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Abstract
Remodeling of the plasma membrane and extracellular matrix (ECM) at discrete cellular locations plays
important roles in various cellular processes including angiogenesis and cytokinesis. In the budding yeast
Saccharomyces cerevisiae , membrane trafficking delivers enzymes essential for the synthesis of the cell-wall
(yeast ECM) component chitin to the bud neck at different phases of the cell cycle. During early stages of
budding, a Chs3-synthesized chitin ring is deposited at the base of the new bud that is required for bud-neck
integrity and normal cell shape. During cytokinesis, actomyosin ring contraction is linked to the formation of
a Chs2-synthesized chitinous disk to divide the mother and daughter cells called the primary septum.
Chs3-synthesized chitin also plays an auxiliary rote to Chs2 during cytokinesis. Here, I show that the F-BAR
protein Hof1 is involved in the endocytic removal of Chs3 from the bud neck alter chitin ring deposition and
possibly later after cytokinesis. I also discuss work to show that Hof1 is involved in the localization and
function of Inn1, a C2-domain containing protein essential for synthesis of the primary septum during
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ABSTRACT 

ROLE OF THE F-BAR PROTEIN HOF1 IN THE REGULATION OF CHITIN 

SYNTHESIS AND CYTOKINESIS IN YEAST 

Jennifer Hansen Schreiter 

Dr. Erfei Bi 

Remodeling of the plasma membrane and extracellular matrix (ECM) at discrete cellular 

locations plays important roles in various cellular processes including angiogenesis and 

cytokinesis. In the budding yeast Saccharomyces cerevisiae, membrane trafficking delivers 

enzymes essential for the synthesis of the cell-wall (yeast ECM) component chitin to the bud neck 

at different phases of the cell cycle. During early stages of budding, a Chs3-synthesized chitin 

ring is deposited at the base of the new bud that is required for bud-neck integrity and normal cell 

shape. During cytokinesis, actomyosin ring contraction is linked to the formation of a Chs2-

synthesized chitinous disk to divide the mother and daughter cells called the primary septum. 

Chs3-synthesized chitin also plays an auxiliary role to Chs2 during cytokinesis. Here, I show that 

the F-BAR protein Hof1 is involved in the endocytic removal of Chs3 from the bud neck after 

chitin ring deposition and possibly later after cytokinesis. I also discuss work to show that Hof1 is 

involved in the localization and function of Inn1, a C2-domain containing protein essential for 

synthesis of the primary septum during cytokinesis. 
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CHAPTER I 

INTRODUCTION 

EXTRACELLULAR MAXTRIX REMODELING 

The extracellular matrix (ECM) is structure that surrounds cells and provides structural 

support, protection from the environment, and helps in relaying extracellular signals to the cell. It 

is composed of a mixture of proteins and polysaccharides. While it is most common to think of 

the ECM as helping to construct mammalian tissues, other cell types also contain an ECM 

including plant, bacterial, and fungal cells. In these cells it is called a cell wall. The bacterial cell 

wall field is mature, but its uniqueness makes comparisons to eukaryotic cell walls difficult. Even 

among animal, plant, and fungal eukaryotic cells, the composition of proteins and 

polysaccharides is very different. However, a common theme is that remodeling of the ECM is 

important for cell biology. Though the specific cargo differs among different cell types, all 

eukaryotic ECMs are shaped by a common underlying cytoskeleton that positions a highly 

conserved secretory machinery to deliver proteins and enzymes which synthesize the ECM 

(Lesage and Bussey, 2006). 

One example of localized ECM remodeling occurs during angiogenesis, the process by 

which new blood vessels form from the existing vascular bed. Matrix metalloproteinases (MMPs) 

are a family of proteins that selectively degrade components of the ECM to make space for the 

migrating endothelial cells which eventually form new blood vessels and ECM (Stetler-Stevenson, 

1999). MMPs are regulated on several levels including spatial localization. Of particular interest 

are MMP-2 and a membrane-type MMP, MT1-MMP (Nguyen et al., 2001). When cells migrate in 

tissue, degradation of the ECM barrier is essential, but only in the direction of migration, because 

the ECM is also important scaffolding. Therefore, cells localize MT1-MMP to lamellipodia, the 

migration front of the cells (Sato et al.,1997; Itoh et al.,2001; Mori et al.,2002), where it can locally 
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restrict proteolysis by associating with the plasma membrane and catalytically activating a 

precursor of MMP-2 transported there (Haas et al., 1999). 

Localized remodeling of the ECM is also important during cytokinesis, or the cytoplasmic 

separation of a single cell into two. During this process, an actomyosin ring assembles and 

contracts and new membrane is inserted at the site of cleavage. Instead of global deposition, 

new membrane is delivered specifically to the cleavage furrow in sea urchin embryos and 

Xenopus eggs (Shuster and Burgess, 2002; Danilchik et al., 2003). Not only do docking vesicles 

deliver new membrane for the dividing cell, but endocytic recycling is essential for remodeling the 

plasma membrane composition and in abscission (Echard, 2008; Montagnac, et al., 2008). In 

budding yeast, membrane trafficking also plays a critical role in cytokinesis, especially in 

delivering membrane material and enzymes involved in synthesizing and remodeling the cell wall 

including those involved in forming the septum (Barr and Gruneberg, 2007). In particular, a large 

evolutionary conserved protein complex called the exocyst is required for the fusion of Golgi-

derived vesicles to the plasma membrane (Munson and Novick, 2006). Localized Rho activation 

is also involved in the delivery of vesicles to the bud neck to enable septum formation and 

cytokinesis (Pruyne and Bretscher, 2000). So while the cargo is different in budding yeast and 

animal cells, the exocyst and other conserved membrane trafficking machinery are important for 

cytokinesis in both. 

In budding yeast, some of the specific cargos delivered by exocytosis to the division site 

are enzymes involved in forming a component of the cell wall called chitin. The yeast cell wall is 

composed of three types of structural polysaccharides: glucans (polymers of glucose), mannans 

(mannose-rich glycosylated proteins), and chitin (A/-acetylglucosamine, or GlcNAc, polymers) 

(Figure 1.1 A) (Bulawa, 1993). Glucans comprise 80-90% of the cell wall and consist of glucose 

residues linked to other glucose molecules through (3-1,3 and (3-1,6 linkages. Mannins are 10-

20% of the cell wall and connect to glucans through either a processed 

glycosylphosphatidylinositol (GPI) anchor or an alkali-labile bond. Chitin is a minor component of 
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Figure 1.1 Schematic representation of cell wall components and their linkages (Lesage and 

Bussey, 2006) 

the cell wall (1-2%) but links to glucans through (3-1,4 bonds and is essential for cell wall strength 

(Lesage and Bussey, 2006) 

Chitin: function and synthesis 

Chitin is synthesized only during certain portions of the cell cycle and is asymmetrically 

distributed in the cell wall (Cabib et al., 1982). Most of the cellular chitin (90%) is found in a chitin 

ring formed at the incipient bud site in late G1. It is thought that this chitin ring cooperates with 

the septin ring that also forms at bud emergence to maintain the integrity of the neck region by 

controlling growth at the mother-bud neck to maintain a constant neck diameter (Schmidt et al., 

2003). A second function of chitin is thought to be a contribution towards the mechanical strength 

of the cell wall (Hartland et al., 2004). Lastly, about 10% of the cellular chitin is found in an 

essential structure for cytokinesis, the primary septum (Cabib and Schmidt, 2003). The primary 

septum is a disk that forms between the dividing cells as the actomyosin ring contracts. A 

secondary septum composed mainly of glucan and mannan sandwiches and reinforces this 
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structure and essentially forms the new cell wall for the mother and daughter cells at the division 

site (Shaw et al., 1991; Cabib et al., 1996). The primary septum is then partially hydrolyzed by a 

chitinase (Kuranda et al., 1991) and the two cells separate. There are scars left on both cells to 

mark where division occurred: a bud scar on the mother cells that contains the chitin ring and 

primary septum, and a birth scar on the daughter cell that does not contain any appreciable level 

of chitin (Beran et al., 1972; Roncero et al., 1988). 

There are three chitin synthases that have the same polymerizing activity! but they 

produce chitin at different times and at different locations during the cell cycle (Figure 1.1 B). All 

are integral membrane proteins with six or seven putative transmembrane domains (Lesage and 

Bussey, 2006). Chitin synthase III (Chs3) can generate a small amount of chitin in the lateral cell 

wall as a reinforcing polymer in certain mutant yeast strains where the cell wall is stressed 

(Popolo, et al., 1997; Ram et al., 1998). However, as mentioned above, most of the chitin in the 

cell wall (90%) is found in a Chs3-generated chitin ring formed at the incipient bud site in late Gi. 

The rest (about 10%) is found in a chitinous disk called the primary septum formed following 

cytokinesis next to the existing chitin ring by chitin synthase II (Chs2). Individual deletions of 

chs2A or chs3A are not lethal but the double deletion is synthetic lethal with no septa formed. 

Normally in chs2A cells, CSIII is capable of producing remedial septa to allow cells to complete 

cytokinesis (Cabib and Schmidt, 2003). A third enzyme, Chs1, also produces a small amount of 

chitin in the cell wall, mostly to counteract excessive chitinase activity at acidic pHs (Cabib et al., 

1989). While Chs1 and Chs2 are regulated at least in part at a transcriptional level (Choi et al., 

1994), Chs3 is stable and levels of the protein remain virtually unaltered during the yeast life 

cycle. Instead, the localization of Chs3 is regulated post-transcriptionally (Chuang and 

Schekman, 1996) by targeted secretion and endocytic recycling. 
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Chitin ring formation: Chs3 regulation 

There are several proteins required for chitin synthase III (CSIII) activity with Chs3 being 

the catalytic subunit (Shaw, et al., 1991). Several other Chs proteins are involved in the 

intracellular sorting of Chs3 to the plasma membrane where it can generate chitin (Figure 1.2). 

Chs7 is important for the ER to Golgi movement of Chs3 via COPII vesicles (Trilla et al., 1997; 

Kota and Ljungdahl, 2005). In the Golgi, Chs5 and Chs6 are required for the exit of Chs3 into 

specialized vesicles/storage compartments in the trans-Golgi network (TGN) called chitosomes, 

from where it can be delivered to the plasma membrane in a polarized manner (Ziman et al., 

1996; Valdivia and Schekman, 2003). Chs6 is a member of the ChAP family of proteins, which 

mediate cargo into TGN-derived vesicles and Chs5 is a unique protein that plays a more general 

role in TGN vesicle formation (Trautwein et al., 2006). Both are part of the exomer, a vesicular 

coat complex that is required for the capture of select membrane proteins destined for the cell 

surface (Wang et al., 2006). Chs3 is delivered to the bud neck at two points in the cell cycle, late 

in Gi and during telophase/cytokinesis (Chuang and Scheckman, 1996; Santos and Snyder, 

G i G2/M telophase cytokinesis 

Figure 1.2 Chs3 movement in budding yeast (modified from Lesage and Bussey, 2006) 
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1997), and then endocytosed from the plasma membrane (Holthuis et al., 1998) to populate the 

chitosome from where it is available to be delivered again to the bud neck (Ziman et al, 1996; 

Valdivia and Schekman, 2003). 

After delivery of Chs3 to the bud neck, at least three other proteins are involved in CSIII 

activity. Chs4 is the activator and binds directly to Chs3 (DeMarini et al., 1997). Chs4 is 

delivered to the bud neck independently of Chs3, and its association with membranes depends 

on prenylation (Grabinska et al., 2007) and also its interaction with other proteins including Chs3 

(DeMarini et al., 1997). While Chs3 can be delivered to the bud neck in chs4A cells, it fails to 

accumulate there and is instead rapidly endocytosed to the chitosome (Reyes et al., 2007). 

Through Chs4, Chs3 also interacts with the septin-binding protein Bni4 (DeMarini et al, 1997). 

The septins are a family of filament forming proteins that act as a scaffold at the bud neck and will 

be discussed later. Bni4 was thought to only be a linker between Chs4 and the septins, but 

recently the essential role of Bni4 was discovered to be the targeting of the yeast phosphatase 

(PP1) catalytic subunit Glc7 to the bud neck and its activation towards substrates necessary to 

recruit active CSIII (Larson et al., 2008). 

The temporal regulation of Chs3, Chs4, and Bni4 localization to the bud neck are 

different. All three localize as a ring at the incipient bud site to synthesize the chitin ring and 

remain spatially restricted to the mother side of the bud neck as the bud grows (Shaw et al., 

1991; DeMarini etal., 1997; Chuang and Scheckman, 1996). While Bni4 remains, Chs3and 

Chs4 disappear from the bud neck around G2/M when the bud is medium-sized. Bni4 levels drop 

just before cytokinesis but Chs3 and Chs4 re-localize to the bud neck in a Bni4-independent 

manner during telophase/cytokinesis (Chuang and Scheckman, 1996; DeMarini etal., 1997; 

Santos and Synder, 1997; Kozubowski et al., 2003). During late Gi, Chs3 cycles between the 

plasma membrane at the bud neck and the chitosome through endocytosis and exocytosis 

(Holthuis et al., 1998; Ziman et al, 1996; Valdivia and Schekman, 2003). This recycling continues 

until G2/M when Chs3 disappears from the bud neck. This same pattern of delivery and 

endocytosis occurs later in the cell cycle during telophase and ends during cytokinesis. Though 
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Chs4 shares a similar neck localization pattern with Chs3, it is not present in cytoplasmic punctae 

with Chs3 (Reyes et a)., 2007) to indicate that both have different routes of intracellular trafficking 

to the cell surface. While many of the proteins involved in delivering Chs3 to the bud neck have 

been identified, the mechanism responsible for the endocytic removal of Chs3 and presumably 

Chs4 from the bud neck during both G2/M and cytokinesis is completely unknown. 

In Chapter II of this thesis, I will describe recent work to show that the F-BAR protein 

Hof1 can directly bind to Chs4 and is involved in the removal of Chs3 from the bud neck. Hof1 

has been shown to be involved in cytokinesis (Vallen et al., 2000) and is a member of the 

evolutionarily conserved PCH family of proteins (Chitu and Stanley, 2007). This family of proteins 

contains the recently described F-BAR domain which is related structurally and functionally to the 

BAR domain, an important linker between membranes and the cytoskeleton (Itoh et al., 2005; 

Tsujita et al., 2006; Henne et al., 2007; Shimada et al., 2007). F-BAR domain-containing proteins 

in mammalian cells have been found to be involved in endocytosis (Itoh et al., 2005; Tsujita et al., 

2006; Kamioka et al., 2004; Kessels and Qualmann, 2002; Anggono et al., 2006; Modregger et 

al., 2000; Schilling et al., 2006; Perez-Otano et al., 2006). I propose that Hof1 is involved in the 

endocytic removal of CSIII from the bud neck at G2/M and after cytokinesis. 

Primary septum formation: Chs2 regulation 

The primary septum is a chitin-rich disk centripetally formed as the actinomyosin ring is 

contracting (Figure 1.3) (Bi et al., 1998; Lippincott and Li, 1998). The secondary septum then 

forms to sandwich the primary septum and essentially forms the new cell wall for the mother and 

daughter cells at the division site after cell separation (Shaw et al., 1991; Cabib et al., 1996). 

Chitin synthase II (CSII), whose catalytic subunit is Chs2, is primarily responsible for primary 

septum formation. The regulation of Chs2 is somewhat different from Chs3 in that the levels of 

Chs2 protein peak at the end of mitosis instead of remaining at steady state levels. Chs2 can be 

found throughout the secretory system in cells that are unbudded or have a small bud, but 

localize to the bud neck only during telophase in a septin-dependent manner (Chuang and 
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Figure 1.3 View of the primary and secondary septum. (EM by R. Nishihama) 

Schekman, 1996; DeMarini et al., 1997). Chs2 is then internalized by endocytosis and targeted 

to the vacuole for degradation (Chuang and Schekman, 1996). Activity of Chs2 can be detected 

in vitro after proteolytic treatment (Sburlati and Cabib, 1986) although whether the protein is 

synthesized as a precursor and whether or how it is converted into an active form inside a cell is 

not known. 

Depletion of CSII alone is not lethal as CSIII (whose primary function is chitin ring 

synthesis in G1) presumably can provide an auxiliary septum in its absence (Schmidt et al., 

2002), but depletion of both is lethal with cells arresting in chains (Shaw et al., 1991). Therefore, 

as opposed to the actomyosin ring which is dispensable in budding yeast for cytokinesis, septum 

formation is essential. In Chapter III, I will describe one potential pathway for how Chs2 

activation and primary septum formation might be linked to actomyosin ring contraction during 

cytokinesis, but first I will discuss cytokinesis in budding yeast. 

Cytokinesis 

The budding yeast Saccharomyces cerevisiae is an ideal model system for studying 

cytokinesis as it is a well-characterized and genetically tractable organism. Yeast contain many 
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evolutionary conserved proteins involved in cytokinesis, including the septins, type II myosin 

(Myolp), actin, formins, IQGAP, PCH proteins, and other components of the actomyosin 

contractile ring and targeted membrane trafficking (Bi, 2001). Another advantage in using 

budding yeast is that, as opposed to animal cells and fission yeast, the actomyosin ring is not 

essential for cell survival (Watts et al., 1987; Rodriguez and Paterson, 1990; Bi et alC, 1998). 

Cells lacking the actomyosin ring can still divide, but do so less efficiently, leading to the 

formation of cell clusters. In contrast, the formation of the septum, which requires targeted 

exocytosis, is essential for cell survival and cytokinesis (Shaw et al., 1991). The septum is a 

chitin-rich cell wall structure that allows cells to maintain their osmotic pressure throughout the 

division process. The formation of the septum must coordinate with the contraction of the 

actomyosin ring (Bi et al., 1998; Lippincott and Li, 1998). Although the underlying mechanism for 

this coordination remains unclear, our hypothesis is that the actomyosin ring guides septum 

formation such that the latter process occurs at the right time and the right place with the highest 

efficiency. 

Actomyosin ring 

The formation of the actomyosin ring requires many evolutionarily conserved proteins 

including septins, type II myosin, F-actin, IQGAP, and the formins (Figure 1.4). At the beginning 

of the cell cycle, late G1, the septins localize to the bud neck followed closely by the type II 

myosin (Myo1), its regulatory light chain (Mlc2), and the formin Bnrl In S phase, the type II 

myosin essential light chain (Mid) localizes, followed by Iqg1 in G2/M, then the formin Bni1, and 

finally in late anaphase, the actin ring. Therefore, a functional actomyosin ring does not form until 

late anaphase, although some of the components arrive at the bud neck earlier 

(Balasubramanian et al., 2004). 

The septins are an emerging family of cytoskeletal proteins that bind GTP, form 

filaments, and play important roles in a variety of cellular processes, with their function during 

cytokinesis being the best understood (Joo et al., 2005; Longtine et al., 1996; Pan et al., 2007). 
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Figure 1.4 Localization of cytokinesis proteins during the cell cycle. 

There are five septins expressed vegetatively in budding yeast: Cdc3, Cdc10, Cdc11, 

Cdc12, and Shs1/Sep7, and two septins that are only expressed during sporulation: Spr3 and 

Spr28. All five septins localize to the bud neck in vegetatively growing cells, and their localization 

is mostly interdependent. A defect in septin organization is lethal to the cells and leads to a 

cytokinesis block. Many of the other proteins involved in forming the actomyosin ring depend on 

the septins for their localization to suggest that the septins might function as a scaffold at the bud 

neck (Longtine and Bi, 2003; Gladfelter et al., 2001). However, it is not known how the septins 

themselves are anchored to the bud neck. 

A Myo1 ring forms at the incipient bud site but does not contract until F-actin is recruited 

to form a functional actomyosin ring in late anaphase (Bi et al., 1998). Like all known type II 

myosins, Myo1 is regulated by an essential light chain and a regulatory light chain. The 

regulatory light chain, Mlc2, is not required for actin ring formation but appears to play a role in 
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the eventual Myo1 ring disassembly (Luo et al., 2004). In contrast to Myo1, which is not essential 

for cell viability (Bi et al., 1998), the type II myosin essential light chain, Mid, is required for 

cytokinesis and cell viability. This suggests that Mid is involved in the second pathway to 

cytokinesis in budding yeast, the formation of the septum. 

Mid is also the light chain for Iqg1 and its function with this protein appears to be its 

major role in cytokinesis (Luo et al., 2004). Iqg1 is a member of a family of proteins with multiple 

domains, including an N-terminal calponin-homology domain (CHD) that binds to F-actin in. vitro 

(Shannon and Li, 1999). It is required for the formation of the actomyosin ring and appears to be 

a component of it, although it does not depend on Myo1 for localization (Shannon and Li, 1999; 

Epp and Chant, 1997; Lippincott and Li, 1998). Like Mid, Iqg1 is essential for cytokinesis and 

cell viability and therefore is also likely involved in the formation of the septum. 

