actin stress fibars [31,45,46)
Saptd, Sept1l COST7, REF52
Sapt? Fgure 1b MDCK Claavage fumow [34]
Fgure 1c, part i MNaurans Cytoplasm [39,34]
Sapts Fgurs 1, part i COS-7 Cytaplasm, vesicdas [4a]
Saptd Fgure 1c, part i ERC Cytaplasmic microtubules [33]
Sapt10 Figurs 1o, part iv HEK 293 Cytoplasm, nucleus (48]
Sapt11 Figurs 1o, part i Hala, REF52 Cytoplasmic micratubules (48]
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® Numbers denote patterns described in Figure 2.1: a, projection, part i, base; part ii, tip;
part iii, punctuate. b, part i, cleavage furrow or septum; part ii, periphery of dividing
cells; partition: part iii, midbody after completion of cleavage; sp, spindle pole. ¢, whole
cell: part i, periphery; part ii,

punctate; part iii, filaments; part iv, cytoplasm.

® Fungal or animal cell type. Cell culture sources: COS-7, African green monkey kidney
fibroblast; ERC, embryonic rat cardiomyocytes; HelLa, human epithelial; HEK 293,
human embryonic kidney; HIT T15, hamster insulinoma; HMEC, human mammary
epithelial; MDCK, Madin—-Darby canine kidney epithelial; NIH 3T3, mouse embryonic
fibroblast; N18, mouse neuroblastoma; NRK, normal rat kidney; PC12-rat
pheochromocytoma; REF52, rat embryo fibroblasts; S2, fly.

¢ Only localization resolved at the individual cell level is included. Localization at the
tissue level is not included. Most septin localization is transient.

9 Septin was overexpressed.

¢ Most mammalian septin localizations used antibodies raised against heterologous
protein and are listed with the cell type examined.

The mammalian septin-naming convention is described by Macara et al. [53] and

Martinez and Ware [54].
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CHAPTER 3

EXPRESSION OF A SINGLE ASPERGILLUS NIDULANS SEPTIN GENE IS
SUFFICIENT TO INDUCE FILAMENTOUS GROWTH IN THE BUDDING YEAST

SACCHAROMYCES CEREVISIAE"

'Rebecca Lindsey, Youngsil Ha and Michelle Momany. Submitted to Eukaryotic Cell.
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ABSTRACT

Fungi grow in one of two forms: hyphae (elongated tubular compartments joined
end to end) or yeasts (round unicells). Septin proteins form scaffolds that organize other
proteins at division planes and affect cell morphology in animals and fungi.
Saccharomyces cerevisiae grows in the yeast form under most conditions. Introduction
of the septin AspC from the filamentous fungus Aspergillus nidulans caused S. cerevisiae
to make elongated cells and spore-producing structures similar to those of hyphal fungi.
AspC induced filaments when S. cerevisiae pseudohyphal or haploid invasive genes were
deleted, but not when the CDC10 septin was deleted. AspC localized to bud and filament
necks, while its S. cerevisiae ortholog, Cdc12, localized only to bud necks. AspC did not
induce filaments in strains deleted for the Cdc12-interacting formin Bnil. Our results
suggest that AspC competes with Cdc12 for incorporation into the yeast septin scaffold
and once there alters cell shape by altering interactions with the formin Bnil. Our results
further suggest that morphological transitions in evolution, like that from filamentous

fungi to yeast, could have been accomplished through changes in key scaffold proteins.

Most fungi grow either as multicellular, tubular hyphae or unicellular, spherical
yeasts. Some fungi switch between hyphae and yeasts and the ability to change growth
form has been implicated in fungal pathogenicity. Since hyphae are found in all fungal
lineages and yeasts are in the most derived lineages, the common ancestor of all fungi is
thought to have been hyphal.

Laboratory strains of Saccharomyces cerevisiae generally grow as budding

yeasts; however when incubated on low nitrogen solid medium, diploids of certain
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strains, such as £1278b, form pseudohyphae, filamentous chains of elongated cells that
invade the agar (Gimeno et al., 1992). Similarly, haploids of certain strains form
filaments that invade solid rich medium (Liu et al., 1996). Both diploid pseudohyphal
and haploid invasive growth require Flo11, a GPI-anchored cell surface glycoprotein that
is transcriptionally regulated by the cAMP pathway (via Flo8) and the MAPK pathway
(via Stel2 and Tecl) (Lo and Dranginis, 1998).

Septins are members of the P-loop GTPase family and have been shown to bind
and hydrolyze guanine-nucleotide (Versele et al., 2004). The septin GTPase motif
combined with the ability of septin heteropolymers to form filaments has led to the
suggestion that septins are cytoskeletal elements (Field and Kellogg, 1999). Animal
septins often co-localize with actin filaments or microtubules and, like microtubules,
some septins localize to the spindle and play a role in chromosome segregation (Lindsey
and Momany, 2006). Like other cytoskeletal elements, septins have been implicated in
cell morphogenesis and motility.

Septins were first discovered in S. cerevisiae where they form a filamentous
scaffold that organizes the bud site and are a component of the morphogenesis checkpoint
that coordinates budding with mitosis (Longtine et al., 1996; Longtine and Bi, 2003).
Five of the seven S. cerevisiae septins (Cdc3, Cdc10, Cdcl1, Cdc12 and Shsl1) co-
localize to the neck region between the mother cell and daughter bud, the eventual site of
septation (cytokinesis). At least 35 other proteins, including cell cycle regulators,
localize to the neck region in a septin-dependent manner (Gladfelter et al., 2001; Cid et
al., 2002). Mutation of CDC3, CDC10, CDCI11, or CDCI2 prevents formation of the

septin scaffold, resulting in elongated buds and mitotic delay (Hartwell, 1971; Longtine
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et al., 2000). During sexual reproduction, the Spr3 and Spr28 septins localize with Cdc3,
Cdc11 and Cdc12 at the leading edge of the prospore membrane as it encapsulates the
nucleus (Ozsarac et al., 1995; De Virgilio et al., 1996; Fares et al., 1996).

The filamentous fungus Aspergillus nidulans grows exclusively in the hyphal
form and contains five septins (AspA, AspB, AspC, AspD, and AspE) (Momany et al.,
2001). We previously showed that one of the 4. nidulans septins, AspB, localizes to

sites of septation, branching and spore formation (Westfall and Momany, 2002).

RESULTS

To investigate the role of septins in fungal morphogenesis, we expressed septins
from the filamentous fungus A. nidulans in the budding yeast S. cerevisiae. When the A.
nidulans septin aspC was expressed in S. cerevisiae, we observed elongated, filamentous
cells on solid and in liquid medium (Figure 3.1.). The A4. nidulans septin aspC caused
elongated growth in 27-54% of cells in haploid and diploid S. cerevisiae driven by the
inducible GALI promoter or the constitutive ADHI promoter. GFP-AspC also induced
filaments in haploid and diploid derivatives of the S. cerevisiae pseudohyphal strain
21278b in liquid medium without nitrogen limitation (data not shown). On solid
medium, S. cerevisiae AspC-induced filaments did not invade agar compared to control
haploid invasive strains (data not shown).

To determine whether AspC induces filaments via the previously described cAMP
or MAPK Flo11-dependent pseudohyphal or haploid invasive pathways (Rupp et al.,
1999), we introduced A. nidulans aspC into nine S. cerevisiae haploid strains with

deletions in genes important for these pathways. AspC induced filaments in all cAMP,
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MAPK and invasive growth deletion strains tested, including flol /A (Table 3.1.).
Additionally, the S. cerevisiae wildtype strains used in this study are derived from
S288C, which has previously been shown to be unable to undergo haploid invasive or
pseudohyphal growth because of a mutation in FLOS8 (Liu et al., 1996). AspC induction
of filaments in strains deleted for genes known to be required for pseudohyphal and
haploid invasive growth and in S288C derivates is consistent with filament formation via
an alternate pathway.

A. nidulans AspC is most closely related to the S. cerevisiae septin Cdc12 based
on phylogenetic analysis (Momany ef al., 2001). To determine whether overexpression
of CDC12 might induce filaments, we introduced an extra copy of CDC/2 driven by its
own promoter into haploid and diploid S. cerevisiae. The extra copy of CDC12 did not
alter the budding phenotype (data not shown). Further, previous work has shown that
CDC12 driven by the GALI promoter does not induce filamentation, nor does it perturb
the bud-neck localization of septins Cdc3, Cdc10 and Cdc11 (Versele et al., 2004).