The last proteins involved in actin ring formation are the formins, Bnr1 and Bnil Bnr1 

localizes to the bud neck throughout the cell cycle while Bni1 localizes to the presumptive bud 

site, the bud tip, and the neck of large-budded cells (Evangelista et al., 1997; Fujiwara et al., 

1998; Kamei et al., 1998; Kikyo et al., 1999). Each protein has a different mode of cortical 

interaction during actin cable assembly, with Bni1 being dynamic in moving between polarized 

sites and the cytoplasm while Bnr1 is confined to the bud neck (Buttery et al., 2007). Deletion of 

one gene alone is not lethal, but deleting both causes cell lethality (Kamei et al., 1998; Vallen et 

al., 2000). These two proteins are required for actin ring formation, likely because they can 

nucleate actin filaments (Vallen et al., 2000; Pruyne et al., 2002; Sagot et al., 2002). 

Coordination of actomyosin ring function and septum formation 

In budding yeast, an unknown mechanism ensures that actomyosin ring contraction is 

followed by the formation of the septum (Bi et al., 1998; Lippincott and Li, 1998). Both processes 

are important for efficient cytokinesis, with the actomyosin ring possibly providing directionality for 

normal septum formation (Vallen, et al., 2000) and septum formation being essential for 

actomyosin ring contraction. There must be a temporal and spatial coordination mechanism 
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between the actomyosin ring and septum to carry out cytokinesis. This likely involves proteins 

that are physical components of each pathway or regulatory proteins that link the two pathways 

together. 

As mentioned above, the septins, Mlc.1, Iqg1, and the formins are likely involved in the 

coordination of these two pathways, although their role in septum formation is unclear. Two other 

proteins that might be involved are Hofl arid Cyk3. Hofl is an F-BAR domain protein whose 

deletion causes a temperature-sensitive growth defect with cells arresting in chains. At the 

permissive temperature, the actomyosin ring can form and contract, while at the non-permissive 

temperature, the ring can form but fails to contract normally (Vallen et al., 2000). Hofl localizes 

to the bud neck starting in G2/M but during anaphase/telophase it appears to 'ride-along' with the 

actomyosin ring contraction. However, at the end of contraction when the ring disappears, Hofl 

lingers as two fuzzy bands on either side of the bud neck during septum formation (Vallen et al., 

2000). Cyk3, a SH3 domain protein, shares this same anaphase/telophase localization pattern 

with Hofl and deletion of the two is synthetic lethal (Korinek et al., 2000). In addition, over-

expression of either gene restored the viability of iqgIA without restoring the actomyosin ring, 

suggesting that they both are involved in septum formation (Korinek et al., 2000). 

In Chapter III, I will describe recent work to show that Hofl and Cyk3 are involved in 

coupling actomyosin ring contraction with septum formation. Both interact with a newly identified 

C2-domain containing protein Inn1, which is necessary for the activation, but not localization, of 

the CSII catalytic subunit Chs2 to form the primary septum. 

HOF1- an F-BAR protein 

Hofl is a member of an evolutionary conserved family of proteins called PCH (p_ombe 

Cdc15 homology) proteins. The founding member of this family is the Schizosaccharomyces 

pombe Cdc15 protein. Mutations in this protein can cause a cytokinesis failure in fission yeast 

(Balasubramaniah et al., 1998; Fankhauser et al., 1995). Homologs of Cdc15 have been found in 

many other organisms including mammals (review in Lippincott and Li, 2000). These proteins 
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have low sequence similarity but share similar domains including PCH (FCH), CC, and SH3 

domains (Heath and Insall, 2008; Chitu and Stanley, 2007). They are divided into 6 subfamilies 

based on domain organization. Some of the subfamilies have proteins that can also contain 

kinase and small GTPase binding (HR1) domains (Chitu and Stanley, 2007). 

Initially, PCH proteins were thought to regulate cellular functions through F-actin 

assembly (Lippincott and Li, 2000). However, recently they have been found to function more 

broadly in linking membranes and the cytoskeleton. In mammalian cells, they have been shown 

to bind lipids, deform membranes, and bundle F-actin (Itoh et al., 2005; Tsujita et al., 2006; Chitu 

et al., 2005) to lead to their involvement in exocytosis (Kessels et al., 2006; Qian et al., 2005), 

endocytosis (Itoh et al., 2005; Tsujita et al., 2006; Kamioka et al., 2004; Kessels and Qualmann, 

2002; Anggono et al., 2006; Modregger et al., 2000; Schilling et al., 2006; Perez-Otano et al., 

2006), and endosomal recycling (Braun et al., 2005). 

F-BAR domain and endocytosis 

Recent work in mammalian cells showed that together the PCH and CC domains bear a 

striking structural and functional resemblance to the BAR domain and so are jointly called an F-

BAR domain (Itoh et al., 2005; Tsujita et al., 2006). Similar to BAR domains, F-BAR domains are 

composed of a-helical dimers (though of a different radius) and can sense and bind highly curved 

lipid membranes (Henne et al., 2007, Shimada et al., 2007). The F-BAR domains of several PCH 

proteins, including FBP17, CIP4, Toca-1, PSTPIP1 and PSTPIP2, can bind liposomes enriched 

with phosphatidyl-serine (PS) and phosphatidyl inositol(4,5)biphosphate (Ptdlns(4,5)P2) and 

induce tubule formation in vitro. In cells, overexpression of the F-BAR domain can induce the 

formation of tubular membrane invaginations (Itoh et al., 2005; Tsujita et al., 2006). 

Initial work in mammalian cells shows that some F-BAR proteins are involved in 

endocytosis. The FBP-17/CIP4 subfamily contributes to the formation of a protein complex, 

together with N-WASP and dynamin-2, in the early stages of endocytosis. FBP17 and CIP4 can 

dimerize, tubulate liposomes in vitro, deform the plasma membrane, and bind PS and PI(4,5)P2. 
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RNAi against FBP17 and CIP4 reduced uptake of Texas red-labeled EGF (Itoh et al., 2005; 

Tsujita et al., 2006). The model of action predicts that these F-BAR proteins will bind to budding 

vesicle membranes via their F-BAR domains and then connect to actin-binding proteins via their 

C-terminal SH3 domains (Figure 1.5a) (Chitu and Stanley, 2007). In a second model, F-BAR 

proteins without SH3 domains, such as PSTPIP2 and CIP4b, cannot directly interact with WASP 

or dynamin and are proposed to contribute to the generation of membrane protrusions such as 

filopodia (Figure 1.5b) (Chitu and Stanley, 2007). 
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Figure 1.5 Known processes involving PCH proteins, (from Chitu and Stanley, 2007). 
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Hofl function 

Budding yeast contain three F-BAR proteins: Hof1, Bzz1, and Rgd l Rgdlp (rho 

GTPase-activating protein) negatively regulates the GTPase activity of Rho3p and Rho4p, which 

are involved in bud growth and cytokinesis, respectively. It contains an F-BAR domain at its N-

terminal end and a RhoGAP domain at its C-terminal end. Different phosphoinositides regulate 

the recruitment and trafficking of Rgdlp to the Golgi and the plasma membrane via the F-BAR 

domain (Prouzet-Mauleon, et al., 2008). Bzz1 is a WASP/Las17-interacting protein that is found 

in actin patches and is involved in the early steps of endocytosis along with other actin nucleators 

(Soulardetal., 2005). 

The third F-BAR protein, Hof1 (homolog of fifteen), has been shown to be involved in 

cytokinesis (Vallen et al., 2000), though the mechanisms are not understood and will be explored 

in this thesis. Hof1 has three distinct domains, including the N-terminus F-BAR domain, a PEST 

sequence in the middle of the protein, and a C-terminal SH3 domain. The deletion of HOF1 

causes a temperature sensitive phenotype with cells normal in appearance and growth at 25°C 

(Vallen et al., 2000), though closer examination by EM reveals some cells with asymmetric 

primary septum formation and abnormal secondary septum formation (Figure 1.6). 

Figure 1.6 Primary septum formation in hofIA cells (EM by R. Nishihama) 
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At the non-permissive temperature of 37°C, the cells can no longer grow and arrest in chains with 

the actomyosin ring forming but not contracting normally. In addition, the primary septum cannot 

form, or cannot form efficiently (Figure 1.6) and chitin is found in increased amounts over the 

entire cell surface in addition to its bud neck concentration (Vallen et al, 2000; Kamei et al, 1998). 

Hof1 localizes to the bud neck in a septin-dependent manner (Vallen et al., 2000) and 

has a distinct localization pattern. It localizes to the mother side of the bud neck in G2/M. During 

anaphase, the ring splits into two rings on either side of the bud neck before forming a single ring 

again in the middle of the neck. In telophase, the single ring appears to contract with the 

actomyosin ring and then splits into two fuzzy rings on either side of the bud neck during septum 

formation (Vallen, et al., 2000). Hof1 undergoes MEN-dependent phosphorylation which may be 

in part responsible for its localization pattern (Vallen et al., 2000). It is also degraded at the end 

of each cell cycle by the SCFGrr1 E3 ligase, and this requires its PEST sequence (Blondel et al., 

2005). 

Hof1 has genetic and physical interactions with several proteins that hint at its possible 

functions. The SH3 domain of Hof1 can directly interact with the FH1 domain on the forhnin Bnr1 

(Kamei et al., 1998) and also has been reported to interact with the Wiskott-Aldrich syndrome 

protein (WASP)-interacting protein (WIP) ortholog Vrp1 (Naqvi et al., 2001; Ren et al., 2005). In 

addition, hof1& was also found to be synthetic lethal with cyk3& and bni1& (Korinek et al., 2000; 

Vallen et al., 2000). As mentioned above, Cyk3 is a SH3 domain protein that shares the 

telophase/cytokinesis localization pattern with Hof1 (Korinek et al., 2000), and together with Hofl 

is important for primary septum formation. Bni1 is the other formin in yeast; it localizes to the 

presumptive bud site, the bud tip, and the bud neck in large-budded cells (Evangelista et al., 

1997; Fujiwara et al., 1998), and is required for actin ring assembly during cytokinesis. hofIA 

was also synthetic lethal in combination with myolA but not with bnrlA (Vallen et al., 2000), 

consistent with the fact that Bnr1 disappears from the neck prior to actin ring contraction (Buttery 

et al., 2007). This suggests that Hof1/Bnr1 and Myo1/Bni1 are likely involved in parallel pathways 

in cytokinesis. 
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The synthetic lethal interactions, deletion phenotype, and localization pattern of Hof1 

suggest that it is involved in the coordination of actomyosin ring contraction and septum 

formation. In Chapter III, I will explore the mechanisms of the coordination. The unique mother-

side of the bud neck localization pattern of Hof1 during G2/M and the chitin mis-localization in 

hofIA cells at the non-permissive temperature suggest that Hof1 is involved in the regulation of 

chitin synthesis. In Chapter II, I will show that Hof1 interacts with a component of chitin synthase 

III, Chs4, and likely regulates chitin synthesis at G2/M and also late in the cell cycle during 

cytokinesis. 
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CHAPTER II 

REGULATION OF CHITIN SYNTHESIS BY THE F-BAR PROTEIN HOF1 

Modified from Schreiter, J. H., Nishihama, R., Bi, E. (2009) Regulation of chitin synthesis by the 

F-BAR protein Hof1 (in submission) 

Introduction 

Localized synthesis and remodeling of the extracellular matrix (ECM) plays an important 

role in cell biology. Budding yeast cells are surrounded by an ECM-like structure, the cell wall, 

which contains an essential though minor component called chitin. Ninety percent of the chitin in 

the cell wall is found in a chitin ring at the base of the bud that is made by the enzyme chitin 

synthase III (Chs3). CSIII localizes to the bud neck at two points in the cell cycle. It first localizes 

to the incipient bud site and starts to synthesize a ring of chitin on the mother side of the bud neck 

at the base of the growing bud (Shaw et al., 1991). It disappears from the bud neck around G2/M 

and then re-localizes during telophase (Chuang and Schekman, 1996; Kozubowski et al., 2003). 

There are several interacting proteins required for CSIII activity. Chs3 is the catalytic subunit, 

Chs4 is the activator, and Bni4 along with the yeast protein phosphatase (PP1) catalytic subunit 

Glc7 are required to recruit active CSIII to the bud neck (DeMarini et al., 1997; Grabinska et al., 

2007; Reyes et al., 2007; Larson et al., 2008). Chs3 and Chs4 are independently delivered in 

vesicles to the bud neck where Chs4 promotes the translocation of a stable and active form of 

Chs3 into the plasma membrane (Reyes et al., 2007). Chs3 is then endocytosed from the 

plasma membrane (Holthuis et al., 1998) to populate the chitosome, a pool of stable vesicles in 

the early endosomal compartment, from where it can then be delivered again to the bud neck 

(Ziman et al, 1996; Valdivia and Schekman, 2003). This endocytic recycling of Chs3 continues 

until about G2/M of the cell cycle when Chs3 and Chs4 both disappear from the bud neck. Later 

in the cell cycle during cytokinesis, both Chs3 and Chs4 re-appear at the bud neck (Chuang and 

Schekman, 1996; Kozubowski et al., 2003). The mechanism behind the endocytic removal of 
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Chs3 and presumably Chs4 from the bud neck during both G2/M and cytokinesis is completely 

unknown. 

At G2/M, when Chs3 and Chs4 disappear from the bud neck, another protein localizes to 

the mother side of the bud neck, the F-BAR domain containing protein, Hof1 (Vallen et al., 2000). 

The deletion of HOF1 causes a temperature sensitive growth defect with the cells appearing 

normal at 25°C but arresting in chains at 37°C. The actomyosin ring can form but cannot contract 

normally at the non-permissive temperature. Also, the septum cannot form and chitin is found in 

increased amounts over the entire cell surface in addition to its bud neck concentration (Vallen et 

al, 2000; Kamei et al, 1998). Like other proteins involved in cytokinesis, Hof1 can localize as a 

single band in the center of the bud neck and contract with the actomyosin ring but then lingers at 

either side of the neck in diffuse bands as the septum forms. As a result, we have proposed that 

Hof1 helps couple the two processes important for efficient cytokinesis in budding yeast, 

actomyosin ring contraction and septum formation (Vallen et al, 2000, unpublished results). 

However, Hof1 also localizes to the mother side of the bud neck during G2/M, long before 

other cytokinesis proteins such as Cyk3 and Inn1 localize to the bud neck (Vallen et al., 2000; 

Sanchez-Diaz et al., 2008). Only a few other proteins share this mother side of the neck 

localization pattern, including the formin Bnr1 (Kamei et al., 1998) and components of chitin 

synthase III. In fact, Hof1 localizes to the bud neck at about the time Chs3 and Chs4 disappear, 

and we raise the possibility that Hof1 plays a role in the endocytic removal of Chs3 and Chs4 

from the bud neck during G2/M. Hof1 also lingers at the bud neck during cytokinesis, after the 

actomyosin ring has contracted and while the septum is forming, and it is possible that it is 

involved in the removal of Chs3 and Chs4 from the bud neck at this point in the cell cycle as well. 

In this report, we show that Hof1 directly binds the activator of CSIII, Chs4. Surprisingly, 

the F-BAR domain of Hofl appears to be responsible for the interaction. Up to this point, F-BAR 

domains were only thought to bind to lipid membranes (Itoh et al., 2005; Tsujita et al., 2006). The 

Sell-like repeats (SLR) in Chs4 (Grant and Greenwald, 1996), whose family members possess 

different cellular functions but seem to be involved as adapter proteins in the assembly of 

19 



macromolecular complexes (Mittl and Schneider-Brachert, 2007), also appear to be involved in 

the interaction. We further suggest that Hof1 might be involved in the endocytic removal of CSIII 

from the bud neck in both G2/M and cytokinesis. 

Materials and Methods 

Yeast strains, growth conditions, and genetic procedures 

Yeast strains are listed in Appendix 1. Standard culture media and genetic techniques 

were used (Guthrie and Fink, 1991). Where noted, cells were grown in YM-P, a rich, buffered 

liquid medium (Lillie and Pringle, 1980). All yeast strains were grown at 25°C, unless otherwise 

indicated. To select for the loss of L/R>A3-containing plasmids, 1 mg/ml 5-fluoroorotic acid (5-

FOA) (Research Products International, Prospect, IL) was added to media. Oligonucleotide 

primers were purchased from Integrated DNA Technologies (Coralville, IA). 

Plasmids 

Plasmids are listed in Appendix 2 and/or described below. A genomic-DNA library in the 

low-copy vector YCp50-LEU2 was kindly supplied from F. Spencer and P. Hieter [see (Bi and 

Pringle, 1996)]. Plasmid YCp50LEU2-HOF1, carrying full-length HOF1, was isolated from this 

library by complementing the temperature-sensitive growth of a hoflA strain (YEF1951). 

Plasmids YCp50LEU2-HOF1-GFP, YCp50LEU2-HOF1-FBAR-GFP (1-340aa), and YCp50LEU2-

HOF1-Cterm-GFP (341-669aa) were constructed by PCR-amplification of superbright GFP (from 

pFA6a-GFP(S65T,F64L)-kanMX6) and transformation into YEF473A with YCp50LEU2-HOF1 

(Longtine et al., 1998). Plasmids YCp50LEU2-HOF1-FBAR (1-340aa) and YCp50LEU2-HOF1-

Cterm (341-669aa) were constructed similarly (from pFA6a-His3MX6). Plasmids YCp50LEU2-

PGAL-HOF1-GFP, YCp50LEU2-PGAL-HOF1-Cterm-GFP (341-669aa), YCp50LEU2-PGAL-

HOF1-FBAR-GFP (1-340aa), and YCp50LEU2-PGAL-HOF1-SH3A-GFP (1-601aa) were made 

similarly by tagging the GFP plasmids described above with PGAL (from pFA6a-His3MX6-

PGAL1). 
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The parent vectors for two-hybrid analyses were the DNA-binding-domain (DBD) plasmid 

pEG202 (2M, HIS3) and the activation-domain (AD) plasmid pJG4-5 (2u, TRP1) (Gyuris et al., 

1993). pEG202-CHS4, pEG202-Chs4 C-S, and pEG202-Chs4RI were supplied by John Pringle 

(Stanford University). CHS4 is the full-length gene (DeMarinietal., 1997). The chs4C693S allele 

(CHS4 C-S) mutation in the CAAX box and the chs4&610 allele (CHS4RI) encodes amino acids 1-

610 and is missing the CAAX box. Other plasmids were constructed by PCR-amplifying and 

cloning full-length HOF1 and fragments of this gene (see Figure 4) into pJG4-5. The structures of 

these plasmids were confirmed by sequencing. 

Plasmids for in vitro protein-interaction assays were constructed as follows. Axl2-C was 

obtained from Sergei Tcheperegine. BamHI-Xhol-d\gested DNA fragments encoding Chs4 C-S, 

Chs4 220-61 Oaa (Sell repeats), and Chs4 1-260aa were subcloned from pEG202 plasmids into 

the corresponding sites of pGEX-5X-1 (GE Healthcare, Buckinghamshire, UK) to create plasmids 

encoding GST-fusion proteins. A DNA fragment encoding HOF11-340aa (FBAR) was PCR-

amplified, digested with BamH\ and Sa/I (sites included in the primers), and cloned into 

SamHI/Sa/l-digested pCOLADuet-1 (EMD Biosciences, Darmstadt, Germany) to create a plasmid 

encoding a His6-tagged protein. 

Two-hybrid interactions 

Strain Y1026 carrying various DBD plasmids (see above) was mated to strain Y860 

carrying various AD plasmids. Diploids were selected on SC-His-Trp plates, replica-plated to SC-

His-Trp-Ade plates containing 1% raffinose plus 2% galactose (to induce production of the fusion 

proteins), and incubated at 30°C for >4 days to detect interactions. 

in vitro protein-binding assays 

To purify His6-tagged proteins, E. co//strain BL21 (Invitrogen) was transformed with 

pCOLADuet-based plasmids (see above), grown to exponential phase at 37°C for 4 h, and 

induced with 1 mM IPTG for 3 h at 23°C. Cells were washed twice with double-distilled water, 
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frozen at -20°C, thawed in freshly-prepared Ni-NTA lysis buffer (300 mM NaCI, 20 mM Tris-HCI, 

pH 8.0, 20 mM imidazole, 10 mM P-mercaptoethanol, 0.1% NP-40) containing a cocktail of 

protease inhibitors, sonicated seven times, placed on ice for 30 min, and centrifuged at 15,000 

rpm for 20 min. The supernatant was mixed with Ni-NTA beads that had been freshly washed 

with Ni-NTA lysis buffer. After rocking for 1 h at 4°C, the beads were collected by centrifugation, 

washed three times with Ni-NTA buffer, and eluted five times with freshly-prepared elution buffer 

(PBS containing 5 mM EDTA, 5 mM DTT, and 0.1% NP-40). To purify GST-tagged proteins, E. 

coli BL21 was transformed with pGEX-5X-based plasmids (see above). Protein extracts were 

then prepared essentially as described for the His6-tagged proteins, except that the lysis buffer 

was PBS containing 5 mM EDTA, 5 mM DTT, and 0.1% NP-40. The 15,000-rpm supernatant was 

mixed with pre-washed glutathione beads and rocked for 1 h at4°C. The beads were collected by 

centrifugation, washed three times with lysis buffer, and resuspended in lysis buffer. 