To determine whether A. nidulans AspC could substitute for any of the S.
cerevisiae septins, we introduced aspC into S. cerevisiae septin deletion mutants.
Because CDC3, CDC11 and CDCI2 are essential genes we used heterozygous diploids
(strains in which one copy of the gene has been deleted while the other copy remains
intact) for some experiments. Expression of aspC induced filaments in haploid shs /A,
spr3A, spr28A, and heterozygous diploid CDC3/cdc3A, CDCI11/cdcl IA and
CDC12/cdcl2A. However, aspC did not induce filaments in cdc10A (Table 3.1.). The
failure of aspC to induce filaments in cdcl0A suggested that AspC might require a

functional S. cerevisiae septin neck scaffold to induce filaments.
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To determine if AspC localizes to the neck scaffold, we introduced GFP-AspC
into S. cerevisiae. The GFP-AspC fusion protein induced filaments just as AspC had.
GFP-AspC label was seen with similar frequency at the necks of yeasts and of filaments.
Label was also seen at the tips of filaments (Figure 3.2. a, b, e, f). To determine whether
the 4. nidulans septin AspC affected the localization of the orthologous yeast septin, we
introduced Cdc12-GFP into S. cerevisiae carrying aspC under the control of the
constitutive ADH1 promoter. Surprisingly, Cdc12-GFP localized to the necks of buds,
but not of filaments. Virtually all Cdc12-GFP label was at yeast necks (99.5%, n=300)
and almost none was at filament necks (0.5%, n=300) (Figure 3.2 c, d, g, h).

To determine whether the A. nidulans septin AspC affected the localization of
other yeast septins, we used an antibody to localize Cdcl1 in S. cerevisiae carrying GFP-
AspC. We found examples of co-localization of GFP-AspC and Cdc11 at the necks of
both yeasts and filaments (Figure.3.3.). We also observed GFP-AspC, but not Cdc11, at
the tips of some filaments and large buds. The presence of Cdc12-GFP exclusively at
bud necks and of GFP-AspC and Cdc11 at both bud and filament necks suggests that
AspC competes with Cdc12 for incorporation into the septin scaffold at the neck and that
the substitution of AspC for Cdc12 induces filaments.

The A. nidulans aspC septin also induced abnormal morphology during sexual
reproduction in S. cerevisiae. When diploid S. cerevisiae is placed on sporulation
medium it undergoes meiosis and packages four spores into an ascus (a round protective
sac). When S. cerevisiae CDC12/cdc124 carrying GFP-AspC was induced to sporulate
asci were enlarged with spores arranged in long chains or clusters reminiscent of the asci

of filamentous fungi (Figure 3.4.). Over half (65%) of the resulting asci contained more
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than four spores, with as many as twelve seen in some cases. Five apparently normal
tetrad asci and five abnormal enlarged asci were dissected. Each of the normal tetrads
had two viable spores while no spores from abnormal asci were viable (data not shown).

Given the scaffolding role of septins, a likely mechanism for AspC-induced
morphological changes is inappropriate recruitment or regulation of proteins that localize
in a septin-dependent manner. To investigate this possibility, we introduced aspC into
seven S. cerevisiae strains with deletions in genes encoding Cdc12-interacting proteins
or a morphogenesis checkpoint component (AFRI, BEM4, BNII, CLA4, GICI, GIC2 and
SWEI) (Gladfelter et al., 2001). Six of seven deletion strains formed filaments upon
introduction of GFP-AspC (Table 3.1.). The one exception, bnilA, made triads or short
chains of yeast cells with dramatically broader necks and GFP-AspC bars or dots in neck
regions and at bud tips (data not shown). Introduction of extra CDC12 into bnilA
carrying GFP-AspC restored a normal budding phenotype to virtually all cells, consistent
with the notion that AspC competes with Cdc12 for incorporation into the septin scaffold
and that AspC inappropriately recruits Bnil. In control experiments, bnilA transformed
with Cdc12-GFP made normal budding cells with necks slightly broader than those of
wildtype and Cdc12-GFP localizing to neck rings.

The formins Bnrl and Bnil nucleate actin filament assembly in S. cerevisiae
(Pruyne et al., 2004). Though the functions of yeast formins overlap, Bnr1 assembles
actin cables that form a stable axis between mother and daughter while Bnil assembles
dynamic actin cables that target vesicles to multiple locations in the bud and are required
for polar growth (Pruyne et al., 2004). To determine whether both formins might be

required for AspC-induced filamentation, we introduced aspC into buriA (Table 3.1.).
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AspC induced filaments in bnrIA showing that a stable mother/bud axis is not required
for filament formation. The failure of AspC to induce filaments in bni/A suggests that
the dynamic actin cables used in polar growth of buds are also used in polar growth of

filaments.

DISCUSSION

The S. cerevisiae septins Cdc3, Cdc10, Cdcl1 and Cdc12 form a filamentous
collar at the mother neck. Disruption of any one of these septins leads to mislocalization
the others. The introduction of the A. nidulans septin AspC induces filaments in wild-
type S. cerevisiae likely via incorporation of AspC into the S. cerevisiae septin scaffold.
The failure of aspC to induce filaments in cdcl0A suggests that AspC requires a
functional S. cerevisiae septin neck scaffold to induce filaments. The co-localization of
the S. cerevisiae Cdcl11 septin with GFP-AspC at the necks of yeasts and filaments
argues that the septin scaffold is largely intact.

Our data further suggest that AspC competes with its ortholog Cdc12 for
incorporation into the neck and that the replacement of Cdc12 by AspC results in
filamentous growth. Indeed we observed that the percentage of filaments relative to yeast
cells correlated with the strength of the promoter driving aspC expression (data not
shown) and Cdc12-GFP was virtually never seen at filament necks while GFP-AspC was
seen at yeast and filament necks. Our results further suggest that once it is incorporated
into the septin scaffold AspC exerts its effects via the formin Bnil. Consistent with a

role for the Bnil formin in the polar growth of filaments, SepA, the 4. nidulans Bnil
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ortholog, localizes to hyphal tips along with actin and is required for polar growth
(Sharpless and Harris, 2002).

There is increasing evidence from a variety of systems that septins play critical
roles in directing cell shape and movement (Lindsey and Momany, 2006). Because they
form scaffolds that recruit and organize many other proteins, including those that regulate
morphogenesis and cell cycle (Gladfelter ef al., 2001), it seems reasonable that changes
in septins would have large effects on cell shape by virtue of their binding partners.

That the 4. nidulans septin AspC induces filaments in S. cerevisiae through
incorporation into the septin scaffold and inappropriate recruitment and regulation of the
actin-nucleator Bnil raises the intriguing possibility that morphological transitions during
evolution, such as that from hyphae to yeasts, could have proceeded by changes in key

scaffold proteins.

MATERIALS AND METHODS

Yeast strains and plasmids used in this study are listed in Table 3.2. Yeast strains
were incubated in YPD (rich medium), SC (synthetic complete medium with amino acids
omitted as necessary for plasmid selection), sporulation medium or SLAD (sigma strains)
(Ausubel, 1987) at 30°C unless otherwise stated. Plasmids were constructed using
standard methods (Ausubel, 1987; Sikorski and Hieter, 1989). A. nidulans AspC was
amplified from cDNA using the Advantage High Fidelity 2 PCR kit (Clontech
Laboratories, Inc, Mountain View, CA), cloned into PCR 2.1 TOPO (Invitrogen Corp.,
Carlsbad, CA) and sequenced. For expression in S. cerevisiae, aspC was cloned behind

the inducible GAL promoter or the constitutive ADH 1 promoter (Ruohonen et al., 1991;
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Ruohonen et al., 1995) to yield plasmids pRL16 (GALI-AspC) and pRL19 (4ADH1-
AspC). Plasmids were introduced into S. cerevisiae by transformation using LiAc (Elble,
1992).
Induction of filamentous growth and microscopy