To test for protein binding in vitro, 20 ug of His6-tagged protein was mixed with 10 ug of 

GST (as negative control) or GST-tagged protein that was still bound to the glutathione beads 

(400 ul total volume) and rocked for 1 h at 4°C. The beads were washed five times with freshly-

prepared GST-fusion lysis buffer (see above) and resuspended in 50 pi SDS sample buffer, and 

proteins were analyzed by SDS-PAGE (10% gel) and Western blotting using mouse monoclonal 

antipenta-His (Qiagen, Valencia, CA) and anti-GST (Covance, Emeryville, CA) primary antibodies 

and an HRP-conjugated rabbit anti-mouse-IgG secondary antibody (Jackson ImmunoResearch, 

West Grove, PA). The anti-His signal was detected using the Millipore Immobilon Western 

Chemiluminescent HRP Substrate (Billerica, MA), and the blot was incubated with the Restore 

Blot-stripping Buffer (Pierce, Rockford, IL) for 2 hours at 37°C before re-probing with the anti-GST 

antibody, which was then detected by ECL (GE Healthcare). 

BiFC assay 

BiFC yeast strains were constructed by chromosome tagging YEF473A and YEF473B on 

the N-terminus of CHS4 and HOF1 with the split YFP gene as described (Sung and Huh, 2007) 
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and mated to each other. Diploids were selected on SC-His-Trp plates and examined for 

fluorescent signal using the spinning-disk confocal microscope system (see below). 

Measurement of the chitin content of cells 

Yeast cells were grown in YM-1+2%Dex culture for 48 hours on a roller drum at 23°C to 

stationary phase. Measured the OD of the cells and diluted approximately 1:100 into duplicate 5 

mL YM-1 +2%Dex cultures trying to get roughly the same amount of starting cells. Grew cultures 

again for 22-24 hours on a roller drum at 23°C, centrifuged a total of 3 mL of culture into a pre-

weighed 1.5 mL Eppendorf tube at 15,000rpm for 2 min, and placed the tubes in a 37° incubator 

for 48-96 hours to dry the pellets. Weighed the tubes again and subtracted the initial weight of 

the empty tube to determine the dry weight of the cell pellet. Added 1 mL 6% KOH to the cell 

pellets, heated to 80°C for 90 min with occasional mixing, pelleted alkaline insoluble material at 

15,000rpm for 20 min, and neutralized with 1mL phosphate-buffered saline (PBS) for 10-20 min 

with occasional mixing. Centrifuged at top speed for 20 minutes and discarded the supernatant. 

Added 200 uL of Mcllvaine's Buffer (0.2 M Na2HPC>4/0.1 M citric acid, pH 6.0) to the pellets and 

stored extracts at -20°C until ready to process for chitin measurements. Thawed samples and 

digested with 10 uL of Serratia marcescens chitinase (0.004 g freshly dissolved in 1 mL cold 200 

mM potassium phosphate buffer, pH 6.0, with 2 mM CaCI2; Sigma-Aldrich, St. Louis, MO) 18-20 

hours on shaking 23°C platform. Mixed 10 uL of supernatant with 10 uL of 0.27 M sodium borate 

(pH 9.0) in a 0.2-mL PGR tube, heated in a thermocycler to 99.9°C for about 60 s, mixed gently, 

and incubated at 99.9°C for 10 minutes. Immediately after cooling to room temperature, added 

100 uL of freshly diluted DMAB solution (Ehrlich's reagent, consisting of 10 g of p-

dimethylaminobenzaldehyde in 12.5 ml of concentrated HCI and 87.5 ml of glacial acetic acid, 

diluted 1:10 with glacial acetic acid) to samples, and incubated at 37°C for 20 minutes. 

Immediately recorded the absorbance at 585 nm. Standard curves were prepared from stocks of 

0.2 to 2.0 mM GlcNAc. Normalized the levels of chitin, expressed as GlcNAc concentration, to 

the dry weight of the sample. 
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Microscopy 

To visualize Hof1-GFP in Figure 2.1, fresh cells were grown to early log phase in SC-leu2 

medium and spotted on a thin layer on YPD plus 2% agarose. The images were acquired using 

IPLab software (BD Biosciences, Rockville, MD) and a spinning-disk confocal-microscope system 

comprising a Yokogawa CSU 10 scanner, an Olympus IX 71 microscope, a Plan S-Apo 100X/1.4 

NA oil immersion objective, and a Hamamatsu Photonics ImagEM back-thinned EMCCD camera 

(C9100-13). Components were integrated by BioVision Technologies (Exton, PA). Diode lasers 

for excitation (488 nm for GFP; 561 nm for RFP) were housed in a launch constructed by Spectral 

Applied Research. A brightfield image was captured at the beginning and end of each timelapse 

series in the mid-cell focal plane, and Hof1-GFP and Cdc3-RFP images were captured in a Z 

series of 11 steps (0.4um). The maximum-projection images created from the Z stacks using 

ImageJ were analyzed for the Hof1 localization patterns. The Chs3-GFP timelapse series in 

Figure 2.5 were captured similarly but the cells were grown in YM-1 media. The BiFC images in 

Figure 2.4 were also captured similarly except cells were grown in YM-1 media and there was no 

timelapse but a single Z-stack of 11 steps (0.4um). 

To measure the distance between Spc42-mcherry in Figure 2.5, fresh cells were grown to 

early log phase in YM-1 media. A single Z series of 30 steps (0.2um) were taken for each field of 

cells. Small-budded cells were identified to possess the Chs3-GFP signal and the distance 

between the Spc42-mcherry labeled spindle pole bodies was measured in 3-D space using 

Volocity software. 

The pGAL-Hofl images in Figure 2.2 were performed using a computer-controlled 

Eclipse 800 (Nikon, Tokyo, Japan) equipped with a 60 X Plan Apo objective and a high-resolution 

CCD camera (model C4742-95; Hamamatsu Photonics, Bridgewater, NJ). Images were acquired 

and processed using Image-Pro Plus software (Media Cybernetics, Silver Spring, MD) and 

Photoshop pS4 (Adobe Systems, San Jose, CA). 
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Results 

Different regions of Hof1 confer distinct localization patterns 

Hof1, like other cytokinesis proteins, localizes to the bud neck during anaphase/telophase 

of the cell cycle. It appears to co-localize and contract with the actomyosin ring and then lingers 

at the neck as the septum forms before disappearing at the end of the cell cycle. However, it 

differs from other proteins involved in cytokinesis in that it first localizes to the bud neck during 

G2/M when the bud is still medium-sized (Vallen et al., 2000). We propose that Hof1 has two 

distinct functions, one during cytokinesis and another during G2/M (see Introduction). There are 

several distinct domains in the Hof1 protein including an SH3 domain and an FBAR domain 

(Figure 2.1 A). We wished to determine if the different functions of Hof1 are separable, i.e. if 

different domains of Hof1 are more important for its G2/M and cytokinesis functions. 

To look at this, we examined the localization pattern of different GFP-tagged Hof1 

truncations. We first chromosome tagged the CDC3 gene with mcherry RFP (Shaner et al., 

2004) to allow us to determine the stage of the cell cycle the cells were in. Cdc3 is a septin, a 

member of a family of filament forming proteins that localize to the bud neck throughout cell 

division (reviewed in Versele and Thorner, 2005). They are essential for the neck localization of 

cytokinesis proteins and split into two rings on either side of the bud neck during telophase 

(Vrabioiu and Mitchison, 2006). We then deleted hofl in these cells as Hof1 might dimerize 

(unpublished results) and we did not want endogenous Hof1 to interfere with our localization 

results. As before (Vallen et al. 2000), we found that full-length Hof1 localizes to the mother side 

of the bud neck in G2/M, briefly splits into two rings and then localizes as a single ring in the 

center of the bud neck during anaphase/telophase, contracts to a dot with the actomyosin ring, 

and then splits into two fuzzy rings on either side of the bud neck as the septum forms before 

finally disappearing as cell separation occurs (Figure 2.1B). In contrast, we found that Hofl-F-

BAR-GFP localizes to the bud neck throughout the entire cell cycle, even in unbudded and small-

budded cells when Hof1-GFP does not localize (Figure 2.1B). This is presumably due to the loss 

of the PEST sequence, which controls the degradation of Hof1 after every ceil cycle (Blondel et 
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al., 2005). However, the F-BAR domain of Hofl does not appear to contract well with the 

actomyosin ring (Figure 2.1 B, 3'). There is some contraction but some of the protein stays 

localized on either side of the bud neck unlike Hofl-GFPand Hof1-C-term-GFP where all the 

visible protein contracts. We also found that the C-terminus of Hof1 localizes to the bud neck 

only during telophase, contracts with the actomyosin ring, and then disappears (Figure 2.1B). 

This differential localization pattern gave us our first hint that the functions of Hof1 might be 

separable. 

The SH3 domain-containing C-terminus of Hof1 plays an important role in cytokinesis 

We also found the over-expression of Hofl -GFP caused a cytokinesis defect with chains 

of cells and strong localization at the bud neck regions and also some puncta around the plasma 

membrane (Figure 2.2A). Similarly, Hof1-C-term-GFP over-expression also caused a cytokinesis 

defect although with much less localization at the bud neck and more cytoplasmic localization. In 

contrast, over-expression of Hof1-F-BAR-GFP failed to cause a cytokinesis defect although there 

appeared to be increased levels of cytoplasmic protein. A Hofl allele missing its SH3 domain, 

Hof1-SH3A-GFP, also failed to display a cytokinesis defect. The cytokinesis defect is possibly 

due to the C-terminus of Hofl binding to other cytokinesis proteins, such as Inn1 and Cyk3 

(unpublished results), and sequestering them away from the bud neck. These data suggest that 

the C-terminus of Hofl, in particular the SH3 domain, is involved in cytokinesis while the F-BAR 

domain has little apparent role. 

Cyk3, another cytokinesis protein, has a SH3 domain and a putative transglutamase 

domain (Korinek et al., 2000; unpublished results). It shares the anaphase/telophase bud neck 

localization pattern of Hofl and the double deletion is synthetic lethal. Somewhat surprisingly, a 

single extra copy of CYK3 in a hoflA cell significantly complemented the temperature sensitive 

growth defect at 37°C (Figure 2.2B). This suggests it is the later cytokinesis function of Hofl, 

which it might share with Cyk3, that is important for cell viability. 
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While neither Hofl nor Cyk3 are essential at 25°C, the deletion of both is synthetic lethal. 

As expected, full-length Hof1 can rescue this synthetic lethality. However, while the F-BAR 

domain of Hof1 cannot rescue the synthetic lethality, the C-terminus of Hof1 can (Figure 2.2C). 

As the C-terminus can only localize to the bud neck during anaphase/telophase, this also 

suggests that it is this portion of Hof1 that is important for its cytokinesis function. 

Hof1 binds directly to Chs4 via its FBAR domain 

In a separate manuscript (unpublished data), we reported the role of Hof1 in linking 

actomyosin ring contraction and the formation of a septum to divide the cytoplasms of the mother 

and daughter cells during cytokinesis. In this study, we wish to determine the function of Hof1 

earlier in the cell cycle, during G2/M, and also after the septum forms during cytokinesis. There 

are very few proteins that share the mother side of the bud neck localization of Hof1 during G2/M. 

Among them are the formin, Bnr1, and components of chitin synthase III, Chs3, Chs4, and Bni4. 

This enzyme is responsible for the creation of the chitin ring at the base of the bud neck (see 

Introduction). It has been already reported that Hof1 binds directly to Bnr1 (Kamei et al., 1998). 

We performed a candidate approach using yeast 2- hybrid to determine if Hof1 interacted with 

any component of chitin synthase III and found an interaction between Hof1 and Chs4. 

Surprisingly, the interaction appeared to be mediated through the F-BAR domain of Hof1 (Figure 

2.3A). We truncated various lengths off the N-terminus of the protein and showed that deleting 

the first 55 amino acids from the F-BAR domain abrogated the interaction. We determined this 

was a direct interaction using in vitro binding and further defined the interaction by showing that 

the Sel-1 repeats (amino acid 220-610) in Chs4 appear to also mediate the interaction (Figure 

2.3B). To our knowledge, this is the first example in any model system of an F-BAR domain 

binding to another protein. Previously, the F-BAR domain was thought to bind only to lipid 

membranes. 

We then used a bimolecular complementation assay (BiFC) with a split YFP molecule 

attached to both Hof1 and Chs4 to show that they interact in a cell and to get a hint as to where 
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and when the interaction occurs. We found that the two proteins do interact in a cell and that the 

fluorescence signal intensifies as the cell cycle progresses; there is a faint signal at the bud neck 

in G2/M and telophase, and it is stronger as the septum forms and then at the mother and 

daughter sides of the bud neck as the cells separate (Figure 2.3C). As a control, cells with the 

same half of the YFP molecule (VN) tagged to the N-terminus of both Hof1 and Chs4 showed no 

fluorescence signal (data not shown). Now that we determined the interaction between Hof1 and 

Chs4 is direct and occurs in cells, we wanted to examine the functional significance of such an 

interaction. 

Chitin levels are increased in hofIA cells 

The enzyme Chs3 is carried as cargo in vesicles between the bud neck and the 

chitosome in a recycling mechanism from bud emergence through to G2/M when Hof1 first 

appears. In separate vesicles, its activator Chs4 is also carried to the bud neck. Both proteins 

disappear from the bud neck at G2/M but then later localize to the bud neck during telophase and 

are removed as the mother and daughter cells separate. From work in mammalian cells, F-BAR 

proteins have been shown to be involved in endocytosis (see Introduction). We believe it is 

possible that Hof1 is involved in the endocytic removal of Chs4 and Chs3 from the bud neck at 

both points in the cell cycle. If this is true, then a delay or defect in their removal in hofIA cells 

should result in an increase in chitin levels in the cell. Indeed, we found that hofIA cells have a 

growth defect on Calcafluor White (CW) plates, a fluorescent dye that stains chitin and will 

interfere with the growth of yeast that require high levels of chitin for survival (Figure 2.4A). The 

cyk3A strain was used as a positive control as it has been previously reported to contain high 

levels of chitin. As expected, cells missing a part of the chitin synthase III complex and thereby 

possessing decreased levels of chitin grew well on the plates (Figure 2.4A). We confirmed these 

results using a quantitative colorimetric assay to measure the level of chitin in cells (Figure 2.4B). 

Both assays showed that hofIA cells contain higher levels of chitin. 
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Chs3 lingers at the bud neck for longer in hoflA cells than in wild-type cells 

If our hypothesis is correct and a delayed endocytosis of Chs3 leads to higher levels of 

chitin, Chs3-GFP should remain at the bud neck for longer in hofIA cells than wt cells. We 

attempted to perform this experiment with Chs4 as well, but the fluorescent signal in Chs3 was 

much easier to see. We tagged the spindle pole body protein Spc42 with mcherry RFP to 

determine cell cycle progression. The spindle pole body duplicates around G2 and then the two 

bodies will separate during mitosis. We found that in wild-type cells, Chs3-GFP localized to the 

bud neck mostly before spindle pole body separation. In contrast, in hofIA cells, there was a 

larger percentage of cells with Chs3-GFP localization persisting at the bud neck even after the 

spindle pole bodies were more than 1 urn apart (Figure 2.5A). Timelapse imaging also shows 

this same phenomenon (Figure 2.5B). This suggests that the removal of Chs3 from the bud neck 

in G2/M by endocytosis is impaired in hofIA cells. 

Discussion 

Role of Hof1 in cytokinesis 

Previously we have shown that Hof1 is involved in cytokinesis but the underlying 

mechanism was unknown (Vallen et al., 2000). In this study, we performed a structure-function 

analysis of Hof1 and found that different domains of Hof1 have distinct functions. The F-BAR 

domain appears to be important for localization. Similar results were found with Hof1 in 

filamentous fungi (Kaufmann and Philippsen, 2009). The SH3 domain of Hof1 appears to be 

important for the protein's interaction with other proteins involved in cytokinesis, such as Inn1 

(see Chapter III). The Hof 1-Cterm, which contains the SH3 domain, can rescue the hofIA cyk3A 

synthetic lethal interaction (Figure 2.2) and only can localize to the bud neck during telophase. 

This suggests the cytokinesis role of Hof1 is its essential function. 
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Role of Hof1 in chitin synthesis 

However, the localization pattern of Hof1 in the cell cycle suggests that it might have 

another function. We found that Hof1 is involved in the regulation of other proteins also found at 

the mother side of the bud neck around G2/M and at the bud neck during cytokinesis, Chs3 and 

Chs4. Surprisingly, we found that the F-BAR domain of Hof1 can bind to Chs4, another protein 

(Figure 2.3). This was unexpected as F-BAR domains have only been shown to bind lipid 

membranes (Itoh et al., 2005; Tsujita et al., 2006). While there are no other F-BAR domain 

protein binding partners as far as we know, there are a few examples of BAR domain protein 

binding partners (Tarricone et al., 2001; Inoue et al., 2008; Zhu et al., 2007). It will be interesting 

to see if other F-BAR domains in yeast and mammalian cells have protein binding partners as 

well. 

Hof1 can bind to Chs4 and appears to have an effect on the regulation of chitin synthesis. 

Chs3 and Chs4 are both required for the deposition of a ring of chitin at the base of the bud neck 

as the yeast cell divides (see Introduction). They are secreted independently to the incipient bud 

site and are maintained on the mother side of the bud neck as the bud grows. Chs3 is 

maintained through a process of endocytosis and polarized delivery. An unknown process occurs 

in G2/M to shift the 'balance' of endocytosis/exocytosis towards the endocytic removal of Chs3 

and Chs4 (the latter also presumably by endocytosis) from the bud neck. Hofl, which first 

appears at the bud neck at this time, appears to be involved in that process. In hofIA cells, Chs3 

is localized at the bud neck for longer than in wt cells (Figure 2.5) and there is a concomitant 

increase in cellular chitin levels (Figure 2.4). 

One pathway by which Hof1 could be involved in the removal of Chs3 and Chs4 from the 

bud neck is to mediate endocytosis by acting as a direct linker between the chitin synthase III 

components and endocytic machinery (Figure 2.6). The SH3 domain of Hofl has been published 

to interact directly with the Wiskott-Aldrich syndrome protein (WASP)-interacting protein (WIP) 

homolog in budding yeast, verprolin (Vrp1) (Naqvi et al., 2001; Ren et al., 2005). Vrp1 has also 

been found to interact with actin, the WASP homolog, Las17, and the type I myosins, Myo3 and 
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Myo5 (Vaduva et al., 1997; Naqvi et al., 1998; Anderson et al., 1998; Evangelista et al., 2000). 

These proteins are involved in actin filament assemably through activation of the yeast Arp2/3 
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Figure 2.6 Model: Hofi is a direct linker between chitin synthase III and endocytic 

machinery 

complex and localize in cortical actin patches that are found at the bud neck during the cell 

division process and are the sites of endocytosis (Moseley and Goode, 2006). We propose that 

Hofi acts as a direct linker between the endocytic machinery and chitin synthase III removal via 

its SH3 mediated interaction with Vrpi and its F-BAR mediated interaction with Chs4. The 

removal of Chs3 and Chs4 probably occurs via different vesicles but if Hofi facilitates the 

removal of Chs4, Chs3 has been shown to no longer be able to stay localized at the bud neck 

without Chs4 present (Reyes et al., 2007). More experiments are needed to test this model. 

There is also the possibility that the binding of Hofi to Chs4 can interfere with the latter 

protein's ability to activate chitin synthase III activity, possibly by interfering with the binding of 
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Chs3 and Chs4. This is probably in addition to a role of Hof1 in the removal of Chs4 from the bud 

neck as we have shown that Chs3 localizes to the bud neck for longer in hoflA cells than in wt 

cells (Figure 2.5). 

Another possible way that Hof1 could be involved in reducing the levels of Chs3 and 

Chs4 at the bud neck is by interfering with their exocytic delivery to the bud neck. One way Chs3 

and Chs4 could be delivered to the bud neck is along formin nucleated actin cables. Bnr1 

localizes to the bud neck in small and medium budded cells and Bni1 is localized at the bud tip at 

the similar stages. At the start of cytokinesis, Bnr1 disappears from the bud neck and Bni1 

localizes to the bud neck (Kamei et al., 1998; Pruyne et al., 2004). Each nucleates actin cables 

directed to the bud neck of the mother cell and bud tip of the daughter cell. A direct interaction 

between the SH3 domain of Hof1 and the FH1 domain of Bnr1 has been reported and it is 

possible this interaction interferes with Bnrl's actin cable nucleating ability (Kamei et al., 1998; 

Pruyne et al., 2002), thereby decrease the targeting of Chs3 to the bud neck. It is possible that 

this decrease in Chs3 and Chs4 delivery occurs in combination with an increase in their endocytic 

removal. 

Chs3 and Chs4 also localize to the bud neck late in the cell cycle. For Chs4 at least, this 

later localization occurs through a Bni4-independent mechanism (Kozubowski et al., 2003). This 

late localization of Chs4 gives credence to the theory that the synthesis of chitin by chitin 

synthase III is necessary for the function of the remedial septa in chs2A cells (Schmidt et al, 

2002). The BiFC results in Figure 2.3 suggest that Hof1 and Chs4 interact late in the cell cycle 

during cytokinesis. Therefore, it appears that Hof1 is involved in the process of Chs3 and Chs4 

removal at this point in the cell cycle as well. The mechanism of Hofl involvement in the 

disappearance of Chs3 and Chs4 localization during cytokinesis and G2/M will require further 

investigation. 
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Figure 2.1 Distinct localization pattern of the F-BAR domain and C-terminus of Hof1 in the 

cell cycle. (A) Putative domains of Hof1. (B) Hof1 -F-BAR-GFP localizes to the bud neck 

throughout the cell cycle while Hof1-C-term-GFP localizes only during telophase. Strains with 

integrated Cdc3-mcherry RFP and plasmids containing GFP-tagged Hof1 truncations (YEF5479, 

YEF5421, YEF5423) were grown to early log phase in SC-leu media at 23°C and examined by 

timelapse microscopy on a spinning disk confocal microscope. Times are from the start of filming 

and vary by sample. Time-lapse series shown is typical of all those examined, N=18 (Hof1-GFP), 

N=10 (Hof1-F-BAR-GFP), N=16 (Hof1-C-term-GFP). (Data from JHS) 
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Figure 2.2 The C-terminus of Hofl is important for cytokinesis. (A) Over-expression of 

Hof1-GFP and Hof1-C-term-GFP, but not Hof1-F-BAR-GFP, causes a cytokinesis defect. Strains 

containing GFP-tagged Hof1 FL and truncations under the control of the GAL promoter 

(YEF4915, YEF4916, YEF4917, YEF4918) were grown overnight in SC-leu media and then 

grown for about 4 hours in SC-leu +2%Gal +1%Raff and examined using fluorescent microscopy. 

(B) A single-copy plasmid with CYK3 can suppress the hofIA temperature sensitive growth 

defect. hofIA cells containing HOF1 and CYK3 plasmids were streaked on YPD plates and 

grown at 25°C and 37°C for two days. (C) The C-terminus of Hof1, but not the F-BAR domain, 
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can suppress the hofIA cyk3A synthetic lethal interaction. Strains YEFYEF4966, YEF4945, 

YEF4949, YEF4970 containing plasmids with Hof1-FL and truncations along with pRS316-HOF1 

were patched on SC-Leu, replica plated onto SC-His and SC+5FOA (to select against pRS316-

HOF1) plates, and incubated at 25°C for 2 day to assess the functionality of the HOF1 fragments. 

(Data from JHS) 
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Figure 2.3 The interaction of Hofl and Chs4 in vitro and in cells. (A) The F-BAR domain of 

Hof1 interacts with Chs4 by yeast two-hybrid analysis. Various Hof1 fragments were tested pair-

wise for interaction with Chs4-FL, and two Chs4 constructs with a mutated (Chs4 C-S) or missing 

(Chs4 Rl) CAAX box. Hof1-FBARA1 contains amino acids 80-340, Hof1-FBARA2 contains amino 

acids 55-340, and Hof1-FBARA3 contains amino acids 30-340. (B) in vitro binding of Hof1-FBAR 

to Chs4-Sel-1 repeats. Purified GST-Chs4 fragments including Sel-1 repeats (220-610 aa) and 

His6-Hof1-FBAR were tested for binding in vitro as described in Materials and Methods. (C) 

Hof1 and Chs4 interact in yeast cells using BiFC. Strains YEF5529 and YEF5533 were mated on 

a YPD plate, selected on a SC-Trp-His plate, and grown to early log phase in YM-1 media before 

analysis on the spinning disk confocal microscope. (Data from JHS) 
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Figure 2.4 Higher chitin levels in hoflA cells. (A) hoflA cells are sensitive to calcafluor white 

(CW). YEF473A (wildtype), YEF4600 {hoflA), YEF2368 (cyk3A), YEF4633 {bnrIA), YEF4559 

(c/?s3A), YEF2197 (chs4A), and YEF2769 (bni4A) were streaked out on a YPD plate with 75 

ug/mL CW and grown at 25°C for 2 days. (B) hoflA cells have higher levels of chitin. Data are 

averages of 7 different experiments. (Data from JHS) 
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Figure 2.5 Chs3 localization in wild-type and hoflA cells. (A) Chs3-GFP localizes to the bud 

neck for longer in hofIA cells than in wild-type cells. Strains YEF5469 and YEF5454 were grown 

to early log phase at 23°C in YM-1 media and small budded cells with Chs3-GFP localization 

were examined in 11 Z-steps using spinning disk confocal microscopy. The distance between 

spindle pole bodies was measured in 3D using Volocity (wt= 33 cells analyzed, hoflA= 53 cells 

analyzed). (B) One representative time-lapse series from (A) for each wt and hofIA cells. Times 

are from the start of filming and vary by sample. (Data from JHS) 
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CHAPTER III 

H0F1 IS INVOLVED IN COUPLING ACTOMYOSIN RING CONTRACTION TO 

SEPTUM FORMATION 

Modified from Nishihama, R., Schreiter, J. H., Onishi, M., Vallen, E. A., Hanna, J., 

Moravcevic, K., Lippincott, M. F., Han, H., Lemmon, M. A., Pringle, J. R., Bi, E. (2009) Role of 

Inn1 and its interactions with Hof1 and Cyk3 in promoting cleavage-furrow and septum formation 

during cytokinesis in yeast (in submission) 

Introduction 

Cytokinesis in animal and fungal cells involves actomyosin-ring (AMR) contraction and 

targeted plasma-membrane and ECM rearrangements, which appear to be interdependent 

processes (Balasubramanian et al., 2004; Strickland and Burgess, 2004). Many components of 

the AMR and many proteins involved in targeted membrane trafficking have been identified, most 

of which are conserved from yeast to humans (Balasubramanian et al., 2004; Echard et al., 2004; 

Skop et al., 2004). Key questions at present are how these components interact to form the 

contractile and cortex-remodeling "machines" that drive cytokinesis, and how these machines, 

which operate with high efficiency and fidelity, are coordinated in space and time at the molecular 

level. 

Targeted membrane trafficking presumably increases membrane surface area in the 

cleavage furrow and also delivers specific molecules that are required for cytokinesis. Although 

the precise nature of these molecules may differ in different cell types, it seems likely that the 

general underlying mechanisms are conserved. In the budding yeast Saccharomyces cerevisiae, 

one important function of targeted membrane trafficking is delivery of the chitin synthase Chs2 

(Chuang and Schekman, 1996; VerPlank and Li, 2005), which is chiefly responsible for assembly 

of the primary septum (PS) (Shawetal., 1991). The PS is a thin chitin-rich layer of cell wall that 

forms centripetally at the mother-bud neck during AMR contraction; once PS formation is 
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complete, secondary septa (SS) are laid down on both sides of the PS. Deletion of MY01, which 

encodes the sole type-ll myosin in S. cerevisiae, eliminates the AMR but is not lethal in most 

strain backgrounds. However, myolA cells are typically delayed in cytokinesis and/or cell 

separation (Rodriguez and Paterson, 1990; Bi et al., 1998), and transmission EM has shown that 

although both PS and SS can form, they are frequently misoriented and/or disorganized in 

structure (Schmidt et aK, 2002; Nishihama et al., 2009). Thus, the AMR and its contraction 

appear to guide membrane trafficking such that cleavage-furrow and PS formation are properly 

oriented and organized (Vallen et al., 2000; Bi, 2001). In contrast, deletion of CHS2 completely 

blocks PS formation and results in abortive AMR contraction, suggesting that the PS may 

stabilize the contracting ring or the associated plasma membrane (Bi, 2001; Schmidt et al., 2002; 

VerPlank and Li, 2005). 

The viability of myolA cells indicates that AMR-independent mechanisms, presumably 

involving septum formation, can sustain cytokinesis in yeast (Bi et al., 1998). The proteins Iqg1, 

Cyk3, Hof1, and Mid appear to play important roles in the AMR-independent pathway. Iqg1 is 

the sole IQGAP protein in S. cerevisiae and is essential for AMR formation (Epp and Chant, 

1997; Lippincott and Li, 1998a; Shannon and Li, 1999), but the near-lethality of an iqgIA mutation 

can be suppressed by overexpression of Cyk3 without restoration of the AMR (Korinek et al., 

2000). In addition, the growth defect of a myol A mutant can be suppressed by overexpression of 

either Iqg1 or Cyk3 (Ko et al., 2007). Cyk3 contains an SH3 domain near its N-terminus and a 

possible transglutaminase domain near the middle of the protein. Hof1 contains an F-BAR 

domain (Heath and Insall, 2008) near its N-terminus and an SH3 domain near its C-terminus. 

Deletion of either CYK3 or HOF1 has no effect on AMR assembly, but either deletion causes 

severe synthetic growth defects in combination with myolA (Korinek et al., 2000; Vallen et al., 

2000). In addition, hoflA and cyk3A are synthetically lethal (or nearly so) with each other. Mid 

is a light chain both for Myo1 and for the type V myosin Myo2, as well as for Iqg1, whose 

localization to the neck it appears to mediate (Stevens and Davis, 1998; Boyne et al., 2000; 

Shannon and Li, 2000; Luo et al., 2004). 
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Taken together, the observations described above have led to the hypotheses that Hof1 

and Cyk3 play distinct roles in septum formation downstream of Iqg1/Mlc1 (Bi, 2001; Luo et al., 

2004; Nishihama et al., 2009) and that yeast cells can tolerate either loss of the AMR (myolA) or 

a partial defect in septum formation (hofIA or cy/c3A), but not both. To identify other genes 

involved in the AMR-dependent and -independent pathways of cytokinesis, we performed a 

screen for mutations that are synthetically lethal in combination with a hofIA mutation. Along with 

a variety of previously known cytokinesis genes, we identified a previously uncharacterized gene, 

ORF YNL152W, which has also recently been studied (and named INN1) by Sanchez-Diaz et al. 

(2008). We report here our functional analyses of the role of Inn1 in cytokinesis, which suggest 

that Inn1 interacts with Hof1 and Cyk3 to promote PS formation in coordination with AMR 

contraction. Our conclusions differ radically from those reached by Sanchez-Diaz et al. (2008). 

Materials and methods 

Strains, growth conditions, and genetic methods 

Yeast strains are described in Appendix 3. Standard culture media and genetic 

techniques were used (Guthrie and Fink, 1991); where noted, cells were grown in YM-P, a rich, 

buffered liquid medium (Lillie and Pringle, 1980). To select for the loss of L/R>A3-containing 

plasmids, 1 mg/ml 5-fluoroorotic acid (FOA) (Research Products International, Prospect, IL) was 

added to media. To depolymerize filamentous actin (Ayscough et al., 1997), latrunculin A (latA) 

(Wako Chemicals, Richmond, VA) was dissolved in DMSO as a 20 mM stock solution and added 

to media at a final concentration of 200 uM; an identical concentration of DMSO alone was added 

to control cultures. Oligonucleotide primers were purchased from Integrated DNA Technologies 

(Coralville, IA). 

Plasmids 

Plasmids are listed in Appendix 4 and/or described below. A genomic-DNA library in the 

low-copy vector YCp50-LEU2 was kindly supplied by F. Spencer and P. Hieter (see Bi and 
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Pringle, 1996). Plasmid YCp50LEU2-HOF1, carrying full-length H0F1, was isolated from this 

library by complementing the temperature-sensitive growth of a hoflA strain (YEF1951). 

Plasmids pTSV30A-HOF1 and pTSV31 A-HOF1 were constructed by first subcloning an ~6.3-kb 

Sa/nHI fragment containing HOF1 from YCp50LEU2-HOF1 into the BamH\ sites of pTSV30A (2u, 

LEU2, ADE3) and pTSV31A(2u, URA3, ADE3) (M. Tibbetts and J. Pringle, unpublished results); 

in each case, an ~2.9-kb Xba\ fragment (one site in the insert DNAand the other in the vector) 

was then deleted to remove the neighboring gene ARP9 to avoid possible complications during 

the synthetic-lethal screen. 

Plasmid YCp50LEU2-INN1-17C, carrying the full-length ORF YNL152W/INN1 and 

flanking DNA, was isolated from the YCp50-LEU2 library by rescuing the sectoring ability of 

mutant 5033 from the synthetic-lethal screen (see below). Mutant 5033 showed a temperature-

sensitive growth defect even in the presence of the HOF1 plasmid. To recover the mutant innl-

5033 allele by gap-repair, mutant 5033 was transformed with a Pvwll-digested plasmid (derived in 

several steps from YCp50LEU2-INN1-17C) in which the INN1 ORF had been replaced by a PvuW 

site. After selection for a Leu+ phenotype, a plasmid was isolated and shown to confer Ts growth 

to strain LY1310 in the absence of plasmid pUG36-INN1. Sequencing of this plasmid revealed a 

single mutation in the INN1 ORF (see Fig. 3.11). 

To generate plasmid pUG34mCherry, the mCherry red fluorescent protein (RFP) ORF 

without its stop codon was PCR-amplified from pKT355 (or pFA6a-link-mCherry-His3MX6), 

provided by K. Thorn (University of California, San Francisco) and gap-repaired into 

Xfcal-digested pUG34 (provided by J. Hedgemann, Heinrich-Heine-UniversitSt, Dusseldorf) to 

replace the yEGFP allele in pUG34 (confirmed by sequencing). Plasmids pUG36-INN1 and 

pL)G34mCherry-INN1 were constructed by gap-repairing the PCR-amplified INN1 ORF into 

EcoRI-digested pUG36 (J. Hedgemann) or pUG34mCherry, generating N-terminally tagged 

GFP-INN1 and RFP-INN1 fusions that are under MET25-promoter control. 

pUG34mCherry-INN1-C2 and pUG34mCherry-INN1-Tail were made similarly and contain INN1 

codons 1-140 and 130-409, respectively. pUG34mCherry-INN1 was subjected to site-directed 
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mutagenesis using the QuickChange Site-directed Mutagenesis Kit (Stratagene, La Jolla, CA) to 

generate plasmids containing PXXP-motif mutations (ml to m4, either individually or in different 

combinations; see Results and Fig. 3.11). 

To generate plasmid pRS315GW-C2-HOF1, the HOF1 gene (-1000 to +2510 bp relative to 

the start codon) was amplified by PCR from yeast genomic DNA and cloned into the 

pCR8/GW/TOPO vector (Invitrogen, Carlsbad, CA). A A/ofl site was introduced at the position 

immediately downstream of the HOF1 start codon by site-directed mutagenesis using the 

QuickChange Site-directed Mutagenesis Kit (Stratagene), creating plasmid pCR8/GW-Notl-

HOF1. A DNA fragment encoding the putative C2 domain of Inn1 (amino acids 1-134), flanked 

by two A/ofl sites, was amplified by PCR, digested with A/ofl, and cloned into the A/ofl site of 

pCR8/GW-Notl-/-/OFl The resulting plasmid was subjected to Gateway recombination 

(Invitrogen) into pRS315-attR (unpublished data), yielding pRS315GW-C2-HOF1. 

The parent vectors for two-hybrid analyses were the DNA-binding-domain (DBD) plasmid 

pEG202 (2u, HIS3) and the activation-domain (AD) plasmid pJG4-5 (2u, TRP1) (Gyuris et a l , 

1993). pEG202-HOF1-SH3 (residues 576-669) was supplied by C. Boone (University of Toronto, 

Canada). Other two-hybrid plasmids were constructed by PCR-amplifying and cloning full-length 

INN1, HOF1, and CYK3, and fragments of these genes (see Figs. 3.4 and 3.5), into plasmids 

pEG202 and pJG4-5. In addition, pJG4-5-INN1-Tail (residues 131-409) was subjected to 

site-directed mutagenesis to generate plasmids containing PXXP-motif mutations (see Fig 3.11). 

The structures of these plasmids were confirmed by sequencing. 

Plasmids for lipid-binding and in vitro protein-interaction assays were constructed as 

follows. DNA fragments encoding Inn1 amino acids 1-134 and Tcb1 amino acids 979-1186 (the 

third C2 domain in Tcb1) were PCR-amplified, digested with SamHI and Xho\ (sites included in 

the primers), and cloned into BamHI/Xftol-digested pGSTag3vM (Narayan and Lemmon, 2006) to 

create plasmids encoding GST-fusion proteins. DNA fragments encoding HOF1 amino acids 

341-669 and CYK3 amino acids 1-70 were PCR-amplified, digested with BamH\ and Sail (sites 

included in the primers), and cloned into SamHI/Sa/l-digested pCOLADuet-1 (EMD Biosciences, 
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Darmstadt, Germany) to create plasmids encoding His6-tagged proteins. An ~840-bp 

BamH\-Xho\ fragment encoding the wild-type or PXXP-mutant derivatives of INN1 amino acids 

131-409 was subcloned from wild-type or mutant pJG4-5-INN1-Tail into the corresponding sites 

of pGEX-5X-1 (GE Healthcare, Buckinghamshire, UK) to create plasmids encoding GST-fusion 

proteins. 

Identification of synthetic-lethal mutations 

To screen for mutations synthetically lethal with hoflA, we used a hoHA ade2 ade3 Ieu2 

ura3 strain harboring a high-copy HOF1 ADE3 URA3 plasmid (strain LY1067). After mutagenesis 

with EMS to ~50% viability, cells were grown overnight at 23°C to allow the expression of mutant 

phenotypes, plated, and screened for an inability to lose the HOF1 plasmid. Colonies lacking 

white sectors (indicating an inability to lose ADE3) were screened for sensitivity to FOA ' 

(indicating an inability to lose URA3) and then for recovery of growth on FOA after transformation 

with a HOF1 LEU2 plasmid (YCp50LEU2-HOF1), but not with a similar plasmid lacking HOF1, 

indicating that growth depended on HOF1 and not on some other feature of the plasmid. 

To identify the genes defined by the synthetic-lethal mutations, each mutant was crossed 

to strain LY1065, and appropriate segregants were then mated and tested for complementation 

as judged by the ability to grow without plasmid-borne HOF1. Similar tests asked if the new 

mutations could complement mutations in genes previously known to be synthetically lethal with 

hoflA. We also tested for the ability of low-copy plasmids carrying known cytokinesis genes to 

rescue the mutants and/or analyzed the genes on plasmids obtained by rescuing the mutants 

using a YCp50LEU2-based genomic library (Bi and Pringle, 1996). Taken together, these tests 

showed that the mutations fell into 13-18 genes (see Results and Table 1). 

Light and electron microscopy 

The differential-interference-contrast (DIC) and fluorescence-microscopy images in Figs. 

3.1B, D, and E; 3.2C; 3.5F; 3.6C and D; and 3.12 were acquired and processed using a 
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computer-controlled Eclipse 800 microscope (Nikon, Tokyo, Japan), a 60 X Plan Apo objective, a 

high-resolution CCD camera (model C4742-95; Hamamatsu Photonics, Bridgewater, NJ), 

Image-Pro Plus software (Media Cybernetics, Silver Spring, MD), and Photoshop CS3 (Adobe 

Systems, San Jose, CA). Time-lapse microscopy was performed as described by Vallen et al. 

(2000). Actin rings and DNA were stained with Alexa 568-phalloidin (Molecular Probes, Eugene, 

OR) and bis-benzimide (Sigma, St. Louis, MO) as described by Bi et al. (1998). 

The images in Fig. 3.7A were acquired using IPLab software (BD Biosciences, Rockville 

MD) and a spinning-disk confocal-microscope system comprising a Yokogawa CSU 10 scanner, 

an Olympus IX 71 microscope, a Plan S-Apo 100X/1.4 NA oil immersion objective, and a 

Hamamatsu Photonics ImagEM back-thinned EMCCD camera (C9100-13); components were 

integrated by BioVision Technologies (Exton, PA). Diode lasers for excitation (488 nm for GFP; 

561 nm for RFP) were housed in a launch constructed by Spectral Applied Research. 

Other DIC and fluorescence images were acquired using a Nikon Eclipse 600-FN 

microscope, an Apo 100X/1.40 NA oil-immersion objective, an ORCA-2 cooled CCD camera 

(Hamamatsu Photonics), and MetaMorph version 5.0 or 7.0 software (Molecular Devices, 

Downington, PA). Image contrast was enhanced using the MetaMorph and/or Photoshop 

software. GFP signal was observed using a triple-band filter set except in experiments involving 

GFP/CFP double staining, in which YFP and CFP filter sets were used. To assess the 

asymmetry of Inn1 localization, DIC and Cdc3-CFP images were captured in the mid-cell focal 

plane, and a Z series of 11 steps (0.2 \im) was captured for Inn1-GFP. The maximum-projection 

images created from the Z stacks using MetaMorph were analyzed for the Inn1 distribution 

patterns. Time-lapse microscopy was performed essentially as described by Salmon et al. 