Haploid Sc295 was transformed with pRL16 (GALI-AspC) and pRS316 (empty
vector). Single transformant colonies were transferred to liquid selective medium, grown
to an ODggp of 0.4 and split into two tubes. One tube was induced by the addition of
fresh medium with galactose (0.5% final concentration) while the second tube received
fresh medium without galactose. Strains 4741 and 4743 were transformed with pRL19
(ADHI-AspC) and plated on selective medium without galactose. Cells were incubated
for 24 or 48 hours and fixed using standard techniques (Pringle et al., 1989). MLY40
and MLY61, derivatives of £1278b, were transformed with pJT2044 (cdc12-GFP),
pYH35 (ADHI-AspC-GFP), and pRS316 (empty vector) and grown in SLAD liquid and
solid medium. Samples were incubated overnight at 30°C in appropriate medium.
Overnight cultures were used to inoculate fresh medium, incubated at 30°C for 2hrs and
observed using a Zeiss Axioplan microscope. Digital images were acquired using an
Optronics digital imaging system and were prepared using Adobe Photoshop cs version
8.0.
Counting

All morphology counts were performed at least twice by two or more

investigators counting a minimum of 300 cells each. The average count is presented.
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Invasive growth assay

ARLIS5 (pRS316GU in Sc295), AYH3 (pRL16 in Sc295), ARL21 (pRS316 in
4741), ARL22 (pRL16 in 4741), Sc295 and SY3721 (haploid invasive strain) were
inoculated to SC —ura solid medium with and without 0.5% galactose. The above strains
plus haploid strain 4741 were inoculated to YPD with and without 2% galactose. All
strains were incubated for three days at 30°C. On the third day plates were washed with
gently running water and rubbed with a gloved finger (Liu et al., 1996). Pictures were
taken before and after washing with a Kodak CX6330 digital camera. Experiments were
repeated three times with identical results.
Pathway mutant studies

We obtained seventeen haploid deletion strains (afrIA, bem4A, bnilA, bnriA,
bud8A, cladA, dfgloA, flo8A, flolIA, giclA, gic2A, kssIA, ras2A, ste7A, stel IA, ste20A,
swelA, tecIA) (Winzeler et al., 1999) through Open Biosystems (AL). We confirmed the
identity of all deletion strains by PCR amplification of unique tags using sequences
provided by the Saccharomyces Genome Deletion Project web page (www-
sequence.stanford.edu/group/yeast_deletion project/deletions3.html). Five colonies from
a streaked plate of each deletion strain were tested using colony PCR with modifications
to protocols from the Stanford Yeast Deletion website. Modifications included making a
master mix of diluted primer A and KanB for 5 individual Easy Start Micro 20 PCR tubes
(Molecular Bioproducts, San Diego, CA). The final primer concentration in each tube
was 0.37uM. A pipette tip was used transfer 0.25uL of cells (or less) from a yeast colony
to the PCR tube. PCR was carried out with a RoboCycler Gradient 96 thermocycler

(Stratagene, La Jolla, CA) under the following conditions: 1 cycle at 94C for 4 min, 35
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cycles at 94C for 30 seconds, 64C for 1 min, and 72C for 2 min, and lcycle at 72C for 10
min. The total contents of each tube were electrophoresed on a 1% TBE gel with a 100bp
DNA ladder (Promega, Madison, WI). PCR products amplified from all five colonies
were the expected size in all strains. These haploid deletion strains were transformed
with pRS316 (empty vector control) and pRL16 (pRS316 with AspC) and plated on
selective medium. For induction, single colonies were grown in selective liquid medium
to an optical density at Aggo of 0.4; the sample was split and centrifuged. Half of the
sample was resuspended in two volumes of fresh medium; the other half was resuspended
in two volumes of fresh medium with 0.5% galactose and no glucose. Samples were
incubated overnight (16hrs) and examined microscopically. Most deletion strains were
also transformed with pRL19 (ADH-AspC) and plated on selective medium. We
obtained this vector by cloning the constitutively active ADH1 promoter into Sa/l and
Kpnl restriction sites in pRL16 (GALI-AspC). Transformation and induction
experiments for each strain were repeated at least twice.
GFP Localization

A triple GFP mutant pQBI25 (Quantum, Inc.) was fused inframe to the N-
terminus of AspC in pRS316 using the Sa/l-EcoRlI restriction sites to give pYH33. The
constitutively active ADHI promoter from pRL19 was cloned into the Kpnl and Sall
restriction sites to drive fusion protein expression to yield plasmid pYH35 (ADHI-GFP-
AspC). For co-transformations the LEU2 marker was cloned into a Ncol site in the
middle of the URA3 marker of pRL19 (ADH1-AspC, URA3) to get pRL20 (ADHI-AspC,
LEU?2). We transformed both pJT2044 (cdc12-GFP, URA3) and pRL20 (ADHI-AspC,

LEU?2) into the diploid yeast strain CDC12/cdc124. In separate experiments
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CDC12/cdcl24 was transformed with pYH35 (ADHI-GFP-AspC). All transformants
were incubated overnight at 30°C. Overnight cultures were transferred to fresh medium,
incubated at 30°C for 2hrs and observed using a Zeiss Axioplan microscope. Digital
images were acquired using an Optronics digital imaging system and were prepared using
Adobe Photoshop cs version 8.0.
Septin deletion mutants

We obtained haploid (cdc10A,sep7A, spr3A, spr28A) and heterozygous diploid
(CDC3/cdc3A, CDCl1/cdclIA and CDC12/cdc12A) S. cerevisiae septin deletion strains
(Winzeler et al., 1999) through Open Biosystems (AL). Haploid deletion strains were
transformed with pRS316 (control), pRL16 (GALI-AspC) and pRL19 (ADHI-AspC)
vectors and plated on selective medium. Strains with GAL-AspC were induced as
noted above in pathway mutant studies with fresh medium with or without 0.5%
galactose. The diploid deletion strain CDC12/cdci2A was transformed with pYH35
(ADHI-GFP-AspC) or with both pJT2044 (Cdc12-GFP) and pRL20 (ADHI-AspC) and
grown on selective media. Transformation and induction experiments for each strain
were repeated at least twice. Counts of filaments vs. buds were made for each strain.
Sporulation

Diploid heterozygous septin deletion strains, with and without AspC were
inoculated to sporulation medium (Ausubel, 1987) and incubated at room temperature for
4-7 days. Colonies were transferred to a slide with mounting solution and examined
microscopically for ascospores. Septin deletion strain CDC12/cdcl2A was transformed
with ADH-GFP-AspC and incubated on selective medium. Single colonies were

streaked and transferred to sporulation medium (Ausubel, 1987) and incubated at room
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temperature for 4-7 days. For tetrad analysis, a micromanipulator was used to transfer
ascospores to YPD plus sorbitol medium, then to selective medium and colonies were

scored.
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Table 3.1. AspC-induced phenotype in S. cerevisiae deletion mutants

Deletion® Phenotype” Function®
afirIA% F Cdc12i, Shmoo
bem4A® F Cdc12i
bnilA*™ Y,N Cdc12i, Formin
bnrIA“ F Formin

CDC3/cde3N’ F Septin
cdcl0A’ Y Septin
CDC11/cdcl IA° F Septin
CDC12/cdcl2A% F Septin
cladn® F Cdc12i, Cell Pol
dfgl 6A° F Hap Inv
flo8A? F cAMP
flolIA° F cAMP
gicIA%® F Cdc12i, Cell Pol
gic2A™ F Cdc12i, Cell Pol
kssIA? F MAPK
ras2A? F Pseudohyphal
shsIA? F Septin
spr3A° F Septin
spr28A? F Septin
ste7A? F MAPK
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stel IN? F MAPK

ste20A? F MAPK
swelA%® F Morph Ckpt
tecIA? F MAPK

* deletion mutants from Open Biosource.

® S. cerevisiae deletion mutants were transformed with 4. nidulans aspC behind the
GAL]I inducible or the ADH1 constitutive promoter as indicated. Phenotype after
galactose induction (GALI promoter) or with no induction (ADH1 promoter) is indicated.
F= filaments in >28%,; Y= yeast; N = novel phenotype.

¢ cAMP, cAMP pathway component; Cdc12i, Cdc12-interacting (genetic or biochemical);
Cell Pol, establishment of cell polarity; Hap Inv, Haploid invasive growth; MAPK,
MAPK pathway component; Morph Ckpt, morphogenesis checkpoint component;
Pseudohyphal, diploid pseudohyphal growth; shmoo, mating projection formation.

1 GALI promoter.

¢ ADH1 promoter.
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Table 3.2. S. cerevisiae strains and plasmids used in this study

Strain Relevant genotype Source
ARL7 Sc295 with pRL16 (AspC-GALI-URA3) this study
ARLI15 Sc295 with pRS316GU (empty vector) this study
ARL21 BY4741 with pRS316 (empty vector) this study
ARL22 BY4741 with pRL16 (AspC-GALI-URA3) this study
ARL68 BY4741 with pRL19 (AspC-ADHI-URA3) this study
AYH3 Sc295 with pRL16 (AspC-GALI-URA3) this study
BY4741 a his341 leu240 met1540 ura340 Open Biosystems
BY4742 a his3A41 leu240 lys240 ura340 Open Biosystems
BY4743 a/a 4741/4742 Open Biosystems
CDC12/cdc124 BY4743 background Open Biosystems
DDY1453 aura3-52 his7 ade2 trpl1-289 cdc3-1ts J. Thorner
(Hartwell, 1971; Roemer et al., 1996)
DDY 1462 aura3-52 cdcl2-6ts J. Thorner
DDY 1455 a ura3-52 his7 tyrl ade?2 lys2 cdcli-1ts J. Thorner
(Hartwell, 1971; Roemer et al., 1996)
DDY 1476 aura3-52 trp1-289 ade2 lys2 tyrl cdcl0-1ts J. Thorner
MLY40 o ura3-52 J. Heitman
(Lorenz and Heitman, 1997)
MLY61 a/a ura3-52/ura3-52 J. Heitman
(Lorenz and Heitman, 1997)
pJT2044/MVB89 pRS316 with CDC12-GFP J. Thorner
pQBI25 triple GFP mutant - Quantum Inc.
pRL16 pRS316 with GALI-AspC, URA3 this study
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pRL19

pRL20

pRS315

pRS316

pRS316GU

pYH33

pYH35

Sc295*

SY3721

Y187

pRS316 with AspC-ADHI, URA3 this study
pRS316 with AspC-ADHI, LEU?2 this study
pRS305 with LEU?2 W. Schmidt
(Sikorski and Hieter, 1989)
pRS306 with URA3 W. Schmidt
(Sikorski and Hieter, 1989)
pRS316 with GALI,URA3 W. Schmidt

(Hovland et al., 1989; Sikorski and Hieter, 1989; Joshua-Tor ef al., 1995)

pRS316 with GFP-AspC this study
pRS316 with ADHI-GFP-AspC this study
aura3-52 leu2-3 112 regl-501 gall pep4-3 W. Schmidt

(Hovland et al., 1989; Sikorski and Hieter, 1989; Joshua-Tor ef al., 1995)
o ura3 axll::HIS3 W. Schmidt

(Cullen and Sprague, 2002)
o ura3-52 his3-200 ade2-101 trp1-901 Clontech

(Harper et al., 1993)

*8c295 has a reg/-501 mutation that prevents glucose-mediated repression of GAL-dependent gene

expression (Hovland et al., 1989).
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Figure 3.1. A. nidulans septin AspC induces filaments in S. cerevisiae. S. cerevisiae
transformed with the A. nidulans septin gene aspC under the control of the inducible
GALL1 promoter and incubated for 24 (a-c) or 48 hr (d-f). a, d) uninduced cultures grow
only as budding yeasts. b, c, e, f) induced cultures grow as filaments and yeasts. Arrows

indicate examples of filaments. Scale bar = 10.
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Figure 3.2. A. nidulans GFP-AspC localizes to bud and filament necks and tips
while S. cerevisiae Cdc12-GFP localizes exclusively to bud necks. a,b,e,f) S.
cerevisiae was transformed with the A. nidulans septin aspC fused to GFP under the
control of the constitutive ADH1 promoter. c,d,g,h) S. cerevisiae was transformed with
the A. nidulans septin aspC under the control of the constitutive ADH1 promoter and the
S. cerevisiae septin CDC12 fused to GFP. The A. nidulans septin is visible in both yeasts
and filaments while the S. cerevisiae septin is visible only in yeasts. Arrows indicate
examples of bud necks. Arrowheads indicate examples of filament necks. Asterisks

indicate examples of filament tips. Scale bar = 10.
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Figure 3.3. A. nidulans GFP-AspC co-localizes with S. cerevisiae Cdc11 to bud and
filament necks. S. cerevisiae was transformed with the A. nidulans septin aspC fused to
GFP under the control of the constitutive ADH1 promoter and incubated for 48 hrs. a, c)
GFP-AspC. b, d) Cdc11 detected by a commercially available primary antibody and
rhodamine-coupled secondary antibody. Arrows indicate examples of bud necks.
Arrowheads indicate examples of filament necks. Asterisks indicate examples of filament

tips. Scale bar = 10p.
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Figure 3.4. A. nidulans AspC induces abnormal asci in S. cerevisiae. After S.
cerevisiae mates, it forms a tetrad ascus containing four spores. The A. nidulans septin
aspC causes S. cerevisiae to make enlarged asci with up to twelve spores similar to asci
made by filamentous fungi. S. cerevisiae was transformed with the A. nidulans septin
aspC fused to GFP under the control of the constitutive ADH1 promoter and induced to
sporulate. Arrows indicate examples of linear asci. Arrowheads indicate examples of

round asci. Inset shows normal yeast tetrad ascus for comparison. Scale bar = 10p.
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CHAPTER 4

CHARACTERIZATION OF SEPTINS ASPA AND ASPC IN

ASPERGILLUS NIDULANS'

! Lindsey, R., Cowden, S., Momany, M. To be submitted to Eukaryotic Cell.
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ABSTRACT

The septin family of proteins was first discovered in Saccharomyces cerevisiae in
a screen for temperature sensitive cell cycle mutants. Septin mutants make elongated
buds at restrictive temperature and are unable to complete cytokinesis. The septin
proteins form filamentous rings at the mother-bud neck in yeast and are dependent on
each other for localization. In addition to their original role in cell division, septins have
been shown to have roles in cytoskeletal organization, coordination of nuclear division
and trafficking across membranes. In Aspergillus nidulans there are five septins AspA,
AspB, AspC, AspD and aspE. Here we characterize the A. nidulans septins AspA and
AspC. Deletion mutants show varying degrees of early germination, increased germ tube
and branch emergence, abnormal septation and disorganized conidiophores. Localization
of AspA-GFP and AspC-GFP are dynamic, to all stages of growth examined and unique.
AspA-GFP forms discrete structures in 4aspC while AspC-GFP does not show
localization in daspA. Our results suggest that AspA and AspC have different roles in 4.

nidulans.

INTRODUCTION
Septins are a family of proteins that were discovered in S. cerevisiae (Hartwell,
1971). The original septin mutants, cdc3, cdcl0, cdcll and cdcl?2 are temperature
sensitive cell cycle mutants that make elongated buds at restrictive temperature and are
unable to complete cytokinesis (Hartwell, 1971). It is now known that five of S.
cerevisea’s seven septins (Cdc3p, Cdc10p, Cdcl1p, Cdel2p and Sep7p) co-localize to the
neck where they interact with each other to form a scaffold that recruits other proteins

(Caviston et al., 2003; Versele et al., 2004; Iwase et al., 2006). There are over 35
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proteins known to interact directly or indirectly with septins at the bud neck (Gladfelter et
al., 2001).

Septins are found in fungi, animals and microsporidia but they are absent from
plants. The number of septins in higher eukaryotes varies from two in Caenorhabditis
elegans to 13 in humans (Neufeld and Rubin, 1994; Fares et al., 1995; Nguyen et al.,
2000; Spiliotis and Nelson, 2006). Septins are always found in complexes. They form
multiseptin heteropolymers that act as scaffolds which organize other proteins (Frazier et
al., 1998; Versele et al., 2004). In S. cerevisiae mutants in which CDC3, CDC10,
CDC11 or CDC12 is mutated the remaining three septins are unable to localize normally
to the bud neck (Haarer and Pringle, 1987). Dependant co-localization of septins is also
seen in Drosophila and mammalian systems (Fares et al., 1995; Kinoshita et al., 2002;
Peng et al., 2002).

A. nidulans has five septins AspA, AspB, AspC, AspD and aspE that were
previously cloned and sequenced (Momany ef al., 2001). All five are expressed during
vegetative and asexual growth, with AspB and then AspC having the highest expression
levels respectively (Momany et al., 2001). Immunofluorescence studies show AspB
localizes to septa and conidiophore layers and was found as a marker for branch

emergence (Westfall and Momany, 2002).