(1998). To determine cluster indices [number of clusters with >3 connected cell bodies divided by 

this number plus the numbers of unbudded (one cell body) and budded (two cell bodies) cells], 

400 cells + clusters were scored for strain LY1310 transformed with either pRS425 or 

pRS425-CYK3, cured of plasmid pUG36-INN1 by growth on SC-Leu+FOA medium,, and grown 

to exponential phase in SC-Leu medium. 
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For EM, cells were fixed with glutaraldehyde and potassium permanganate, embedded in 

LR White resin, and stained with uranyl acetate and lead citrate, as described in detail elsewhere 

(Nishihama etal., 2009). Images were obtained and processed using a JEOL (Tokyo, Japan) 

JEM1230 electron microscope, a Gatan (Pleasanton, CA) Model 967 cooled CCD camera, and 

DigitalMicrograph software (Gatan) and Photoshop. 

Lipid-bindinq assays 

The lipid-overlay and surface-plasmon-resonance (SPR) assays were performed as 

described by Narayan and Lemmon (2006). 

Co-immunoprecipitation and phosphatase treatment 

Samples of cells from a synchronized culture (see Fig. 3.4) were collected by 

centrifugation and frozen immediately in liquid nitrogen. Protein extracts were prepared using 

glass beads in NP-40 buffer (6 mM Na2HP04, 4 mM NaH2P04, 1% NONIDET P-40, 150 mM 

NaCI, 2 mM EDTA) supplemented with 1 mM DTT, 50 mM NaF, 0.1 mM Na3V04, and a complete 

protease inhibitor cocktail (Roche Applied Science, Mannheim, Germany) and centrifuged at 

2000 X g for 10 min. To precipitate Hof1-TAP, 15 mg of each extract were incubated with 15 ul 

Dynabeads® pan-mouse IgG (Invitrogen; Cat. No. 110.41) for 1 h at 4°C, washed three times 

with NP-40 buffer, and eluted with SDS sample buffer. Samples were analyzed by SDS-PAGE 

(7.5% gel) and Western blotting using a mouse anti-GFP antibody (Roche; Cat. No. 

11814460007) and an HRP-conjugated rabbit anti-mouse antibody (ICN Pharmaceuticals, Bryan, 

OH; Cat. No. 55564) to detect Inn1-GFP and peroxidase anti-peroxidase soluble complex 

(Sigma; Cat. No. P1291) to detect Hof1-TAP. 

For the phosphatase-treatment experiment, 10 mg of protein extract (prepared as 

described above) was incubated for 1 h at 4°C with 4 ug of a mouse anti-GFP antibody (Roche) 

bound to 40 ul of protein G sepharose. The beads were washed three times with NP-40 buffer 

and separated into four aliquots. As a control, SDS sample buffer was added to one aliquot. The 
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other aliquots were washed twice with lambda protein-phosphatase buffer (New England Biolabs, 

Ipswich, MA) and incubated for 30 min at 30°C in 30 |jl of the same buffer with or without lambda 

protein phosphatase (New England Biolabs) and phosphatase inhibitors (50 mM NaF and 1 mM 

Na3V04). Reactions were terminated by adding 10 pl of 4X SDS sample buffer, and samples 

were analyzed by SDS-PAGE and Western blotting using anti-GFP and HRP-conjugated 

antibodies (see above). 

Two-hybrid interactions 

Strain Y1026 carrying various DBD plasmids (see above) was mated to strain Y860 carrying 

various AD plasmids. Diploids were selected on SC-His-Trp plates, replica-plated to SC-His-Trp-Ade 

plates containing 1% raffinose plus 2% galactose (to induce production of the fusion proteins), and 

incubated at 30°C for £4 days to detect interactions. 

In vitro protein-binding assays 

To purify His6-tagged proteins, E. co//strain BL21 (Invitrogen) was transformed with 

pCOLADuet-based plasmids (see above), grown to exponential phase at 37°C, and induced with 

1 mM iPTG for 3 h at 23°C. Cells were washed twice with double-distilled water, frozen at -20°C, 

thawed in Ni-NTA lysis buffer (300 mM-NaCI, 20 mM Tris-HCI, pH 8.0, 20 mM imidazole, 10 mM 

p-mercaptoethanol, 0.1% NP-40) containing a cocktail of protease inhibitors, sonicated seven 

times, placed on ice for 30-60 min, and centrifuged at 15,000 rpm for 20 min. The supernatant 

was mixed with Ni-NTA beads that had been freshly washed with Ni-NTA lysis buffer. After 

rocking for 1 h at 4°C, the beads were collected by centrifugation, washed three times with Ni-

NTA buffer, and eluted five times with elution buffer (PBS containing 5 mM EDTA, 5 mM DTT, 

and 0.1% NP-40). 

To purify GST-tagged proteins, E. coli BL21 was transformed with pGEX-5X-based 

plasmids (see above). Protein extracts were then prepared essentially as described for the 

His6-tagged proteins, except that the lysis buffer was PBS containing 5 mM EDTA, 5 mM DTT, 
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and 0.1% NP-40. The 15,000-rpm supernatant was mixed with pre-washed glutathione beads 

and rocked for 1 h at 4°C. The beads were collected by centrifugation, washed three times with 

lysis buffer, and resuspended in lysis buffer. 

To test for protein binding in vitro, ~3 ug of His6-tagged protein was mixed with -5-7 ug of 

GST (as negative control) or GST-tagged protein that was still bound to the glutathione beads 

(400 ml total volume) and rocked for 1 h at 4°C. The beads were washed five times with the 

GST-fusion lysis buffer (see above) and resuspended in 50 ml SDS sample buffer, and proteins 

were analyzed by SDS-PAGE (12% gel) and Western blotting using mouse monoclonal anti-

penta-His (Qiagen, Valencia, CA) and anti-GST (Covance, Emeryville, CA) primary antibodies 

and an HRP-conjugated rabbit anti-mouse-IgG secondary antibody (Jackson ImmunoResearch, 

West Grove, PA). The anti-His signal was detected using the Millipore Immobilon Western 

Chemiluminescent HRP Substrate (Billerica, MA), and the blot was incubated with the Restore 

Blot-stripping Buffer (Pierce, Rockford, IL) for 15 min at 37°C before re-probing with the anti-GST 

antibody, which was then detected by ECL (GE Healthcare). 

Results 

Identification of 7A//V7 and other cytokinesis genes in a screen for mutations synthetically lethal 

with hofl A 

A hofIA mutation is not lethal by itself but is lethal in combination with several other 

mutations affecting cytokinesis proteins (see Introduction). To identify additional cytokinesis 

proteins, we used a colony-sectoring assay (Bender and Pringle, 1991) to screen systematically 

for EMS-induced mutations that were synthetically lethal with hofIA (see Materials and methods). 

From ~33,000 colonies screened, we found 38 such mutations, which defined at least 13 genes 

(Table 1), 11 of which encode proteins already known to be involved in cytokinesis. These 

proteins are in four general groups: septins and proteins that regulate septin function (Cdc12, 

Gin4, Elm1, and Bni5); proteins involved in the function of the actomyosin contractile ring (Myo1 

and Bni1); proteins that appear to regulate both the AMR and some aspect(s) of membrane 
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and/or cell-wall deposition (Mid and Iqg1); and proteins that regulate septal-cell-wall assembly 

and/or cell separation (Chs2, Cyk3, and Psa1). The synthetic lethality of hofIA with mutations in 

MY01, BNI1, CYK3, and BNI5 was known previously. It should be noted that we recovered point 

mutations in several essential (or nearly essential) genes (CDC12, CHS2, MLC1, IQG1, and 

PSA1), which would have been missed in a genome-wide synthetic-genetic-array analysis using 

the viable deletion strains (Tong et al., 2001). 

The twelfth gene identified was YNL152W/INN1, uncharacterized at the time but 

subsequently studied also by Sanchez-Diaz et al. (2008). INN1 is predicted to encode a protein 

of 409 amino acids with a possible C2 domain at its N-terminus (Sanchez-Diaz et al., 2008) and 

multiple PXXP motifs in its C-terminal region (Fig. 3.11). The roles of these domains are 

discussed below. Inn1 has unambiguous homologues in a variety of other fungi; homologies 

outside the fungi are less clear and may be limited to the putative C2 domains. 

An essential role of Inn1 in primary-septum formation 

Tetrad analysis of an INN1/innlA heterozygous diploid on YPD rich medium suggested 

that INN1 is an essential gene (unpublished data; Sanchez-Diaz et al., 2008), but we found that 

innlA cells were viable, although slow growing, when streaked on synthetic minimal medium 

(Fig. 3.1 A). Similar effects of growth medium on yeast mutant phenotypes have been seen with 

other genes (Bulawa and Osmond, 1990; Abelovska et al., 2007; unpublished data). The innlA 

cells formed extensive cell clusters with abnormal-looking septal regions (Fig. 3.1B, left); 
> 

decoration of the plasma membrane with GFP-Ras2 (Fig. 3.1B, right) revealed that cytokinesis 

(cytoplasmic separation) was complete in some of these septal regions (neck 1) but not in others 

(neck 2). These data suggest that Inn1 plays a role in membrane invagination, septum synthesis, 

and/or cell separation. 

To explore these possibilities, we used TEM. In wild-type cells, a thin, chitinous PS forms 

first and then is sandwiched by layers of SS (see Introduction; Fig. 3.1C, left). In contrast, in 50 

innlA cells scored, no sign of a PS could be seen; instead, the necks filled with SS-like material 

49 



(Fig. 3.1C, right). Similar results were obtained when temperature-sensitive innl mutants 

(created by PCR mutagenesis) were incubated at restrictive temperature (unpublished data). 

Because digestion of the PS normally leads to cell separation (Yeong, 2005), the absence of the 

PS in innl mutant cells presumably accounts for the delay in cell separation and resultant 

formation of cell clusters. 

The lack of PS formation might mean that Innl is required for recruitment to the mother-

bud neck of Chs2, the catalytic subunit of chitin synthase II (Shaw et al., 1991). However, as 

shown in Fig. 3.1D, the localization of GFP-tagged Chs2 to the vicinity of the neck was similar to 

that seen in wild type (Chuang and Schekman, 1996; VerPlank and Li, 2005; Zhang et al., 2006). 

This finding argues that Innl controls PS formation by controlling the activation and/or precise 

localization of Chs2, rather than simply its recruitment to the neck region. 

Assembly and contraction of the AMR occurred in innlA cells. However, the actin rings 

were generally less tight and stained more faintly than those in wild-type cells (Fig. 3.12), and the 

Myo1-GFP rings invariably (n = 7) appeared to detach from part of the plasma membrane within 

3-4 min following the initiation of contraction, resulting in an asymmetrically localized dot at on 

one side of the neck (Fig. 3.1E), in contrast to the symmetrical ring contraction seen in wild-type 

cells, which takes 6-8 min under the same experimental conditions (Bi et al., 1998; Vallen et al., 

2000). This behavior is similar to that of the AMR in chs2A cells (Bi, 2001; Schmidt et al., 2002; 

VerPlank and Li, 2005), consistent with the hypothesis that Innl plays an essential role in PS 

formation. 

MEN-dependent. AMR-independent localization of Innl to the division site 

Analysis of Innl levels using ct-factor-synchronized cells expressing HA-tagged Innl 

indicated that Innl is present at an approximately constant level throughout the cell cycle 

(unpublished data). However, time-lapse analysis showed that Inn1-GFP did not localize to the 

neck until the septin hourglass split into two cortical rings (Fig. 3.2A), an event that is under the 

control of the mitotic-exit network (MEN) (Lippincott et al., 2001). Once a ring of Inn1-GFP was 
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visible at the neck, it began to contract almost immediately. The contraction from a full-sized ring 

to a dot took ~8 min (n = 9), as did the centripetal synthesis of the septum (Fig. 3.2A, DIC 

images). Immediately after contraction, Inn1-GFP disappeared from the neck, and cell separation 

occurred 12-14 min later. 

These data suggest that the localization of Inn1 is regulated post-translationally and 

might occur in response to activation of the MEN, in which a Polo kinase (Cdc5) and a 

GTPase-controlled kinase cascade (Cdc15, Dbf2, and Dbf20) lead to activation of the protein 

phosphatase Cdc14 (Stegmeier and Amon, 2004). The MEN controls mitotic exit by 

down-regulating CDK/mitotic cyclins and cytokinesis in a largely independent manner whose 

mechanisms remain obscure (Balasubramanian et al., 2004). The MEN is not required for 

assembly of the AMR but is required for its contraction as well as for septum formation (Vallen et 

al., 2000; Lippincott et al., 2001; Hwa Lim et al., 2003). To ask if Inn1 localization depends on the 

MEN, we examined various temperature-sensitive mutants. As expected, Inn1-GFP localized to 

the neck in large-budded cells of all MEN mutants at permissive temperature (Fig. 3.3A, top), 

although the percentage of cells in which localized Inn1-GFP could be seen was decreased in 

comparison to wild-type cells (Fig. 3.3B). In contrast, at restrictive temperature, Inn1-GFP failed 

to accumulate at the necks of large-budded cells in all MEN mutants (Fig. 3.3A, bottom; Fig. 

3.3B), suggesting that Inn1 localization to the bud neck is directly or indirectly regulated by the 

MEN. 

The "contractile" behavior of the Inn1-GFP ring was almost identical to that of the 

Myo1-GFP (Bi et al., 1998) and Iqg1-GFP (Shannon and Li, 1999) rings, suggesting that Inn1 

might be associated with the AMR. Indeed, Sanchez-Diaz et al. (2008) reported that Inn1 failed 

to localize in either Myo1- or Iqg1-depleted cells. In contrast, we observed that Inn1-GFP 

localized to the neck at the normal time in myolA cells (Fig. 3.2B; Table 2). However, the 

appearance and behavior of the Inn1-GFP signal were abnormal: it usually appeared either as a 

faint band that never displayed a clear contraction (in 10 of the 19 cells observed by time-lapse 

analysis: Fig. 3.2B, top) or as one or two relatively bright dots that moved asymmetrically across 
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the bud neck (in the other 9 cells: Fig. 3.2B, bottom). Similarly, in random fields of cells, 16% of 

myolD cells with split septin rings displayed an asymmetric line or dot of Inn1-GFP at the neck, 

whereas this was rarely seen in control cells (Table 2). This behavior might reflect the 

asymmetric PS formation that occurs in some myolD cells (unpublished data). We also 

observed Inn1-GFP localization to the neck in iqgIA cells (Fig. 3.2C), although the signal was 

generally weaker than in wild type. Taken together, our results indicate that the normal 

contraction of the Inn1 ring depends on the AMR, but the initial localization of Inn1 does not. This 

suggests that Inn1 is not a true component of the AMR but rather part of a functional complex that 

associates and cooperates with it. 

lnn1-Hof1 interaction and its role in the symmetric localization of Inn1 at the neck 

The Oterminal region of Inn1 contains eight PXXP motifs, which represent generic 

binding sites for SH3 domains (Feller et al., 1994). Hof1 contains an SH3 domain (see Fig. 

3.4C), and genome-wide screens for SH3-domain ligands have suggested that it might interacts 

with Inn1 (Ito et al., 2001; Tong et al., 2002). Inn1 was also one of the Hof1-binding proteins 

identified by mass spectrometry (unpublished data). To determine whether and when Inn1 

interacts with Hof1 during the cell cycle, we used a co-immunoprecipitation assay. We observed 

that Inn1 interacted strongly with Hof1 throughout the 90 min following release from an MEN 

block (Fig. 3.4A), suggesting that Inn1 forms a tight complex with Hof1 before, during, and after 

cytokinesis. 

Like Hof1 (Fig. 3.4A; Vallen et al., 2000; Blondel et al., 2005; Corbett et al., 2006), Inn1 

also undergoes cell cycle-regulated modification, as indicated by the multiple retarded forms of 

Inn1 in SDS-PAGE analysis (Fig. 3.4A). The modified forms of Inn1 apparently result from 

phosphorylation, as phosphatase treatment reduced all high-molecular-weight forms of Inn1 to a 

single band (Fig. 3.4B). The modified forms of both Inn1 and Hof1 first appear at ~40 min after 

release from the MEN block, which corresponds closely to the time at which PS formation and 

AMR contraction occur under these conditions, as judged from parallel time-course analyses 
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(unpublished data). 

To define the regions of Inn1 and Hof1 involved in their interaction, we used two-hybrid 

analysis. As shown in Fig. 3.4C, full-length Hof1 interacted with the Inn1 C-terminus (residues 

180-409), but not with the N-terminus (residues 1-180). Any Hof1 fragment lacking the C-terminal 

SH3 domain failed to interact with any region of Inn1, whereas the isolated Hof1 SH3 domain was 

sufficient for binding to the Inn1 C-terminus (and also, weakly or perhaps artifactually, to the Inn1 

N-terminus) (Fig. 3.4C and unpublished data). When P-to-A mutations (m1-m4; Figs. 4C and S1) 

were introduced into the Inn1 PXXP motifs, mutations m1-m3, alone or in combination, had no 

detectable effect on binding to full-length Hof1, but mutation m4 dramatically reduced binding, 

particularly when combined with m2 or m3 (Fig. 3.4D). These data suggest that the PKLPPLP 

motif at Inn1 amino acids 377-383 is primarily responsible for interaction with the Hofl SH3 

domain, although there may also be some interaction with the PIPPLP (amino acids 160-165) and 

PPLPPIP (amino acids 329-325) motifs. 

To determine whether Inn1 interacts directly with Hof1, we employed a pull-down assay 

using the GST-tagged Inn1 C-terminus (wild type or mutant) and His6-tagged Hof1 C-terminus 

that were purified after expression in bacteria. His6-Hof1 bound strongly to both wild-type and 

m2-mutant GST-lnn1 in comparison to the negative control, GST alone (Fig. 3.4E). In contrast, 

the m4 mutation nearly eliminated the interaction between Inn1 and Ho f l These results support 

the conclusion from two-hybrid analysis that Hofl binds to Inn1 primarily via the Inn1 PKLPPLP 

motif. 

Hofl localizes to the neck much earlier in the cell cycle than does Inn1 (Vallen et al., 

2000), so it seemed possible that Inn1 localization might depend on Ho f l We found that 

Innl-GFP localized to the neck with essentially normal timing in hofIA cells: 44% of cells with split 

septin rings had detectable signal, compared to 33% in wild type (Fig. 3.4F; Table 2). However, 

although Innl-GFP localization was almost always (~95%) symmetric in wild-type cells, it was 

asymmetric in 39% of the hofIA cells with detectable signal (Fig. 3.4F; Table 2). Thus, Hofl 

appears to be required for the initiation or maintenance of symmetric Inn1 localization at the neck. 
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Functional and physical interactions between Inn1 and Cvk3 

In addition to Hofl, three other proteins important for AMR-independent cytokinesis are 

Iqg1, Cyk3, and Mid (see Introduction). To explore further the interactions among these 

proteins, we asked if overexpression of any of them could suppress the growth and cytokinesis 

defects of an innIA strain. We found that Cyk3, but not the other three proteins, could partially 

suppress the growth (Fig. 3.5A) and cytokinesis defects of innIA cells. The cluster index for 

innlA cells (indicative of a cytokinesis and/or cell separation defect; see Materials and methods) 

was reduced from 67% to 44% by a CYK3 plasmid. Remarkably, this suppression involved the 

formation of almost normal-looking PS in many cells (38% of the 50 cells examined; Fig. 3.5B). 

We next tested for physical interaction between Inn1 and Cyk3. Yeast two-hybrid 

analyses and in vitro protein-binding assays parallel to those used to characterize the lnn1-Hof1 

interaction (see above) indicated that Inn1 and Cyk3 interact directly and that this interaction is 

mediated by the SH3 domain of Cyk3 and the PIPPLP motif (amino acids 159-165) of Inn1 (Fig. 

3.5C-E). Cyk3-GFP could localize to the neck in innIA cells (Fig. 3.5F), although its localization 

was somewhat less well ordered than the tight band observed in wild-type cells (Korinek et al., 

2000). 

One possible interpretation of these data is that Cyk3 localizes to the neck independently 

of Inn1 but then is activated by Inn1 for a role in promoting PS formation; on this model, 

overexpression of Cyk3 would partially bypass the activation requirement. Alternatively, Inn1 and 

Cyk3 might act in parallel to promote PS formation. 