MATERIALS AND METHODS
Strains and media

Strains used in this study are listed in Table 4.1. Media used were previously
described (Harris et al., 1994). Strain growth and construction was by standard A.

nidulans techniques (Kafer, 1977; Harris et al., 1994). All incubations were at 30°C and
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in complete medium except where noted (1% glucose, 0.2% peptone, 0.1% casamino
acids, 0.1% yeast extract, trace elements, nitrate salts and 0.01% vitamins, pH 6.5) with
amino acid supplements, trace elements, nitrate salts, and vitamins (Kafer, 1977).
Growth conditions and microscopic observation

Preparation and growth of cells were as previously reported (Momany et al.,
1999). Briefly, conidia were inoculated on sterile coverslips in liquid medium and
incubated at 30°C in a Petri dish. Cells were fixed, septa were stained with calcofluor
(American Cyanamid, Wayne, NJ) and nuclei were stained with Hoechst 33258 (Sigma,
St. Louis). Microscopic observations were made using a Zeiss (Thornwood, NY)
Axioplan microscope and digital images were acquired using an Axion (Axion
Technologies) digital imaging system. Images were prepared using Photoshop cs version
8.0 (Adobe, Mountain View, CA).
Asexual structures

Preparation of conidiophores were as previously reported (Lin and Momany,
2003). Briefly, conidia were inoculated on the edges of a square of complete agar
medium and a coverslip was placed on top of the agar square. Plates were incubated
inverted at 30°C for 2 days. To observe conidiophore structures, coverslips with aerial
hyphae and conidiophores attached were fixed, mounted on slides, and observed
microscopically.
Fluorescent tags and gene knockouts

We used a fusion PCR-based method to generate C-terminal green fluorescent
protein (GFP) tagged septins expressed from their own promoters as previously reported

(Yang et al., 2004). Cassettes for GFP fusions were created in the Osmani lab and
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obtained through the Fungal Genetics Stock Center (http://www.fgsc.net/) (Yang et al.,

2004). Briefly, the tags with an additional 2 kb of flanking targeting sequence plus the
fluorescent tag were transformed into an A. nidulans AnkuA strain in which a gene for
non-homologous end-joining has been removed (Yang et al., 2004). Homologous
recombination generates a tagged version which replaces the wild-type allele. All strains
were then crossed out of the AnkuA strain into an A850, A28 or A773 wild type strain.
We also used this methodology to create gene deletions in which the target gene was
replaced with the pyrG marker (Kuwayama et al., 2002). For each strain PCR was used
to confirm site-specific gene replacements with one primer anchored in the genome
upstream of the flanking target sequence and the other primer anchored in the fluorescent
tag or pyrG marker for gene replacement. At least four independent transformants were
characterized.
Quantification of deletion mutants

After incubating 4 or Shrs at 30°C the proportions of cells that had germinated
and released germ tubes were noted (n=200). At 4 and Shrs cells that were round and
swollen but without germ tubes (0), cells that had one (1) or two or more germ tubes (2)
were counted. Counts at six hours in each population all of the swollen conidia had one
(1) or more germ tubes (2). Overall the deletion mutants growth was about 2 hours ahead
of the wild-type due to the early germination, so all further counts were conducted with
wild-type strains that grew two hours longer than the deletion mutants, resulting in
individuals of about the same length. To assay reduced septation we examined cells that
were fixed and labeled with calcofluor to visualize cell wall and septa and Hoechst to

visualize nuclei. We did not count the total number of septa present in the cell. We only
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noted if septa were present (1) or not (0) and we only counted one hypha per cell. The
first count was based on a time course, counts were made of A850 at 12 hrs and of the
deletion mutants at 10hrs (n=200). The second, more stringent count we examined
septation in cells with a germ tube holding at least 16 nuclei (n=30), If no septum was
present the cells were scored as (0) if there was a septum present these cells were scored
as (1). Cells were also counted for the presence (1) or absence (0) of septa after 15hr
incubation. All the hyphae in these counts had at least 16 nuclei (n=30). Branch
emergence was assayed by counting the number of branch initials that formed off of the

main germ tube (n=200).

RESULTS
AaspA, AaspC and the double deletion mutant show early germination, increased
germ tube and branch emergence and abnormal septation.

In wild-type 4. nidulans, spores break dormancy and grow isotropically; next they
switch to polar growth and send out a germ tube which grows by tip extension. Germ
tube emergence is sequential and occurs in a bipolar pattern (Harris, 1999; Momany and
Taylor, 2000). After incubation for 8hrs at 30°C, 8-16 nuclei are present in the hyphae, at
which time septation occurs near the conidium, next a branch will form off of the main
germ tube (Momany and Taylor, 2000).

To determine if the septins AspA and AspC might play roles in early 4. nidulans
development, we examined the phenotypes of strains in which individual septin genes
had been replaced by markers (daspA, ASH 5 and daspC, ARL 161) or in which both

septins were replaced by markers (daspAdaspC, ARL162). We observed the same
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phenotypes for the single and double deletion mutants we examined, though they varied
in severity (Figure 4.1, Table 4.2). Germ tube emergence in the deletion mutants started
2-3 hours earlier than in wild-type. After 4 hrs at 30°C, germ tubes were visible in 0% of
wild-type, 19% of daspA, 8% AaspC and 24% of daspA AaspC (n=200). At 4 hours the
double deletion mutant was the only one that showed individuals with two or more germ
tubes emerging (4%). By Shrs at 30°C, germ tubes were not visible in the wild-type, but
52-58% of deletion strains had sent out germ tubes (Figure 4.1, Table 4.2). Overall the
deletion mutants growth was about 2 hours ahead of the wild-type, so all subsequent
observations were conducted with wild-type strains that grew two hours longer than the
deletion mutants, resulting in individuals of about the same length and developmental
stage. When incubated for 8hrs, 8% of wild-type cells had two or more germ tubes. At
the developmentally equivalent 6 hr time point 59-62% of the single deletion mutants and
99% of the double deletion mutants had two or more germ tubes (Figure 4.1, Table 4.2).
If two germ tubes formed in the wild-type strain they were usually separated by 180°. In
the deletion mutants multiple germ tubes were adjacent to each other or separated by 45°,
90° or 180°.

We assayed septation using two different methods which gave very similar
results. When incubated for 12 hr, at least one septum was seen in 97% of wild-type cells
(n=200). At the developmentally equivalent 10hr time point, a septum was seen in 13-
15% of single deletion mutants and 0% of the double deletion mutants. When at least 16
nuclei were present in a germ tube, 100% of wild-type cells, 12% of daspA4, 3% AdaspC
and 0% of the double deletion mutants had a septum (n=30, Figure 4.1, Table 4.2). At

15hrs, 95% AdaspA cells had at least one septum suggesting septation did occur though it
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was delayed (Figure 4.1, Table 4.2). In contrast at 15 hrs, only 28% of 4aspC and 38%
of daspA AaspC cells had at least one septum. Further, the intensity of staining with
Calcofluor was reduced and difficult to see in 4aspC and daspA AaspC as compared to
wild-type and AdaspA.

Branch emergence was assayed by counting the number of branch initials that
formed from the main germ tube (n=200). When incubated for 12 hr, a single branch was
seen in 16% of wild-type hyphae and two branches were seen in 6% of wild-type. At the
developmentally equivalent 10hr time point, a single branch was seen in 17-26% of
single deletion mutant hyphae and two branches were seen in 32-39% of the single
deletion mutants. At thelOhr time point, a single branch was seen in 23% of double
deletion mutant hyphae and two branches were seen in 59% of the double deletion
mutants (Figure 4.1, Table 4.2).

AaspA, AaspC and daspA AaspC show reduced and fused layers in asexual
structures.

In asexual reproduction (Figure 4.2a) a single hyphal compartment sends up an
aerial hypha and the tip of the aerial hypha swells to form a vesicle. From the vesicle a
layer of metulae form, from the metulae layer the philades form. From the philade layer,
chains of conidiospores form (Timberlake and Marshall, 1988; Adams et al., 1998).
Wild-type conidiospores are pigmented resulting in green colonies when examined.
Deletion mutants had irregular and fused layers in the conidiophore which resulted in a
reduced number of spores (Figure 4.2 b-d) making the colonies appear brown instead of
green on agar plates. The daspA AaspC conidiophores were slightly more abnormal than

the single deletion mutants, but still produced a small number of conidiospores. The
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sexual reproduction structures huelle cells, cleistothecia and ascospores all formed and
deletion mutants were able to cross. daspA was successfully crossed with daspC to
obtain a double deletion strain. daspA AaspC was successfully crossed with wild-type.
AspA localizes to conidia, germ tubes, septa, branches and conidiophore layers.

In order to localize the septins, we constructed C-terminal GFP fusions at the
endogenous septin locus and behind the endogenous septin promoter. Initially AspA
localization was a single spot, circle or short bar on the conidium (Figure 4.3a, 4.4a). As
the conidium swelled localization became more punctuate and cortical (Figure 4.3a, b).
As polarization occurred AspA-GFP was found at the base and growing tip of the germ
tube (Figure 4.3b). In hyphae fluorescence was punctate at the cortex with bright caps at
the tips (Figure 4.3c, 4.4a) or as filaments at the tips (Figure 4.4b). AspA-GFP formed a
bright band transiently at septa (Figure 4.3c). In branch initials localization was diffuse
in forming nubs (Figure 4.3d). As branches emerged AspA-GFP was filamentous (Figure
4.4c). In the asexual conidiophores AspA localization was to tips of emerging layers,
transiently at metula/ phialide interfaces (not shown), and persistently to the
phialide/conidiospore interface and as a dot, circle or short bar on the conidiospores
(Figure 4.5).

AspC localizes to conidia, hyphae, presumptive septation site, branches and
conidiophore layers.

Initially AspC was seen as a single spot, a single long bar or pair of short bars on
the conidium (Figures 4.6a, b unpublished and data not shown). As the conidium swelled
AspC-GFP became more punctate and cortical (Figures 4.6a, b). Localization to hyphae

was as dots, short bars or long bars that frequently looped down along the edge of the
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growing tip (Figure 4.6b-f). AspC-GFP bright filaments were frequently seen
throughout hyphae (Figures 4.6d, f) except at times these filaments were absent in
compartments (Figures 4.6e). Faint localization was seen as a series of thin lines across
the hypha at presumptive septation sites (Figures 4.6f). As branches emerged a long bar
sometimes associated with dots extended into branch initials and continued to loop in as
branch grows (Figure 4.7).

In conidiophores localization appears as a broad bar below the aerial hypha initial
and then moved up into aerial hypha as it grew, this broad or elongated bar is sometimes
seen at vesicles in mature conidiophores (Figure 4.8a, data not shown). Localization was
to layers of conidiophores as dots, rings, filaments, and short or long bars (Figure 4.8).
AspC-GFP does not show localization in daspA. AspA-GFP localizes abnormally in
AaspC.

To investigate whether AspA and AspC require each other for localization we
made strains in which one septin was fused to GFP and the other septin was deleted. We
examined three different PCR positive progeny (ARL183-185) resulting from a cross of
AaspA (ASH26) with AspC-GFP (ARL159). In all cases we no longer observed specific
localization of AspC in a 4aspA background in vegetative or asexual growth. At most
there was a faint overall green fluorescence (Figure 4.9).

We examined progeny from two different AspA-GFP and AaspC crosses; ARL141
crossed with ARL157 (ARL198) and ARL141 crossed with ARL161 (ARL201) for
localization. With the AspA-GFP in a daspC background localization collapsed to a tiny
bright dot in conidia (Figure 4.10a). Localization continued to be one very bright dot or a

short bar per individual at different locations of the cells during the remaining stages of
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growth except in the conidiophore where there were multiple dots or bars (Figure 4.10b-
d). This localization is reminiscent of, but not as extensive as, AspC in the wild-type
background.

DISCUSSION
AaspA, AaspC and the double deletion mutant show early germination, increased
germ tube and branch emergence and abnormal septation.

We found that daspA, daspC and daspA AaspC are viable. This is in sharp
contrast with S. cerevisiae, where CDC11 and CDC12 are essential (Frazier et al.,
1998). AdaspA, AaspC and daspA AaspC showed increased germ tube and branch
emergence (Figure 4.1, Table 4.2). Once more this is very different from the case in S.
cerevisiae, where temperature sensitive cdc// and cdcl2 form elongated buds and are
unable to complete cell division at restrictive temperature (Hartwell, 1971). However in
S. cerevisiae a multiple bud phenotype is seen in kcc44, and in secl/4 and cog4 when
their promoters were shut off (Okuzaki et al., 2003; Mnaimneh et al., 2004). Kcc4 is a
protein kinase that localizes in a septin dependent manner to the bud neck and it is a
negative regulator of Swel (Longtine et al., 1998; Okuzaki and Nojima, 2001). The
phosphatidylinositol/phosphatidylcholine transfer protein Sec14p is essential for transport
of proteins from the Golgi complex in yeast (Bankaitis et al., 1990). COG4 is an
essential component of the conserved oligomeric Golgi (COG) complex in yeast, this
complex is involved in vesicle transport to and from the Golgi (Kim et al., 2001; Loh and
Hong, 2004). In C. albicans CaCdc42p with the hyperactive G12V substitution cells
arrested with multiple buds (Ushinsky ef al., 2002). CaCdc42 is a Ras-like small GTPase

important for cell growth and morphology (Ushinsky et al., 2002). In yeast Cdc42
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interacts with the septins and many downstream protein effectors including kinases and
proteins that regulate or nucleate the actin cytoskeleton (Caviston ef al., 2003). CaCdc42
and Kcc4 are in septin pathways (Caviston et al., 2003).

In wild-type 4. nidulans, germ tubes emerge over a period of hours and almost
always opposite each other (Harris, 1999; Momany and Taylor, 2000). In the deletion
strains we saw multiple germ tubes formed at the same time and in abnormal positions of
45°,90°, 180° as well as axial to the other germ tube. This is somewhat analogous to the
effect of perturbing septins on polarity in S. cerevisiae where haploid o and a cells
typically undergo axial budding with both mother and daughter cells forming new buds
adjacent to the preceding division site. Mutations in the septins CDC3, CDC10, CDC11
or CDC12 result in a switch to bipolar budding in haploids (Chant et al., 1995; Chant and
Pringle, 1995; Sanders and Herskowitz, 1996).

In A. nidulans polarity genes are proposed to form two groups (Momany et al.,
1999; Momany, 2002): those that establish a location for germ tube emergence and those
that maintain polar growth. Branch and germ tube emergence are conceptually similar
and some of the same genes could be involved in both. The deletion phenotype of
increased germ tube and branch emergence suggests that AspA and AspC may have a
role in polarity establishment. The role of AspA and AspC could be to activate a single
site for germ tube emergence or to suppress alternate sites thus allowing the germ tube to
emerge from a single site. The single and double deletion mutants showed a similar
proportion of individuals with one germ tube or branch emerging however the proportion

of two or more germ tubes or branches was increased in daspA AdaspC.
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It is not surprising that daspA, AaspC and AdaspA AaspC have defects in the
formation of septa since septin mutants in S. cerevisiae are unable to complete cell
division (Hartwell, 1971). The A. nidulans single and double deletion mutants show a
reduction in septation and frequently the septation site is further from the conidium as
compared to wild-type cells. In AspA by 15 hours the cells are septating almost at the
wild-type level, so septation in these cells is delayed (Table 4.2). In contrast septation in
AaspC and daspA AaspC remains reduced and calcofluor label of the septa is very faint
relative to wild type cells. This suggests that the septal cell wall is not forming properly
and that AspA and AspC may have roles in recruiting or stabilizing cell wall materials to
the septation site.

The A. nidulans the conidiophore is formed from an aerial hypha which swells at
the tip to form a vesicle from which three layers emerge sequentially: metulae, philades
and conidiospores (Adams et al., 1998). Septin deletion mutants show reduced and fused
layers of conidiophores (Figure 4.2b-d). During the formation of the complex
conidiophore, with its many layers of emerging growth there are multiple requirements
for polarity establishment. Improperly formed conidiophores suggest septin roles in
polarity establishment and/or shaping emerging growth. In each phenotype examined:
early germination, increased germ tubes and branches and abnormal septation, we saw an
increase in the proportion of affected cells in the double deletion mutant as compared to
the single deletion mutants suggesting that AspA/Cdc11 and AspC/Cdc12 may have
somewhat different roles (Table 4.2).