Dependence of Inn1 localization on both Hof1 and the AMR 

Inn1 could also localize to the neck in cyk3& cells, and, unlike hoflA, cyk3A did not affect 

the symmetry of Inn1 localization: as in wild type, nearly all cells with detectable Inn1-GFP signal 

at the neck showed a symmetric pattern (Fig. 3.6A; Table 2). The fraction of cyk3A cells with split 

septin rings that showed localized Inn1-GFP was significantly increased over that in wild type 

(Table 2), presumably reflecting the increased duration of cytokinesis (accompanied by persistent 
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Inn1-GFP at the neck) that results from the delayed PS formation in cyk3A cells (Nishihama et al., 

2009). Although Inn1 interacts physically with both Hof1 and Cyk3 (see above), these 

interactions do not appear sufficient to account for the neck localization of Inn 1, because Inn1 

could localize to the neck both in hofIA cyk3A cells (Fig. 3.6B; Table 2) and when the PXXP 

motifs involved in the interactions were mutated (Fig. 3.6C), 

Because Inn1-GFP localized weakly and/or asymmetrically to the neck in both AMR-deficient 

(myolA and iqgIA) and hofIA mutants (see above), it seemed possible that the AMR and Hofl 

might act in concert to localize Inn1 during cytokinesis. Because myolA and hofIA are 

synthetically lethal (Vallen et al., 2000), we could not examine Inn1 localization in the double 

mutant. Thus, we instead examined Inn1 localization in wild-type, hofIA, and cyk3A cells that 

had been treated with latrunculin A (latA), which disrupts all F-actin structures including the actin 

ring (Ayscough et al., 1997). Inn1-GFP localized efficiently to the neck in latA-treated wild-type 

and cyk3A cells, but not in latA-treated hofIA cells (Fig. 3.6D), consistent with the hypothesis that 

Hof1 and the AMR cooperate in Inn1 localization. 

Distinct roles of the C-terminal and N-terminal domains of Inn1 in localization and the activation of 

PS formation 

To further analyze the function of the Inn1 N-terminal and C-terminal regions, appropriate 

fragments were tagged with RFP at their N-termini, expressed from a methionine-regulatable 

promoter, and assessed for their abilities to localize and to provide Inn1 function. Consistent with 

its binding to Hofl (and Cyk3), the C-terminal region was able to localize to the bud neck in 

telophase in either the presence (Fig. 3.7A) or absence (unpublished data) of full-length Inn l 

However, the RFP signal was less intense than with the full-length protein (Fig. 3.7A), and no 

contraction was seen in the absence of full-length protein (unpublished data). Despite its ability 

to localize to the neck, the C-terminal fragment showed no detectable ability to rescue the growth 

of an innIA mutant (Fig. 3.7B). 

In striking contrast, the RFP-tagged N-terminal fragment showed no detectable 
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localization to the neck and appeared to be cytosolic as judged by confocal microscopy (Fig. 

3.7A), but it could nonetheless rescue the growth (Fig. 3.7B) and PS-formation (Fig. 3.7C) defects 

of an innIA mutant. Most of the innlA cells expressing the N-terminal fragment formed either a 

seemingly normal PS (Fig. 3.7C, cells 1 and 2) or a seemingly normal PS with additional "PS-like" 

structures (cell 3); some cells formed an asymmetrically localized PS sandwiched by SS 

(unpublished data). The ability of the N-terminal fragment to provide Inn 1 function appears to 

depend on its overexpression, because a single chromosomal copy under the normal INN1 

promoter was not sufficient for colony formation (Fig. 3.13A), whereas the same construct 

rescued the growth of innlA cells when overexpressed from a GAL promoter (Fig. 3.13B); 

presumably, the overexpression allows a sufficient concentration of the fragment to be present at 

its site of action despite its inability to localize efficiently to this site. The ability of the N-terminal 

fragment to provide Innl function also appears to depend on Cyk3, as the overexpressed N-

terminal fragment was unable to rescue the growth of an innlA cyk3A double mutant (Fig. 3.7D). 

Taken together, these results suggest that the Inn1 N-terminal domain collaborates with 

Cyk3 to provide the activity necessary for PS formation and cytokinesis, whereas the C-terminal 

domain is responsible for targeting Inn1 to its site of action. 

Apparent lack of phospholipid binding by the putative C2 domain of Inn1 

Sanchez-Diaz et al. (2008) proposed that Inn1 might help to physically link the AMR to 

the plasma membrane, based in part on the resemblance of the Inn1 N-terminal region to C2 

domains, which are typically involved in calcium-dependent lipid binding (Rizo and Sudhof, 1998; 

Cho and Stahelin, 2006). However, C2 domains have also been implicated in protein-protein 

interactions (Benes et al., 2005; Lu et al., 2006; Dai et al., 2007), and the Inn1 N-terminal domain 

does not appear to possess aspartates in positions corresponding to those critical for Ca2+ 

binding in the C2 domains of the rat synaptotagmin-l (Shao et al., 1996) and the S. cerevisiae 

Tcb proteins (Schulz and Creutz, 2004). Moreover, in lipid-overlay assays, we could not detect 

significant lipid binding by Inn1 in either the presence or absence of Ca2+ (Fig. 3.14A), although 
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Ca2+-dependent binding of various phospholipids was observed with a positive control 

(Fig.3.14B). 

To analyze possible phospholipid binding in a membrane environment and in a more 

quantitative manner, we also used the surface-plasmon-resonance (SPR) approach (Narayan 

and Lemmon, 2006). As shown in Fig. 3.8, the Inn1 N-terminal region showed no significant 

binding to surfaces containing 20% (mole/mole) PtdSer or 10% (mole/mole) Ptdlns(4,5)P2 in a 

dioleoylphosphatidylcholine background in the presence or absence of Ca2+. In contrast, the 

positive control Tcb1-C2C showed robust binding to PtdSer in the presence of Ca2+ (KD = 

0.95 ± 0.57 nM) but did not bind significantly to Ptdlns(4,5)P2 (a low level of binding was 

observed in the absence of Ca2+). Because phospholipid binding by the Inn1 N-terminal region 

was barely above background even when 10 mM protein was applied, the KD for binding is likely 

to exceed 100 |aM. Based on other studies with GST-fusion proteins (which are known to 

dimerize), the monomeric Inn1 N-terminal region presumably binds phospholipids with a KD in the 

1 mM range or weaker. No binding of either the Tcb1 C2 domain or Inn1 N-terminal region was 

detected by SPR for Ptdlns3P, Ptdlns4P, or Ptdlns(3,5)P2 surfaces, regardless of Ca2+ levels 

(unpublished data). 

In summary, the apparently cytosolic localization of the Inn1 N-terminal fragment (see 

above), the apparent lack of amino acids critical for Ca2+-dependent lipid binding, and the 

biochemical data all suggest that the Inn1 N-terminal region is not a lipid-binding domain. 

Function of Inn1 in AMR-independent cytokinesis 

In the model of Sanchez-Diaz et al. (2008), Inn1 couples plasma-membrane ingression to 

contraction of the AMR. However, we found that an lnn1-N-terminus-Hof1 fusion similar to that 

described by Sanchez-Diaz et al. (2008) could not only provide Hof1 function [Fig. 3.9, sector 5; 

note that the hofIA myolA double mutant is essentially inviable (see Introduction)] and Inn1 

function (Fig. 3.9, compare sectors 3 and 4 to sectors 1 and 2), but it could do so in the absence 

of Myo1 and hence of an AMR (Fig. 3.9, sector 6). Moreover, the fusion protein could also 
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suppress an iqgIA mutation (Fig. 3.9, compare sector 9 to sectors 7 and 8), even though Iqg1 is 

essential for AMR formation (see Introduction) In striking contrast, the lnn1-N-terminus-Hofl 

fusion protein showed no detectable suppression of a chs2A mutation (Fig. 3.9, compare, sector 

10 to sectors 11 and 12), consistent with the other evidence that the primary function of Inn1 is to 

stimulate synthesis of the PS by Chs2 (see Discussion). Because Iqg1 is also essential for PS 

formation (Nishihama et al., 2009), the data suggest that Inn1 functions downstream of Iqg1 but 

upstream of Chs2 in PS formation. It should also be noted that the lnn1-N-terminu-Hof1 fusion 

protein could provide Inn1 function even when expressed from low-copy vectors (Fig. 3.9), 

whereas the free Inn1 N-terminus required overexpression to do so (Fig. 3.13). This difference 

presumably reflects the ability of the Hof1 portion of the fusion protein to target the Inn1 N-

terminus to the neck (Sanchez-Diaz et al., 2008), thus increasing its effective concentration at 

that site. 

Discussion 

In most if not all animal and fungal cells, the contractile AMR is important for efficient 

cytokinesis. However, it is also clear that a variety of cell types, including yeast, Dictyostelium 

amoebae (DeLozanne and Spudich, 1987; Neujahr et al., 1997; Hibi et al., 2004), and at least 

some kinds of mammalian cells (Kanada et al., 2008), can undergo cell-cycle-regulated division 

at appropriate sites in the absence of AMR function when grown under appropriate conditions. 

These observations focus attention on the processes of membrane deformation, membrane 

addition and compositional specialization, and ECM (e.g., cell-wall) formation that normally work 

in close concert with AMR contraction but can also form a cleavage furrow even when the AMR is 

absent or nonfunctional (Finger and White, 2002; Mizuguchi et al., 2003; Strickland and Burgess, 

2004; Albertson et al., 2005; Szafer-Glusman et al., 2008). They also suggest that animal and 

fungal cytokinesis may have more in common mechanistically with plant cytokinesis than has 

traditionally been thought (Hales et al., 1999; Otegui et al., 2005). 

58 



In yeast, Iqg1, M id , Hof1, and Cyk3 have all been implicated in the AMR-independent 

processes of cytokinesis (see Introduction). In this study, we have identified Inn1 as another 

critical contributor to these processes. Specifically, we have shown that Innt interacts directly 

with Hdf1 and Cyk3, plays an essential role in PS formation, and can function in cytokinesis 

independently of the AMR, as summarized in Fig. 3.10. Our study has some overlap with an 

independent study of Inn1 (Sanchez-Diaz et al., 2008) but reaches a very different conclusion 

about the role of Inn1 in cytokinesis. 

Assembly of cytokinesis proteins at the mother-bud neck 

In late G1, Myo1 forms a ring at the presumptive bud site (Bi et al., 1998; Lippincott and 

Li, 1998). Myo1-ring formation is septin dependent, and after bud emergence, the Myo1 ring lies 

near the center of the hourglass-shaped septin assembly. The mechanism(s) by which Myo1 

associates with the septins and/or the plasma membrane remain obscure. Later in the cell cycle, 

other cytokinesis proteins are recruited to the neck. By anaphase (Fig. 3.10A), Mid has joined 

Myo1 and has also helped to recruit Iqg1 to the neck (Shannon and Li, 2000; Luo et al., 2004). 

Actin recruitment occurs just before mitotic exit and depends on Myo1, M id , and Iqg1 (Bi et al., 

1998; Shannon and Li, 1999; Korinek et al., 2000; Yoshida etal., 2006) but not on Inn1 (Fig. 3.12; 

Sanchez-Diaz et al., 2008), which is not yet localized to the neck (Fig. 3.2A; Fig. 3.3). At this 

stage, Hof1 forms a double ring at the neck; its recruitment depends on the septins but not on the 

other proteins discussed here (Vallen et al., 2000). Some HofT also appears to be present in 

complexes (mediated by ah SH3-PXXP interaction) with the as-yet-unlocalized Inn1 (Fig. 3.4A, C, 

D,E). 

As cells enter cytokinesis, multiple events occur that depend directly or indirectly on the 

MEN (Fig. 3.10B). The septin ring splits (Kim et al., 1991; Lippincott et al., 2001) and defines a 

domain to which other proteins are confined (Dobbelaere and Barral, 2004). Chs2 is recruited to 

the neck (Chuang and Schekman, 1996; Zhang et al., 2006), an event that depends on the 

septins and the secretory apparatus (VerPlank and Li, 2005), but not on the other proteins 
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discussed here (Fig. 3.1D; Nishihama et al., 2009). Cyk3 is also recruited to the neck (Korinek et 

al., 2000); this recruitment is less efficient (or the recruited Cyk3 is less well organized) in the 

absence of either Hof1 or Inn1 (Fig. 3.5F; unpublished data). Cyk3 presumably is bound to Inn1 

at this time by an SH3-PXXP interaction (Fig. 3.5C-E), although it is not yet known whether this 

binding also occurs earlier in the cell cycle. Hof1 reorganizes into a single ring, an event that is 

correlated with its MEN-dependent phosphorylation (Fig. 3.4A and B; Vallen et al., 2000; Corbett 

et al., 2006). Inn1 is recruited to the neck, an event that depends on its C-terminal region but not 

on its N-terminal region (Fig. 3.7A; Sanchez-Diaz et al., 2008) or the presence of Cyk3 (Fig. 3.6A; 

Table 2). Inn1 localization also occurs in myolA, iqglA, and hoflAcells (Fig. 3.2Band C; Fig. 

3.4F; Table 2), as well as when interactions with Hof1 and Cyk3 are disrupted by mutation of the 

Inn1 PXXP motifs (Fig. 3.6C). However, Inn1 localization appears weak and/or asymmetric in 

each case and was abolished when hofl A cells (but not wild-type or cyk3A cells) were treated 

with latA (Fig. 3.6D), suggesting that Inn1 localization depends jointly on Hof1 and the AMR. 

Like Hof1, Inn1 undergoes MEN-dependent phosphorylation (Fig. 3.4B), and it seems 

likely that the rearranged protein localizations and associations that occur at this time depend, at 

least in part, on these phosphorylations. Because the MEN component Dbf2 is also targeted to 

the neck upon actin-ring assembly and is required for the phosphorylation and/or localization of 

both Hof1 and Inn1 (Fig. 3.3; Vallen et al., 2000; Corbett et al., 2006), Inn1, Hofl, or both may be 

direct substrates of this protein kinase. 

Functions of the assembled proteins during cytokinesis 

Once the cytokinesis apparatus is fully assembled, contraction of the AMR, membrane 

ingression, and PS synthesis all normally begin almost immediately. AMR contraction has long 

been presumed to involve motor activity of Myo1 upon actin filaments. This view has been 

challenged by the findings that the Myo1 tail (lacking the motor domain) assembles at the neck 

and supports efficient cytokinesis (Lord et al., 2005) and that even some myolA cells form nearly 

normal-looking cleavage furrows and PSs (Nishihama et al., 2009). However, a role for Myo1-
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actin force generation is supported by the observations that in innl A (Fig. 3.1 E) and chs2A 

(VerPlank et al., 2005) mutants, the AMR can apparently continue to contract after it has pulled 

away from the plasma membrane over much of its circumference. 

These observations also suggest one possible role for Innl, namely that it might help to 

physically tether the AMR to the membrane during contraction (see also Sanchez-Diaz et al., 

2008). However, such a role appears to be ruled out by the following arguments. First, the 

myosin (later actomyosin) ring can associate with the cell cortex in inn 1A cells (Fig. 3.1E) and, in 

wild-type cells, does so long before Innl has localized to the neck (see above). Second, the 

plasma membrane can ingress without force production by the AMR (see above). Third, the 

putative C2 domain of Innl does not appear to bind phospholipids (Figs. 3.8 and 3.14), and 

indeed its sequence is sufficiently different from C2 domains that are known to bind lipids (Cho 

and Stahelin, 2006) that there seems little reason to expect such binding. Fourth, although the 

Innl-binding partner Hof1 might possibly help to tether the AMR to the membrane via the 

presumed interaction of its F-BAR domain with the membrane (Fig. 3.1 OB), there is no good 

evidence for a role of Innl in linking Hof1 to the AMR. The contraction of the Innl ring (Fig. 3.2A; 

Sanchez-Diaz et al., 2008) would be seen with any protein that is associated with the leading 

edge of the cleavage furrow, and although Sanchez-Diaz et al. (2008) detected weak binding of 

Innl to Iqg1, Iqg1 is a multifunctional protein that is involved in AMR-independent processes as 

well as in AMR formation (see Introduction). More compellingly, an N-terminal fragment of Innl 

can provide Innl function when overexpressed (Fig. 3.7B and C; Fig. 3.13) despite its inability to 

bind Hof1 (Fig. 3.4C-E) or concentrate at the neck (Fig. 3.7A). Fifth, a fusion of Inn1(1-134) to 

Hof1 can provide Innl function not only in otherwise wild-type cells (Sanchez-Diaz et al., 2008) 

but also in myol A and iqglA cells (Fig. 3.9), showing that Innl function does not depend on the 

AMR. Finally, the formation of reasonably well oriented PSs in innl A cells overexpressing either 

Cyk3 (Fig. 3.5B) or an Innl fragment that cannot concentrate at the division site (Fig. 3.7C) 

shows that the AMR can direct furrow ingression without an Inn1-dependent link to the 

membrane. 
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Thus, we favor a different model in which the role of Inn1 is to cooperate with Cyk3 in the 

activation of Chs2 for PS formation (Fig. 3.1 OB). This model is supported by (1) the absence of 

PS formation in innlA cells (Fig. 3.1C) and its delay in cyk3A cells (Nishihama et al., 2009); (2) 

the restoration of PS formation in innl A cells overexpressing either Cyk3 (Fig. 3.5B) or an N-

terminal fragment of Inn1 (Fig. 3.7C); (3) the observation that the Innl N-terminal fragment 

(whose function is presumably inefficient because of its inability to localize) can only provide Innl 

function when Cyk3 is present (Fig. 3.7D); and (4) the inability of the lnn1(1-134)-Hof1 fusion to 

suppress the growth defect of a chs2A mutant (Fig. 3.9). Moreover, the behavior of the AMR in 

innl A cells (Fig. 3.1 E) appears very similar to that in chs2A cells (VerPlank et al., 2005); thus, in 

the absence of PS formation, the membrane apparently cannot ingress rapidly enough to keep 

pace with AMR contraction, resulting in detachment of the ring from the membrane and/or its 

disassembly. Because the lnn1(1-134)-Hof1 fusion rescues an iqglA but not a chs2A mutant 

(Fig. 3.9), Innl presumably functions downstream of Iqg1 but upstream of Chs2 in the PS-

formation pathway, as also suggested for Cyk3 (Korinek et al., 2000; Nishihama et al., 2009). 

Because the PS-formation defects of iqgl A and innlA mutants are more severe than that of a 

cyk3A mutant, Innl and Cyk3 presumably function in parallel to activate Chs2 by a mechanism(s) 

that remains to be determined. The MEN-regulated localization of Innl and Cyk3 to the division 

site presumably allows proper coordination of PS formation and furrow ingression with AMR 

contraction. It will be interesting to explore the interplay between AMR contraction and ECM 

synthesis during cytokinesis in other types of cells. 
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Figure 3.1 Dependence of PS formation on Inn1. (A) Slow growth of innlA cells. Wild-type 

(YEF473A) and innl A (YEF5216) cells were streaked on an SC plate and incubated at 25°C for 3 

days. (B) Abnormal but complete cytokinesis in innlA cells. YEF5216 cells carrying plasmid 
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pRS315-GFP-RAS2 were grown to exponential phase in SC-Leu liquid medium at 23°C and 

imaged by DIC and fluorescence microscopy. (C) Absence of PS formation in innIA cells. 

Strains YEF473A and YEF5216 were grown to exponential phase in SC medium at 24°C and 

examined by TEM. CW, cell wall; PM, plasma membrane; PS, primary septum; SS, secondary 

septum. (D) Localization of Chs2 to the neck in innIA cells. Strain LY1373 (innIA DCHS2-GFP 

[pUG36-INN1]) was transferred from an SC plate to an SC+FOA plate, incubated overnight at 

25°C to select for loss of the C/RA3-marked INN1 plasmid, and examined by fluorescence 

microscopy. (E) Abnormal contraction of the AMR in innl A ce\\s. innIA MY01-GFP cells 

(YEF5291) were observed by time-lapse microscopy; cell bodies are outlined in the GFP panels. 

Scale bars, 0.5 or 1 |jm. (Data from EAV, RN, JH) 
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Figure 3.2 Localization of Inn1 to the bud neck at mitotic exit in wild-type and AMR-

deficient cells. (A and B) Strains LY1302 (INN1-GFP) (A) and YEF5293 (myolA INN1-GFP) (B) 

were transformed with plasmid YCp111-CDC3-CFP and observed by time-lapse microscopy. 
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See also Videos 1-4. (C) Wild-type (RNY2395) and iqgIA (RNY2393) cells expressing Inn1-GFP 

and containing plasmid YCp50-IQG1 were grown overnight at 25°C on an SC+FOA plate to 

eliminate the plasmid, scraped from the plate, and imaged by DIC and fluorescence microscopy. 

Scale bars, 2 urn. (Data from JH, EAV) 
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Figure 3.3 Dependence of Inn1 localization on the MEN. Wild-type (LY1313), cdc5 (LY1357), 

dbf2 dbf20 (LY1355), and cdc14 (LY1360) cells expressing Inn1-GFP were grown to exponential 

phase in YM-P rich medium at 24°C and then shifted to 37°C for 3.5 h (LY1360) or 2.5 h (the 

other strains) before imaging (A) and scoring large-budded cells (B) for Inn1-GFP localization. In 

B, the numbers of cells scored were: (24°C) 62 for wild type and 102-131 for the mutants; (37°C) 

78 for wild type and 177-199 for the mutants. Scale bar, 2 urn. (Data from RN) 
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Figure 3.4 lnn1-Hof1 interaction and its role in the symmetric localization of Inn1 at the 

neck. (A) Co-immunoprecipitation and cell-cycle-dependent modification of Inn1 and Hofl. 