AspA and AspC show unique localization patterns.
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Consistent with the idea that AspA and AspC might not have identical roles, they
do not localize identically. The septin-GFP fusions we observed are single copy behind
the endogenous septin promoter at the endogenous septin chromosomal location and
show wild-type phenotypes. AspA and AspC localization is dynamic throughout
vegetative and asexual growth of A. nidulans. Initially in conidiospores AspA and AspC
localization is almost identical as a dot, ring or bar, but AspC also is seen as a pair of
short bars. AspA localizes to areas of new growth including the base and growing tips of
germ tubes and branch initials as a diffuse cap (Figures 4.3b-d and 4.4a). AspC
localization is more distinct in growing tips of germ tubes and branches where it is
frequently seen as a long filament along the outer cell edge or as a pair of short bars, dots
or a long bar closer to the conidium (Figure 4.6b-f). AspA transiently localizes as a
bright band to forming septa (Figure 4.3c) while AspC is only seen before septation as a
series of fine lines at the presumptive septation site (Figure 4.6f). AspA conidiophore
localization is more ordered as diffuse bands to tips of metulae and philade layers (Figure
4.5) while AspC localizes throughout these layers as dots, rings, short and long bars
(Figures 4.8). These localizations are consistent with the reduced and fused layers we
saw in the deletion mutant phenotype (Figure 4.2, Table 4.2).

In addition to AspA and AspC localization being different from each other, they
are different from that previously reported for AspB. Immunofluorescence localization
studies showed AspB was not found at tips of polarizing cells or as filaments in hyphae
or branches but it was found as a marker for branch emergence (Westfall and Momany,
2002). AspB, AspA and AspC (at presumptive bud site) all localize to septa and

conidiophore layers (this paper, Westfall and Momany, 2002). It is somewhat surprising
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that the localization of individual septins differs in A. nidulans because all five S.
cerevisiae vegetative septins localize identically to the ring at the bud neck (Caviston et
al., 2003; Versele et al., 2004; Iwase et al., 2006).

AspA and AspC require each other for proper localization.

In S. cerevisiae the septins Cdc3p, Cdc10p, Cdcl1p, and Cdc12p have been
shown to form multiseptin heteropolymers (Frazier et al., 1998; Versele et al., 2004). In
S. cerevisiae mutants in which one septin: CDC3, CDC10, CDC11, or CDC12 gene is
mutated the remaining three septin proteins are unable to localize normally to the bud
neck (Haarer and Pringle, 1987; Ford and Pringle, 1991; Kim ef al., 1991). In
Drosophila, septin proteins Pnut and Sep1 both co-immunoprecipitate and co-sediment
suggesting formation of a complex (Fares et al., 1995). In pnut null Drosophila embryos
there was reduced or no staining with Sep1 antibodies (Fares et al., 1995). In mouse
studies, Sept5 co-immunoprecipitated with Sept2, SeptS and Sept7 and in Sept5 null mice
reduced expression levels of Sept7 were found (Peng et al., 2002). In NIH3T3 cells
RNAI1 knockdown of Sept2 resulted in a slight reduction of Sept7 levels and visa versa
(Kinoshita et al., 2002). In A. nidulans, AspC-GFP does not show localization in daspA
suggesting that AspC needs AspA to localize properly (Figure 4.9). AspA-GFP localizes
in daspC as a single dot or bar in vegetative growth and as multiple dots or bars in
conidiophores (Figure 4.10). This localization is reminiscent but not as extensive as
AspC-GFP in a wild type background suggesting that AspA may have some redundant
function or can partially replace AspC-GFP. The removal of one septin affects the
localization of the other suggesting that though localization is not identical, septins may

depend on each other to form or stabilize complexes 4. nidulans.
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Figure 4.1. A. nidulans deletion mutanta show early germination (at 5 hrs), increased
germ tube (8 hrs) and branch emergence and abnormal septation (14hrs). Cells were
incubated at 30C for 5 and 8 hour time points. The 14hr time point was incubated at

room temperature. All micrographs are the same magnification. Scale bar = 10p.
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Figure 4.2. AaspC (b-d) shows reduced and fused layers in asexual structures compared
to wild type (a). Plates were incubated at 30°C for 2 days. All micrographs are the same

magnification. Scale bar= 5u
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Table 4.1. A. nidulans strains used in this paper.

strain genotype

A28 pabaA6; biA1

A773% pyrG89; wA3; pyroA4

A850° biA1; AargB::trpC AB; methG1; veA1trpC801

TNO2A5? | pabaB22;AnkuA::argB;riboB2

TNO2A7? | pyroA4;AnkuA::argB;riboB2

ASH5 AaspA::.pyrG89; biA1; AargB::troC AB;, methG1; veA1;trpC801

ASH26 AaspA::pyrG89; pyroA4;, methG1

ARL141 aspA-GFP; biA1; AargB::trpC AB; methG1; veA1trpC801

ARL159 | aspC-GFP; pabaA6; biA1

ARL161 | AaspC:.pyrG89; biA1; AargB::troC AB; methG1; veA1;trpC801

ARL162 | AaspAAaspC::pyrG89; pyroA4,biA1; AargB::troC AB; veA1trpC801

ARL182 | AaspA::pyrG89; aspC-GFP; methG1;pabaA6

ARL183 | AaspA::pyrG89; aspB-RFP; aspC-GFP; pabaA6

ARL184 | AaspA::pyrG89; aspB-RFP; aspC-GFP; pabaA6

ARL185 | AaspA::pyrG89; aspB-RFP; aspC-GFP

ARL198 | AaspC::pyrG89; AspA-GFP; pyrG89; pyroA4

ARL201 | AaspC:.pyrG89; AspA-GFP; pyrG89; pyroA4

“ Available from Fungal Genetics Stock Center, Department of Microbiology, University

of Kansas Medical Center (Kansas City, KS).
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Table 4.2. Deletion mutants show early germination, increased germ tube and branch

emergence and abnormal septation as compared to wild type. All numbers as a percent.

A PHENOTYPE A850 Control A aspA A aspC A aspA A aspC

0 1 2 0 1 2 0 1 2 0 1 2

Early germination — 5hr 30°C* | 100 0 0 42 40 18 48 44 8 45 35 20

Multiple germ tubes - 30°C* - 92 8 -- 41 59 - 38 62 - 1 99

Branch emergenceab 78 16 6 42 26 32 44 17 39 18 23 59

Nuclear number and septation

(16 nuclei)™ 0 | 100 | - | 8 | 12 | -~ | 97 | 3 — 10| 0 | -

Septation - 15hr 30°C ™ 0 100 -- 5 95 -- 72 28 -- 62\ 38 --

* At least 200 individuals counted
®Cells grown different times but equivalent development

¢ At least 30 individuals counted
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Figure 4.3. AspA localizes to conidia (a), hyphae (b), septa (c), and branches (d). The
upper row and lower row show DIC and fluorescent images of the same field

respectively. All micrographs are the same magnification. Scale bar = 5p.

96



97



Figure 4.4. AspA localizes as a single spot in conidium (a), punctuate in hyphae (a-c), at
septa (a), as filaments in tips and branches (b, ¢). All micrographs are the same

magnification. Scale bar = 5p.
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Figure 4.5. AspA localizes to metulae/conidiospore layer and spores. The left and right

column show DIC and fluorescent images of the same field respectively. Scale bar = 5p.
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Figure 4.6. AspC localizes to conidia (a,b), hyphae (b-f ) and presumptive septation site
(f). Localization as filaments throughout hyphae except at times these filaments fade in
whole compartments (e). The upper row and lower row show DIC and fluorescent

images of the same field respectively. Scale bar = 5p.
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Figure 4.7. AspC localizes as long bar extended in branch initials and as loop in
emerging branches. The left and right column show DIC and fluorescent images of the

same field respectively. All micrographs are the same magnification. Scale bar = 5.
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Figure 4.8. AspC localizes to conidiophores. The left column shows DIC and middle
and right columns show fluorescent images at different planes of focus of the same field

respectively. All micrographs are the same magnification. Scale bar = 5p.
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Figure 4.9. AspC-GFP does not show localization in daspA. The upper row (a-c) and
lower row show DIC and fluorescent images of the same field respectively. All
micrographs (a-c) are the same magnification. The left (d) and right column show DIC

and fluorescent images of the same field respectively. Scale bar = 5p.
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Figure 4.10. AspA-GFP forms discrete structures in 4aspC vegetative growth and in
conidiophores. The upper row (a-c) and lower row show DIC and fluorescent images of
the same field respectively. All micrographs (a-c) are the same magnification. The left
(d) and right column show DIC and fluorescent images of the same field respectively.

Scale bar = 5.
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CHAPTER 5
CONCLUSION

The conservation of septins in microsporidia, fungi, and animals, suggests they
are evolutionarily significant. Mammalian septin defects are linked to infertility,
leukemia, neurodegenerative disease and ovarian and breast cancer (Burrows et al., 2003;
Montagna et al., 2003; Xue et al., 2004; Ihara et al., 2005; Kissel et al., 2005; Russell
and Hall, 2005). Characterization of the 13 septin genes in humans is difficult, there are
multiple splice variants and localization is dynamic and frequently dependent on cell type
and cell cycle stage (Mcllhatton et al., 2001; Hall and Russell, 2004). A. nidulans has
well documented and easy to discern growth stages, straight forward genetics and well-
characterized cell biology making it an ideal organism in which to study septins. Septin
localization patterns in 4. nidulans include both those seen in other fungi and those seen
in mammalian cells (Lindsey and Momany, 2006).

Data presented in this dissertation show how septins affect morphology in fungi.
Introduction of the septin AspC from the filamentous fungus A. nidulans causes the
normally unicellular S. cerevisiae to make elongated cells and spore producing structures
similar to those in hyphal fungi. In A. nidulans AspA and AspC deletion mutants show
changes in morphology including early budding, increased germ tube and branch
emergence and abnormal septation. These phenotypes of increased growth suggest that
AspA and AspC either determine the sites for this new growth or function as or influence

proteins that are negative regulators of germination, germ tube and/or branch emergence.
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The deletion mutant phenotype of unorganized conidiophore layers suggests a function in
determining the structure and development of conidiophores. AspA and AspC have
unique localizations. Especially interesting is the localization of these septins as “animal
like” micro-filaments (Figure 5.1.). This novel result of mammalian type localization and
different localization patterns in A. nidulans is very exciting and suggests much can be

learned about septin biology.

AspA-GFP O @ AspC-GFP
C >

Figure 5.1. A. nidulans AspA and AspC septin localization in vegetative and asexual growth.
Localizations labeled in green have been previously reported in fungi. Localizations in red are novel
to fungi and are “animal like” localizations (Lindsey and Momany, 2006).

Septin scaffolds in polarity

Septins and the proteins they recruit are important in cell morphology and
function. The addition of a single septin gene caused yeast to go from a budding shape to
filamentous. AspA and AspC deletion mutants in 4. nidulans showed changes in cell

morphology. The deletion phenotypes and GFP fusion localizations suggest AspA and
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AspC may have a role in polarity establishment. In A. nidulans polarity genes form two
groups (Momany et al., 1999; Momany, 2002): those that establish a location for germ
tube emergence and those that maintain polar growth. Defects in germination and germ
tube or branch emergence could be due to failure or improper recruitment of cortical
markers, cell cycle regulators or proteins that interact with the actin cytoskeleton.
Septin scaffolds in cytokinesis

When AspC was introduced into S. cerevisiae it localized to the site of cell
division, bud and filament necks while Cdc12 only localized to bud necks. Overall our
studies suggest AspC competes with Cdc12 for incorporation into the septin scaffold.
The deletion mutant phenotypes and GFP fusion localizations suggests AspA and AspC
may have a role in where septation occurs and recruitment of components to build the
septum. AspA and AspC deletion mutants show abnormal placement of septa and
decreased chitin staining with a calcofluor label. These defects could be due to failure to
recruit proteins involved in cell wall formation like chitin synthase. In S. cerevisiae
septins have a role in directing Chs3p and Chs4p to the septum of the mature bud where
they synthesize chitin to form the primary septum (DeMarini et al., 1997). AspA and
AspC may have roles in the recruitment and deposition of the cell wall machinery needed
to synthesize the septum.

The deletion phenotypes and GFP fusion localization suggests AspA and AspC
may have a role in asexual reproduction. AspA and AspC deletion mutants show defects
in conidiophore formation. Improperly formed conidiophores suggest septin roles in
polarity establishment, shaping emerging growth and in developmental growth. Defects

in polarity establishment were covered above. Defects in shaping emerging growth could

121



be due to failure to recruit proteins that couple growth and nuclear division. One such
protein NimX, is thought to function in morphogenesis and regulation of the cell cycle
(Ye et al.,, 1999). Interestingly the conidiophore phenotype we saw in our septin deletion
mutants and those seen in nimX°“*** mutants are almost identical (Ye et al., 1999).
Developmental regulatory genes, stud and medA, are necessary to form conidiophore
layers (reviewed in Adams et al., 1998). Abnormal conidiophores are found in stuA4 and
medA mutant alleles (Clutterbuck, 1969; Busby et al., 1996; Adams et al., 1998). Defects
in asexual development could be due to failure or improper recruitment of proteins
involved in asexual development like StuA and MedA or in proteins that link cell cycle
regulation with morphogenesis like NimX.

The A. nidulans aspC septin also induced abnormal morphology during sexual
reproduction in S. cerevisiae. When the yeast CDC12/cdc12A with GFP-AspC was
induced to sporulate, asci were enlarged and formed structures similar to those in hyphal
fungi. We did not see any sexual reproduction defects in our aspA and aspC deletion
mutants. The defects seen in yeast studies could be due improper formation of a septin
scaffold involved in ascospore formation or the proper proteins were not recruited to the
correct location. Further studies may find localization of AspC to sexual reproductive
structures.

Conclusion

We have shown that AspC competes with Cdc12 for incorporation into the yeast

septin scaffold and once there it may alter cell morphology by altering interactions with

Bnil. Our results further suggest that morphological transitions in evolution, like those
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from hyphae to yeast could have been accomplished through changes in key scaffold
proteins.

We have shown that aspA and aspC deletion mutant phenotypes include early
germination, abnormal septation, increased germ tubes and branch emergence and
reduced and fused layers in conidiophores. AspA and AspC show dynamic localization
to conidia, hyphae, septa, branches and conidiophores. Localization as micro-filaments is
also seen and could possibly be related to actin. AspA and AspC may depend on each
other to form or stabilize complexes since the removal of one septin affects the
localization of the other. In the model below, we hypothesize that AspA localizes first in
most cases quickly recruiting AspC and then actin. We also hypothesize that septins and
actin are required for septin stabilization and for complete wild-type function (Figure

5.2.).

Figure 5.2. Postulated order of septin (AspA and AspC) and actin localization during the
vegetative lifecycle of A. nidulans. Stages of the lifecycle go across the figure while timing of
localization is drawn below each stage of the lifecycle. AspA is thought to localize first in most
cases quickly recruiting AspC and then actin. The septins need each other and actin for
stabilization and for complete wild-type function.

Future Septin Studies in A. nidulans
Results to date from the characterization of septins AspA, AspB and AspC in 4.

nidulans are especially exciting due to the differences in localization we have seen
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among the three. Due to the dynamic nature of septin localization confocal microscopy
of GFP or RFP septin fusions throughout the lifecycle would be especially informative.
We have the tools to make a strain carrying both an AspA-GFP and AspC-RFP fusion. A
movie with a double labeled strain would add insight as to how septins AspA and AspC
interact with each other.

The filamentous localization of AspA and AspC suggest that they may interact
with the actin cytoskeleton. Studies localizing septin GFP fusions when actin is
depolymerized and localizing actin GFP fusions in septin deletion mutants may shed light
on cytoskeletal interactions. Localization of an actin GFP fusion with a septin RFP
fusion would also give valuable interaction information. Similar co-localization studies
conducted with septins and SepA, the only 4. nidulans formin, which nucleates actin
would be interesting.

Further studies where multiple septin deletion strains are generated would be
informative. For instance a double aspA and aspC deletion mutant was able to complete
sexual crosses with wild type. The aspD deletion mutant is able to cross with wild type.
But when a cross to construct a triple deletion strain lacking aspA4, aspC and aspD was
attempted, no sexual structures formed. Would the same triple deletion mutant lack
asexual structures? It is probable that if enough septins are deleted then 4. nidulans is no
longer viable. Which septins and how many of them would it take? Or what are the
minimal septins required for asexual reproduction, sexual reproduction or viability in 4.

nidulans?
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