Strain MOY157 (INN1-GFP HOF-TAP cdc15-2) was grown to exponential phase in YM-P medium 

at 24°C, shifted to 37°C for 2.5 h to synchronize cells at mitotic exit using the cdc15-2 block, 
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released to permissive temperature by rapidly cooling to 24°C, and sampled at intervals. Hofl-

TAP was precipitated from protein extracts, and samples of the extracts (Input) and precipitates 

(IP) were analyzed by SDS-PAGE and immunoblotting (see Materials and methods). In a control 

in which no TAP-tagged protein was present, no Inn1-GFP was detected in the precipitate 

(unpublished data). (B) Phosphorylation of Innf. Strain MOY215 (INN1-GFP cdc15-2) was 

synchronized as in A and sampled 45 min after release. Inn1-GFP was immunoprecipitated and 

subjected to phosphatase treatments as indicated (see Materials and methods). (C) Two-hybrid 

analysis of lnn1-Hof1 interaction. The diagram shows the domain structures of Inn1 (see text and 

Fig. S1; m1-m4 are the mutations introduced into the PXXP motifs) and Hof1 (FCH, 

FER/ClP4-homology; CC, coiled coil; F-BAR, putative membrane-interaction domain; SH3, Src 

Homology 3). Various Innl fragments carried on the activation-domain vector (AD-Vect) were 

tested pair-wise for interaction with full-length Hof1 (Hof1-FL), Hof1 amino acids 576-669 (Hofl-

SH3), and Hofl amino acids 1-340 (Hof1-F-BAR) carried on the DNA-binding-domain vector 

(DBD-Vect). *: Inn1 (1-180) interacted with Hof1-SH3 for unknown reasons. (D) Role of Inn1 

amino acids 377-383 (PXXPPXP) in the lnn1-Hof1 interaction. Two-hybrid analysis was 

conducted using full-length Hofl-DBD and lnn1(131-409)-AD. The Innl sequence was wild type 

[Tail(131-409)] or carried mutations ml, ml, m3, and/or m4, individually or in combinations. (E) 

Direct binding of Inn 1 to Hof1 and its mediation by Innl amino acids 377-383 (PKLPPLP). 

Purified GST-lnn1-tail (amino acids 131-409; wild type or carrying mutation m2 or m4) and His6-

Hof1-C (amino acids 341-669) were tested for binding in vitro as described in Materials and 

methods. (F) Asymmetric localization of Innl at the neck in hoflA cells. Strain LY1328 

{INN1-GFP hoflA [pRS316-HOF1]) was transformed with plasmid YCp111-CDC3-CFP and 

incubated on an FOA plate to eliminate the HOF1 plasmid. Cells from a population growing 

exponentially in SC-Leu medium at 24°C were examined by 3D microscopy (see Materials and 

methods). 1 DC, 1 central dot (as typically observed in wild-type cells); 1 DA, 1 asymmetric dot (as 

often observed in hoflA cells; see Table I and Videos 5 and 6). Scale bar, 2 urn. (Data from JHS, 

MO) 
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Figure 3.5 Functional and physical interactions between Inn1 and Cyk3. (A) Suppression of 

innIA growth defect by overexpression of Cyk3. Strain LY1310 (innlA fpUG36-INN1]) was 

transformed with a vector control (Vect; YEplac181) or with LEl/2-marked high-copy plasmids 

carrying IQG1 (YEp181-IQG1), HOF1 (pTSV30A-HOF1), CYK3 (P1, pBK132; P2, pBK133), 
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MLC1 (pBK65), or INN1 (pGP564-INN1). Transformants were streaked on SC-Leu and 

SC-Leu+FOA plates and incubated at 25°C for 3 days to ask whether any of the candidate 

plasmids could replace the i/R/43-marked pUG36-INN1. (B) Restoration of PS formation in innlA 

cells by overexpression of Cyk3. Strain LY1310 (innlA [pUG36-INN1]) was transformed with 

pRS425-CYK3, incubated on an SC-Leu+FOA plate at 24°C for 3 days to eliminate plasmid 

pUG36-INN1, grown to exponential phase in SC-Leu medium at 24°C, and examined by TEM. 

(C-E) Interaction of the SH3 domain of Cyk3 with the PIPPLP motif (amino acids 159-165) of Inn1 

as determined by two-hybrid analysis (C and D) and in vitro protein-binding assays (E). 

Experiments were performed as described for Fig. 4C-E using a Cyk3 SH3-domain fragment 

(amino acids 1-70) instead of Hof1. In C, the diagram shows the motifs of Cyk3 (SH3; TGc, 

putative transglutaminase domain). *: Inn1 (130-180) failed to interact with Cyk3-SH3 for 

unknown reasons. (F) Localization of Cyk3 in innlA cells. Strain YEF5216 (innlA) was 

transformed with plasmid pRS315GW-CYK3-2GFP, grown overnight on an SC-Leu plate at 25°C, 

and imaged by DIC and fluorescence microscopy. Scale bars, 0.5 or 2 urn. (Data from JHS, JH, 

•RN) 
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Figure 3.6 Mechanisms of Inn1 bud-neck localization. (A and B) Strains (A) LY1321 

(INN1-GFP cyk3A) and (B) LY1325 (INN1-GFP cyk3A hofID [pRS316-HOF1]) were transformed 

with plasmid YCp111-GDC3-CFP, and the LY1325 transformants were incubated on an FOA 
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plate to eliminate the /-/OFlplasmid. Cells were examined as described in Figure 4F. See also 

Table I and Video 7. (C) Localization of Inn1 lacking its Hof1- and Cyk3-binding sites. Strain 

LY1310 {innIA [pUG36-INN1]) was transformed with H/S3-marked plasmids carrying RFP-tagged 

wild-type or mutant INN1 alleles. After growth on an SC-His+FOA plate at 25°C to eliminate 

pUG36-INN1, DIC and fluorescence images were captured. (D) Loss of Inni localization in 

latA-treated hofU cells. Wild-type (LY1324), cyk3A (LY1321), and hoflA (LY1328 after 

eliminating plasmid pRS316-HOF1 by growth on an FOA plate) strains were grown to exponential 

phase in YM-P medium at 25°C. Portions of each culture were treated with latA for 20 min (see 

Materials and methods), and cells were imaged by DIC and fluorescence microscopy. Images of 

representative latA-treated cells (left panels) and percentages of large-budded cells with localized 

Inn1-GFP (right panel) are shown. Scale bars, 2 urn. (Data from RN, JH) 
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Figure 3.7 Structure-function analysis of Inn1. (A) Role of the.ln.n1 C-terminal region in neck 

localization. Strain LY1310 (innlA [pUG36-INN1]) was transformed with the pUG34mCherry 

vector (Vect) or its derivatives (see Materials and methods) containing sequences encoding 

full-length INN1 (FL), the putative C2 domain (amino acids 1-140), or the C-terminal tail (amino 

acids 130-409). Transformants were incubated on an SC-His-Ura plate for 2 days at 25°C, 

scraped off, and imaged by spinning-disk confocal microscopy for GFP-lnn1-FL and RFP-lnn1 

derivatives (asterisk). (B) Critical role of the putative C2 domain in Inn1 function. The 

transformants described in (A) were patched onto SC-His and SC+FOA (to select against 
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pUG36-INN1) plates, and incubated at 25°C for 3 days to assess the ability of the INN1 

fragments to provide Inn1 function. (C) Restoration of PS formation in innlA cells by the putative 

C2 domain. Strain YEF5202 (innlA [pUG34mCherry-INN1-C2]), obtained as described in (B), 

was grown to exponential phase in SC-His medium at 24°C and examined by TEM. PS, primary 

septum; SS, secondary septum. (D) Cooperative function of Cyk3 and the putative C2 domain of 

Inn l Strain MWY1171 (innlA cyk3A [pUG36-IN.N1]) was transformed with the plasmids 

described in (A). The transformants were streaked on an SC-His-Met+FOA plate and incubated 

for 4 days at 24°C. (Data from EAV, RN,JH) 
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Figure 3.8 Lack of detectable phospholipid binding by the putative C2 domain of Inn1. 

Bacterially expressed GST-lnn1(1-134) and the positive control GST-Tcb1-C2C [the third C2 

domain (amino acids 979-1186) in the tricalbin Tcb1 (Schulz and Creutz, 2004)] were tested by 

SPR for binding of phosphatidylserine and Ptdlns(4,5)P2 (see Materials and methods). (Data 

from KM) 
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Figure 3.9 Evidence that Inn1 functions downstream of Iqg1 and upstream of Chs2 in 

AMR-independent cytokinesis. Strains MWY1145 (hofIA innIA [pUG36-INN1]) (sectors 1-3), 

MWY764 (hofIA iqgIA [pRS316GW-IQG1]) (sectors 7-9), or RNY2225 (hofIA chs2A [pRS316-

CHS2-myc]) (sectors 10-12) were transformed with pRS315GW, pRS315GW-Notl-HOF1, or 

pRS315GW-C2-HOF1. The resulting transformants and strains MOY632 (/?ofM innA [pUG36-

INN1][pRS315GW-C2-HOF1]) (sector 4), MOY630 (hofIA myolA [pUG36-INN1][pRS315GW-C2-

HOF1]) (sector 5), and MOY634 (hoflAinnIA myolA [pUG36-INN1][pRS315GW-C2-HOF1]) 

(sector 6) were streaked on SC-Leu and SC-Leu+FOA plates and incubated at 24°C for 3 days. 

(Data from RN) 
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Figure 3.10 A model for the assembly and function of Inn1 in cytokinesis. See text for 

details. PM, plasma membrane; circled P symbols, phosphorylation of the proteins. 

78 



1 HSEEVHHGHQ GILSVWSKA RDLPKLfflLP KQ8VMLRLRI ABHTRMMTL 

mm-son 
L 

: 51 HRAGQSPVFH YLEKFDITPE IKPLMYVEVY CDHRKKSPLP IGHCEIDLM 

ml ' 

101 AIRADPKEGY CIWELKRSG BEFAGfIFIE LTFTFKVPRL M M K E M D 
ml ' • ' • ' . 

151 RLDSSHAffiP IPPLPTESEY DYVHGSfMRQ HPQCVSTSH EDKD1GQPYR 

201 .R6HVFSHSSK SDTAVMSN BPIILPPTFS ASMGTTSTLE IHDffilSHTS . 

251 NTKFBFA1ILR KIKBKIHIFK" MPDSSWHCQ- HBSHKVDIE& 
' m l 

301 SYDEDDDDDD ENDAFYSSSH RVSHKYNOPP LPFIFTRBDM 
' 104 

351 iVRRDRPSRL OSSSPNSHPH PSGLNSPKLP PLPTTSNSNF KSMNSMSPf 

401 RKRPPPRLS* 

Figure 3.11 Sequence features of Inn1. Underlined, possible C2 domain; gray boxes, PXXP 

motifs (some overlapping); m1-4, proline residues in the PXXP motifs that were altered by site-

directed mutagenesis; innl-5033, the mutation in the allele recovered in the original synthetic-

lethal screen. The altered P in innl-5033 may correspond to one that is conserved in well 

characterized C2 domains. 
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WT inn Id 

Figure 3.12 Approximately normal assembly of the actomyosin ring in innIA cells. Wild-

type (YEF473A) and inn 1A (YEF5216) cells were grown to exponential phase in SC medium at 

23°C before staining with Alexa-568-phalloidin (actin) and bis-benzimide (DNA) and observation 

by DIC and fluorescence microscopy. Actin rings were observed in 84% of 25 innIA cells with 

fully segregated nuclei, as compared to 85% of 26 wild-type cells. 
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Figure 3.13 Dosage-dependent suppression of the growth defect of innIA cells by the 

putative C2 domain (amino acids 1-134) of Inn1. (A) Failure of suppression by GFP-tagged 

Inn 1(1-134) expressed from the INN1 locus under the INN1 promoter. None of the 24 expected 

plNN1-inn1(1-134yGFP spores from 12 dissected tetrads of strain RNY2494 

(INN1/plNN1-innt(1-134)-GFP) produced colonies on a YPD plate at 24°C even after 6 days. (B) 

Suppression by GFP-tagged Inn 1(1-134) expressed from the galactose-inducible GAL ̂ promoter. 

Haploid segregants from strains RNY2499 (INN1/pGAL1-GFP-INN1) and RNY2498 

(INN1/pGAL1-GFP-inn1(1-134))\Nere isolated on YPGal plates, transformed with plasmid 

pUG36-INN1 (URA3, INN1), streaked on SC+FOA plates containing either 2% glucose (Glu) or 

2% galactose (Gal), and grown at 24°G for 3 days. (1) a pGAL1-GFP-inn1 (1-134) strain; (2) a 

pGAL1-GFP-INN1 strain. 
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Figure 3.14 Apparent lack of binding of phospholipids by the putative C2 domain of Inn1. 

Bacterially expressed GST-fused Inn1(1-134) and the positive control GST-fused Tcb1-C2C [the 

third C2 domain (amino acids 979-1186) in the tricalbin Tcb1 (Schulz and Creutz, 2004)] were 

purified and tested for binding to various phospholipids by lipid-overlay assay (see Materials and 

methods). (Data from KM) 
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Table 1. Genes identified by screening for synthetic lethality with hoflA 

Gene (alphabetical 
order) 
BNI1 

BNI5 

CDC12 

CHS2 

CYK3 

ELM1 

GIN4 

IQG1 

MLC1 

MYOl 

PSA1 

INN1/YNL1S2W 

Others 

Number of isolates 

5 

4 

1 

2 

1 

1 

2 

1 

2 

11 

1 

1 

6 

Function 

A formin that nucleates the assembly 
of actin cables and the actin ring 
Septin regulator 

An essential mitotic septin 

Catalytic subunit of chitin synthase II, 
chiefly responsible for the synthesis 
of the primary septum 
An SH3 domain-containing protein 
that is involved in actomyosin 
ring-independent cytokinesis 
A protein kinase that regulates septin 
organization 
An NMR (NIM-related) protein 
kinase that regulates septin 
organization 

The sole IQGAP in S. cerevisiae. 
Involved in both actomyosin-
ring-dependent and -independent 
cytokinesis 
"Essential" light chain for the type-II 
myosin Myol; also a light chain for 
the type-V myosins Myo2 and Myo4 
and for the IQGAP Iqgl/Cykl 

The heavy chain of the sole type-II 
myosin in S. cerevisiae. Not essential 
for cell viability in most strain 
backgrounds including that used in 
this study 
An evolutionarily conserved 
GDP-mannose pyrophosphorylase, 
which synthesizes GDP-mannose that 
is required either directly or indirectly 
for N- and O-linked glycosylation as 
well as for GPI anchor formation. 
Psal is involved in cell separation 
See text 

Six mutations that do not belong to 
any of the complementation groups 
above. Five of the six were difficult 
to backcross, and all require further 
study. 

Reference 

(Pruyne etal., 2002; 
Sagot et al., 2002) 
(Lee et al., 2002; 
Mortensen et al., 2002) 
(Longtine et al., 1996; 
Bertin et al., 2008) 
(Shaw etal., 1991; 
Chuang and Schekman, 
1996) 
(Korinek et al., 2000) 

(Bouquin et al., 2000) 

(Airman and Kellogg, 
1997; Longtine et al., 
1998; Rubenstein and 
Schmidt, 2007) 
(Epp and Chant, 1997; 
Lippincott and Li, 1998; 
Korinek et al, 2000; Ko 
et al., 2007) 
(Stevens and Davis, 
1998; Shannon and Li, 
2000; Boyne et al., 2000; 
Wagner et al., 2002; Luo 
et al., 2004) 
(Rodriguez and Paterson, 
1990; Lippincott and Li, 
1998; Bi etal., 1998) 

(Zhang etal., 1999; 
Tomlin et al., 2000; 
Warit et al., 2000) 

This study and Sanchez-
Diaz et al, 2008 
This study 
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Table 2. Localization of Inn1-GFP in wild-type and cytokinesis-mutant strainsa 

Percent of cells with the indicated localization pattern 

Strain 

myo 1A [YCp50-MYO1] 62 

myolA 

Wild type 

hoHA 

cyk3A 

hofIA cyk3A' 

Faint or 

no signal 

62 e 

42 

68 e 

56 

35 

54 

Symmetric 

line or 

2 dots" 

27 

22 

20 

15 

54 

24 

1 dot 

(center)c 

11 

11 

11 

12 

9 

12 

Asym­

metric 

dot or linec 

0 

16 

2 

17 

2 

10 

Otherd 

0 

9 

0 

o 
0 

0 

a After transformation of each strain with plasmid YCp111-CDC3-CFP and growth to exponential 

phase in SC-Leu or SC-Leu-Ura liquid medium at 24°C, cells with split septin rings were scored in 

strains LY1364 (myolA INN1-GFP [YCp50-MYO1]; n = 81), YEF5293 (myolA INN1-GFP; 

n = 95), LY1314 (//M/f-GFP; n = 66), LY1328 (hofIA INN1-GFR, n = 94), LY1321 (cyk3A INN1-

GFP\ n = 117) and LY1325 (hoHAcyk3A INN1-GFP; n = 50). Strains LY1328 and LY1325 were 

first cured of their URA3 HOF1 plasmids by growth on a 5-FOA plate. The patterns of Inn1 

localization were assessed by 3D microscopy as described in Materials and methods. 

b Both types of images presumably represent views of a more-or-less normal ring of Inn1-GFP. 

c If an Inn1-GFP dot was positioned within one third the diameter of the Cdc3-GFP ring from 

either side, it was scored as "asymmetric"; if in the middle one third of the neck, it was scored as 

"1 dot, center". "Asymmetric lines" presumably represent asymmetrically contracting rings. 

d A variety of other asymmetric patterns, including asymmetries along the mother-bud axis 

(presumably related to the misdirected membrane invagination that occurs in many myolA cells: 

Nishihama et-al., unpublished data). 
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e The higher number of cells with faint or no signal in wild-type strains, in comparison to myolA 

and cyk3A strains, presumably reflects the more efficient completion of cytokinesis and 

corresponding rapid disappearance of the Inn1-GFP signal in wild-type cells. 

1 Like a number of other mutants (see text), hofIA cyk3A strains appear to be inviable on rich 

medium but can be cultured on SC medium. 

(Data from RN) 
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PERSPECTIVES 

As discussed in the Introduction, remodeling of the ECM is important for cell biology. 

Animal, yeast, plant, and bacterial cells all possess an ECM-like structure surrounding cells 

although the protein and polysaccharide composition differs significantly. Despite this diversity, a 

common theme is that although the specific cargo differs among different cell types, all eukaryotic 

ECMs are shaped by a common underlying cytoskeleton that positions a highly conserved 

secretory machinery to deliver proteins and enzymes which synthesize the ECM. However, even 

though many of the components are evolutionarily conserved, it is still not known whether the 

cytoskeletal and secretory pathway strategies for constructing the ECM are conserved. A goal of 

this thesis is to deepen our understanding of the pathways responsible for the timely deposition of 

a budding yeast cell wall component called chitin. We hope that by studying these pathways, and 

the evolutionarily conserved proteins involved such as F-BAR and C2 domain proteins, we can 

identify unifying themes. 

Localized remodeling of the ECM is important during cytokinesis, when new membrane 

and proteins involved in synthesizing and remodeling the cell wall are delivered specifically to the 

bud neck instead of globally. There are two main structures made primarily of chitin that are 

important for cytokinesis, the chitin ring and the primary septum. The chitin ring is synthesized as 

the new bud emerges by chitin synthase III (Chs3) and is important for maintaining the correct 

neck diameter. The primary septum is synthesized during cytokinesis by chitin synthase II (Chs2) 

to separate the mother and daughter cell cytoplasms. In this thesis, I have discussed work to 

show that the F-BAR protein Hof1 plays a role in regulating the construction of each structure. 

In Chapter II, I discussed work to show that Hof1 is involved in the endocytic removal of 

chitin synthase III from the bud neck at G2/M when the chitin ring is finished forming. We believe 

that Hof1 might serve as a direct linker between Chs4, the activator of chitin synthase III, and 

Vrp1, the budding yeast WIP that is part of the endocytic machinery. Though some details still 

remain to be determined, the pathways for the synthesis, localization, and activation of Chs3 at 

the bud neck are fairly well understood, while the pathway for Chs3 removal is not understood at 
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all. The work in this thesis starts to answer an important question in the chitin synthesis field 

about how chitin ring formation ceases at G2/M and how chitin synthase III components are 

removed from the neck. 

In Chapter III, I discussed work to show that Kofi is important for the correct localization 

of a newly identified C2-domain protein called Innl that is required for the formation of the 

primary septum. The work in this chapter starts to answer a very important question in the field of 

cytokinesis about how actomyosin ring contraction is linked to septum deposition. While the role 

of Chs2 is synthesizing the septum is clear, less is known about the localization and activation of 

this protein. In vitro experiments show that Chs2 is activated upon proteolytic cleavage and we 

believe that Inni is the first protein shown in vivo to be involved in Chs2 activation. One pathway 

through which Inn1 functions is through the SH3 domain protein Cyk3. Cyk3 contains a putative 

transglutaminase domain which is likely involved in the protealytic activation of Chs2. We are 

currently doing experiments to further study this question. 

Another way to study the function of Hof1 is to break the protein into its individual 

domains and examine their properties. In Chapter II, I showed that the C-terminus of Hofl, which 

includes the SH3 domain, only localizes to the bud neck during telophase yet is sufficient to 

rescue a hofIA synthetic lethal genetic interaction. In addition, when the C-terminus is 

overexpressed, it causes a cytokinesis defect with cells forming chains. This data suggests it is 

the SH3 domain of Hof1 that is important for cytokinesis, due partly to its binding of Inn1 and the 

role both proteins play in forming the primary septum. 

However, there could also be other functions of Hof1-SH3 that are important for 

cytokinesis. Clues to what these other functions are could come from looking at how Hof1 is 

localized to the bud neck during cytokinesis. Hof1 can interact with the actomyosin ring through 

the formin Bnil Bni1 localizes to the bud neck during actomyosin ring contraction (Buttery et al., 

2007) and a weak interaction with Hof1 was reported (Kamei et al., 1998). Hof1 might also be 

involved in the exocytic delivery of enzymes and other proteins to the bud neck. We have yeast 

2-hybrid evidence that Hof1 interacts with a component of the exocyst, Exo84 (unpublished 

87 



results). The exocyst is a multisubunit tethering complex involved in the regulation of cell-surface 

transport (reviewed in Hsu et al., 2004). In Chapter II, we showed that Chs2 is delivered to the 

bud neck in innIA cells but appears to not be active as the primary septum cannot form. Perhaps 

Hof1, in addition to its role in binding and localizing Inn1 properly, is involved in the delivery of 

Chs2 to the neck. Studying these questions and more will give hints at the mechanisms behind 

the role of Hofl in cytokinesis. 

Also in Chapter II, I showed that the F-BAR domain of Hof1 can localize to the bud neck 

throughout the cell cycle. It can even localize in very small buds where the full-length protein 

does not localize. This is presumably due to the loss of the PEST sequence which is required for 

the normal proteosomal degradation of Hof1 at the end of each cell cycle (Blondel et al., 2005). 

An interesting question is how can the F-BAR domain localize to the bud neck? We have looked 

at Hof1-F-BAR-GFP localization in cells missing all known Hof1 binding partners during the G2/M 

phase of the cell cycle, bnr1Ahof1A chs4A, and found that it can localize (unpublished results). 

This raises the possibility that Hofl might bind to phospholipids, as other members of the FBP-

17/CIP4 subfamily do (et al., 2005; Tsujita et al., 2006). While we haven't looked at this question 

exhaustively, Katarina Marovcevic in Mark Lemmon's lab here at Penn looked at the Hofl-F-BAR 

domain in lipid binding assays and found that it does not appear to bind phospholipids 

(unpublished data). This indicates that the Hofl F-BAR domain might function differently than 

previously described mammalian F-BAR domains and correlates with our results as we found that 

the F-BAR domain of Hofl binds directly to another protein. This is the first example of an F-BAR 

domain having a protein binding partner, although there are a few examples of other BAR 

domains behaving this way (Tarricone et al., 2001; Inoue et al., 2008; Zhu et al., 2007). In the 

future, it will be interesting to compare the F-BAR domain of Hofl with other F-BAR domains and 

see if they also have differential abilities to tubulate the plasma membrane and bind different 

proteins for different cellular functions. 

One intriguing possibility for how the Hofl F-BAR domain might localize to the bud neck 

during telophase is by binding to the septin ring. From the early stages of budding, the'septins 
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form an hourglass made of filaments aligned along the yeast bud neck. However, during 

cytokinesis, the septin filaments rotate 90 degress in the membrane plane and form 

circumferential rings on either side of the bud neck (Vrabioiu and Mitchison, 2006). It is possible 

that the banana shaped F-BAR domain of Hof1 can bind to these curved rings. We found that 

overexpressing Hof1-GFP causes ectopic localization at the bud tip and other sites away from the 

bud neck, and that Cdc3-RFP co-localizes with Hof1-GFP in these cells (unpublished data). This 

suggests that Hof1 interacts with the septins either directly or through another protein, though 

future experiments are needed. 

Another way that Hof1 might function during cytokinesis is in the formation of the 

secondary septum. As discussed in Chapter II, HofTand Chs3/Chs4 are localized to the bud 

neck late in the cell cycle as the septum is forming. Chs3 and Chs4 probably function at a low 

level to provide some chitin in the secondary septum as it forms. In addition, Chs3 and Chs4 are 

thought to function as a backup mechanism to make a remedial septum in the absence of Chs2. 

Their activity is probably increased as part of a cell stress response. Instead of a clearly 

distinguished chitin-containing primary septum sandwiched by a mannan/glucan-containing 

secondary septum as in wild-type (wt) cells, chs2A cells have thick aberrant septa with a diffuse 

distribution of chitin (Shaw etal., 1991). 

Chs4 might also play a more direct role in P(1,3)glucan synthesis in normal secondary 

septum formation. Recently it was discovered that a SEL-1 repeat containing protein resembling 

Chs4 in fission yeast, Cfh3p, is a novel regulator for the glucan synthase Bgslp 

(Sharifmoghadam and Valdivieso, 2009). Chs4 might play a similar role in budding yeast, and 

Hof1 might be involved in the regulation of Chs4 in this process. 

In conclusion, we had made progress toward understanding the pathways in budding 

yeast for coordinating ECM remodeling during cytokinesis. While work in the past 10 years has 

shown that targeted membrane is essential for cytokinesis in animal cells (Hales et al., 1999; 

Strickland and Burgess, 2004), it has been recognized for longer as essential in fungi and plants. 

This thesis might then have more immediate implications for plant cell wall formation and 
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remodeling as each form a structure between the daughter cells, the septum in yeast and the cell 

plate in plants. The cell plate is formed at the cleavage plane and requires the deposition of cell 

wall material via the secretory pathway. This process is mediated by formation of the 

phragmoplast, a complex array of microtubules, actin microfilaments and different membrane 

compartments (Heese et al., 1998). So while this thesis focused on specific cargo pathways, 

deposition of enzymes involved in making essential cell wall structures containing chitin, we hope 

that in studying individual pathways, we can identify unifying themes for all eukaryotic cells. 
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APPENDICES 

Appendix 1. Yeast strains used in Chapter II" 

Strain Genotype 

YEF473A a his3 Ieu2 Iys2 trpl ura3 

YEF473B a his3 Ieu2 Iys2 trpl ura3 

YEF1951 As YEF473A except hoflA::KanMX6 

YEF2197 As YEF473A except chs4A::TRP1 

YEF2368 As YEF473A except cyk3A::KanMX6 

YEF2769 As YEF473A except bni4A::TRP1 

YEF4559 As YEF473A except chs3A::TRP1 

YEF4600 As YEF473A except hof1A::TRP1 

YEF4633 As YEF473A except bnrlA::TRP1 

YEF4915 As YEF473A except hof1A::KanMX6 [YCp50LEU2-PGAL-

HOF1-GFP] 

YEF4916 As YEF473A except hoflA::KanMX6 [YCp50LEU2-PGAL-

HOF1-Cterm-GFP] 

YEF4917 As YEF473A except hoflA::KanMX6 [YCp50LEU2-PGAL-

HOF1-FBAR-GFP] 

YEF4918 As YEF473A except hoflA::KanMX6 [YCp50LEU2-PGAL-

HOF1-SH3A-GFP] 

YEF4945 As YEF473A except hoflA::KanMX6 cyk3A::HIS3MX6 

[YCp50LEU2-HOF1-FBAR and pRS316-HOF1] 

YEF4949 As YEF473A except hoflA::KanMX6 cyk3A::HIS3MX6 

[YCp50LEU2-HOF1-Cterm and pRS316-HOF1] 

YEF4966 As YEF473A except hoflA::KanMX6 cyk3A::HIS3MX6 

[YCp50LEU2-HOF1 and pRS316-HOF1] 

YEF4970 As YEF473A except hof1A::KanMX6 cyk3A::HIS3MX6 

[YCp50LEU2 and pRS316-HOF1] 

YEF5421 As YEF473A except hofl A:: TRP1 CDC3-mcherry:HIS3MX6 

[YCp50LEU2-HOF1-FBAR-GFP] 

YEF5423 As YEF473A except hoflA::TRP1 CDC3-mcherry:HIS3MX6 

[YCp50LEU2-HOF1-Cterm-GFP] 

YEF5428 As YEF473A except hoflA::KanMX6 [YCp50LEU2-HOF1] 

Source 

(Bi and Pringle, 1996) 

(Biand Pringle, 1996) 

(Vallenetal., 2000) 

(DeMarini et al., 1997) 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 

This study 
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YEF5429 As YEF473A except hof1A::KanMX6 [YCp50LEU2-CYK3] This study 

YEF5430 As YEF473A except hof1A::KanMX6 [YCp50LEU2] This study 

YEF5454 As YEF473A except hof1A::TRP1 SPC42-mcherry;HIS3MX6 This study 

CDC3-GFP:KanMX6 

YEF5469 As YEF473A except SPC42-mcherry:HIS3MX6 CDC3- This study 

GFP:KanMX6 

YEF5479 As YEF473A except hof1A::TRP1CDC3-mcherry:HIS3MX6 This study 

[YCp50LEU2-HOF1-GFP] 

YEF5529 As YEF473A except TRP1-PCETI-VN:CWS4AC/A/\X This study 

YEF5533 As YEF473B except HIS3MX6-PCETI-VC:HOF1 This study 
aGenes were deleted (the entire coding region in each case) or tagged at their C-termini using a 

PCR method (Baudin et al., 1993). Template plasmids were as described by Longtine et al. 

(1998) except for pFA6a-link-mCherry-His3MX6 (see Materials and Methods). In some cases, 

genomic DNA from previously transformed strains was used as a template in order to generate 

transformation fragments with longer flanking regions. Other steps in strain construction were 

conventional plasmid transformations. 
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Appendix 2. Plasmids used in Chapter lla 

Plasmid Description9 Reference or source 

YCp50LEU2 

Ylp211-CDC3-mcherry 

YCp50LEU2-CYK3 

pRS316-HOF1 

YCp50LEU2-HOF1 

YCp50LEU2-HOF1-GFP 

YCp50LEU2-HOF1-FBAR-GFP 

YCp50LEU2-HOF1-Cterm-GFP 

YCp50LEU2-HOF1-FBAR 

YCp50LEU2-HOF1 -Cterm 

YCp50LEU2-PGAL-HOF1 -GFP 

CEN.LEU2 

inte, URA3 

CEN, LEU2, CYK3 

CEN, URA3, HOF1 

CEN, LEU2, HOF1 

CEN, LEU2, HOF1-
GFP:KanMX6 

CENLEU2, HOF1-FBAR-
GFP:KanMX6 

CEN,LEU2, HOF1-Cterm-
GFP:KanMX6 

CEN, LEU2, HOF1-
FBAR:HIS3MX6 

CEN.LEU2, H0F1-
Cterm:HIS3MX6 

CEN, LEU2,HIS3MX6:PGAL-
HOF1-GFP:KanMX 

YCp50LEU2-PGAL-HOF1-Cterm-GFP CEN, LEU2, HIS3MX6:PGAL-
H0F1-Cterm-GFP: KanMX 

YCp50LEU2-PGAL-HOF1-FBAR-GFP CEN, LEU2, HIS3MX6:PGAL-
H0F1-FBAR-GFP:KanMX 

YCp50LEU2-PGAL-HOF1-SH3A-GFP CEN, LEU2, HIS3MX6:PGAL-
H0F1-SH3A-GFP:KanMX 

Spencer and Meter 

(Tongetal.,2007) 

Spencer and Hieter 

(Vallen, etal.,2000) 

Spencer and Hieter 

See text 

See text 

See text 

See text 

See text 

See text 

See text 

See text 

See text 

CEN indicates low-copy-number plasmids; 2u indicates high-copy-number plasmids 
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Appendix 3. Yeast strains used in Chapter III' 

Strain Genotype Source 

YEF473 a/a his3/his3 Ieu2/leu2 Iys2/lys2 trp1Arp1 ura3/ura3 

YEF473A a his3 Ieu2 Iys2 trp1 ura3 

YEF473B a his3 Ieu2 Iys2trp1 ura3 

Y860 a his3-11,15leu2-3,112 trp1-1 ade2-1 can1-100 
ura3-1::URA3:lexAop-ADE2 

Y1026 ahis3-11,15leu2-3,112trp1-1 ade2-1 can1-100 
ura3-1::URA3:lexAop-lacZ 

MOY157 As YEF473B except INN1-GFP:TRP1 HOF1-
TAP:His3MX6cdc15-2 

MOY215 As YEF473B except INN1-GFP:TRP1 cdc15-2 

MOY609 As YEF473 except hof1A::TRP1/hof1A::TRP1 
INN1/inn1A::kanMX6/MY01/myolA::kanMX6 [p\JG3Q-
INN1 ][pRS315GW-C2-HOF1 ] 

MOY630 As YEF473B except hof1A::TRP1 myolA::kanMX6 
[pUG36-INN1][pRS315GW-C2-HOF1] 

MOY632 As YEF473B except hoflA::TRP1 innA::kanMX6 [pUG36-
INN1 ] [PRS315GWTC2-HOF1] 

MOY634 As YEF473B except hoflA::TRP1 inn1A::kanMX6 
myo7A.:/canMX6[pUG36-INN1][pRS315GW-C2-HOF1] 

MWY764 As YEF473A except hof1A::TRP1 iqg1A::His3MX6 
[pRS316GW-IQG1] 

MWY1145 As YEF473A except hoflA:TRP1 innlA::kanMX6 
[pUG36-INN1] 

RNY2225 As YEF473A except hoflA::TRP1 chs2A::kanMX6 
[pRS316-CHS2-myc] 

RNY2393 As YEF473A except iqg1A::His3MX6 INN1-GFP:KanMX6 
[YCp50-IQG1] 

RNY2395 As YEF473A except INN1-GFP:KanMX6 [YCp50-\QG1] 

(Biand Pringle, 1996) 

(Biand Pringle, 1996) 

(Biand Pringle, 1996) 

C. Boone 

C. Boone 

This study " 

This study" 

This study 

Segregant of MOY609 

Segregant of MOY609 

Segregant of MOY609 

This study 

This study 

This study 

This study 

This study 
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RNY2494 As YEF473 except INN1lplNN1-inn1(1-134)-
GFP:His3MX6 

RNY2498 As YEF473 except INN1/TRP1:pGAL1-GFP-
inn1(1-134):His3MX6 

RNY2499 As YEF473 except INN1/TRP1:pGAL1-GFP-INN1 

LY1065 a hof1A::KanMX6 ade2 ade3 his3leu2 trpl ura3 
[pTSV30A-HOF1] 

LY1067 ahof1A::KanMX6ade2ade3leu2lys2ura3 
[pTSV31A-H0F1] 

LY1302 As YEF473 except INN1-GFP:KanMX6/INNl-

GFP:KanMX6 

LY1310 As YEF473A except inn1A::KanMX6[pUG36-\NM] 

LY1313 As YEF473A except INN1-GFP:KanMX6 

LY1314 As YEF473B except INN1-GFP:KanMX6 

LY1321 As YEF473A except INN1-GFP:KanMX6 

cyk3A::His3MX6 

LY1324 As YEF473A except INN1-GFP:KanMX6 

LY1325 As YEF473A except INN1 -GFP:KanMX6 
cyk3A::His3MX6 hof1A::KanMX6 [pRS316-HOF1] 

LY1328 As YEF473A except INN1-GFP:KanMX6 hof1A::KanMX6 
[pRS316-HOF1] 

LY1355 a dbf2-1 dbf20A::TRP1 INN1-GFP:KanMX6 adel Ieu2 

trpl ura3 

LY1357 a cdc5,s::URA3 INN1-GFP:KanMX6 Ieu2 trpt ura3 

LY1360 a cdcU INN1-GFP:KanMX6 can 1 his? Ieu2 ura3 

LY1364 As YEF473A except myolA::His3MX6 INN1-
GFP:KanMX6 [YCp50-MYO1] 

LY1373 As YEF473A except innlA::KanMX6 CHS2-
GFP:KanMX6 [pUG36-INN1] 

YEF1951 As YEF473A except hof1A::KanMX6 

Thisstudy 

This study 

Thisstudy 

This study ° 

This study0 

Thisstudy 

Thisstudy 

This study 

Thisstudy 

This study 

Thisstudy 

This study 

Thisstudy 

This studyd 

Thisstudy" 

Thisstudy" 

Thisstudy 

This study 

(Vallen et ai:, 2000) 

95 



YEF5202 As YEF473A except innlA::KanMX6 This study 
[pUG34mCherry-INN1-C2] 

YEF5216 As YEF473A except inn1A::KanMX6 This study 

YEF5291 As YEF473A except inn1A::KanMX6 MY01- This study 
GFP:His3MX6 

YEF5293 As YEF473A except myolA::His3MX6INN1- This study 
GFP:KanMX6 

a Genes were deleted (the entire coding region in each case) or tagged at their C-termini using 

the PCR method (Baudin et al., 1993). Template plasmids were as described by Longtine et al. 

(1998) except for pFA6a-TAP-His3MX6 (P. Walter, University of California, San Francisco) and 

pFA6a-link-mCherry-His3MX6 (see Materials and methods). In some cases, genomic DNA from 

previously transformed strains was used as template in order to generate transformation 

fragments with longer flanking regions. Other steps in strain constructions were conventional 

genetic crosses and plasmid transformations. 

b cdc15-2 was derived from strain DLY3034 (D. Lew, Duke University, Durham, NC) and 

backcrossed >7 times into the YEF473 background. 

c Derived from strains CDV38 and CDV39 (C. De Virgilio, University of Fribourg, Switzerland). 

d Strains J230-2D (L. Johnston, National Institute for Medical Research, London, UK), KKY021 (L. 

Johnston), and 4078-14-3a (L. Hartwell, Fred Hutchinson Cancer Research Center, Seattle, WA) 

were transformed with a PCR-generated INN1-GFP:KanMX6 cassette. 
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Appendix 4. Plasmids used in Chapter III 

Plasmid Description: Reference or source 

YEplac181 

pRS315GW 

pRS425 

pRS3i5-GFP-RAS2 

YCp111-CDC3-CFP 

YCp50-MYO1 

pBK65 

pRS316-CHS2-myc 

pRS316GW-IQG1 

YGp50-IQG1 .(= p1868) 

YEp181-IQG1 

pBK132 

pBK133 

pRS425-CYK3 

PRS315GW-CYK3-2GFP 

pRS315GW-Notl-HOF1 

pRS316-HOF1 

YCp50LEU2-HOF1 

pTSV30A-HOF1 

PTSV31A-H0F1 

YCp50LEU2-INN1-17C 

pGP564-INN1 

pUG34mCherry 

pUG34mCherry-INN1 b 

2(J, LEU2 

CEN, LEU2 

2[i, LEU2 

CEN,LEU2, GFP-RAS2 

CEN, LEU2, CDC3-CFP 

CEN, URA3, MY01 

2u; LEU2, MLC1 

CEN, URA3, CHS2-MYC 

CEN, URA3, IQG1 

CEN, URA3.IQG1 

2u, LEU2, IQG1 

2p, LEU2, CYK3 

2M, LEU2, CYK3 

2(J, LEU2, CYK3 

CEN, LEU2, CYK3-2GFP 

CEN, LEU2, H0F1 

CEN, URA3, H0F1 

CEN, LEU2, H0F1 

2|J, LEU2, ADE3, H0F1 

•2M, URA3, ADE3, H0F1 

CEN, LEU2, INN1 

2M, LEU2, INN1 

CEN, HIS3, pMET25-mCherry 

CEN, HIS3, 
pMET25-mCherry-INN1 

Gietz and Sugino (1988) 

Pringle lab 

(Christiansonetal., 1992) 

(Luoetal.,2004) 

Pringle lab 

S. Brown 

J. Chant 

Pringle lab 

Pringle lab 

(Korineketal:, 2000) 

(Koetal.,2007) 

(Korineketal., 2000) 

(Korinek et al., 2000) 

(Koetal.,2007) 

Pringle lab 

Pringle lab 

(Vallenetal.,2000) 

See text 

See text 

See text 

See text 

F. Luca 

See text 

See text 
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pUG36-INN1 CEN, URA3,pMET25- See text 

yEGFP-INN1 

pRS315GW-C2-HOF1 CEN, LEU2, C2-H0F1 See text 

a CEN indicates low-copy-number plasmids; 2u indicates high-copy-number plasmids. 

b Related plasmids contain the wild-type INN1 N-terminus (amino acids 1 -140) or C-terminus 

(amino acids 130-409), or full-length or INN1 into which mutations m1-m4 (Fig. 1) had been 

introduced singly or in combinations (see Materials and methods). 
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