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Abstract 

Actomyosin ring (AMR) contraction and the synthesis of extracellular material 

are interdependent pathways of cytokinesis in yeast Saccharomyces cerevisiae 

and other eukaryotes. How these interdependent pathways are physically 

connected is central for understanding cytokinesis. IQGAP proteins are 

organizers of the contractile actin myosin ring (AMR) during cytokinesis in 

many eukaryotic cells. Genetic evidence suggests that the yeast IQGAP (Iqg1p) 

that is part of the conserved AMR carries out additional roles during 

cytokinesis whose molecular underpinnings are not understood. Here I 

identified the stepwise formation of a physical connection between Iqg1p and 

the F-BAR protein Hof1p, a member of a complex that stimulates cell wall 

synthesis. The C-terminal IQ-repeats of Iqg1p first bind to the essential myosin 

light chain before both proteins assemble with Hof1p into the Mlc1p-Iqg1p-

Hof1p bridge (MIH). Mutations in Iqg1p that disrupt this complex alter Hof1p 

targeting to the AMR and impair AMR contraction. Epistasis analysis of MIH-

interfering iqg1 alleles that are incompatible with MIH formation supports the 

existence and functional significance of a large cytokinetic core complex, 

consisting of at least seven proteins that are stepwise assembled: Myosin light 

chain, Iqg1p, Myosin heavy chain, Hof1p, Chitin synthase, Inn1p, Cyk3p and 

Sho1p. I propose that the MIH connects the AMR with proteins involved in cell 

wall synthesis and membrane attachment to coordinate their activities. 
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1. Introduction 
 
1.1 Budding yeast as a model organism 

 

The budding yeast Saccharomyces cerevisiae, an eukaryotic single cell organism, 

provides an ideal model system to study the mechanisms of cell division. The 

genome of the budding yeast was the first eukaryotic genome to be sequenced in 

1996 and 46% of its genes have orthologs in humans. Of these genes 290 are 

orthologs to human disease genes. It is generally acknowledged that this genetically 

tractable model organism will provide further insights into cell polarization, cytokinesis 

and other cell cycle events that are also relevant for understanding these processes 

in higher eukaryotes. 

 

 

1.2 The life cycle of the budding yeast 

 

Yeast S.cerevisiae proliferates by forming a bud in a cell-cycle-dependent fashion. Its 

cell cycle can be divided into interphase (including G1, S, G2 phases) and M-phase 

(including mitosis and cytokinesis to achieve nuclear division and cytoplasmic 

division respectively) (Figure 1.1). 

                        

Figure 1.1 Sketch of budding yeast mitotic cell cycle. (Lodish et al., 2000) 
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Before the bud emerges prelocalized landmark proteins promote GTP-Rsr1p, which 

belongs to “bud-site selection” machinery and recruits Cdc24p the GDP/GTP 

exchange protein (GEF) of the small GTPase Cdc42p (Zheng et al., 1995). 

Cdc42GTP then orients the actin cytoskeleton to direct cell growth to one specific site. 

In late G1 phase Cdc42p recruits the septins to the incipient bud site. The early 

septin patch is transformed into a ring-like structure to initiate the assembly of the 

myosin ring (Cid et al., 2001; Iwase et al., 2006). The type-II myosin heavy chain, 

Myo1p, then forms a ring at the presumptive division site in a septin-dependent 

manner at late G1 shortly before bud emergence. The bud grows apically through S-

phase by polarizing and switches to isotropic growth in the G2-phase (Farkas et al., 

1974; Lew and Reed, 1993). In S/G2 phase the type-II myosin essential light chain 

Mlc1p arrives at bud neck, while the IQGAP Iqg1p and later F-actin only start to 

accumulate onto this myosin ring after the activation of the Mitotic Exit Network in late 

anaphase. Membrane ingression is achieved through the contraction of the AMR 

such that the primary septum (PS) formation is properly oriented and organized 

(Vallen et al., 2000; Bi, 2001). PS is formed by Chs2p, a Chitin synthesizing enzyme 

that is specifically delivered to the membrane at the division site during cytokinesis. A 

secondary septum (SS), mainly synthesized by the 1,3-beta-D-glucan synthase 

Fks1p, is layered on both sides between the forming PS and the membrane (Bi and 

Park, 2012). Both PS- and SS-formation are important for the final abscission of the 

daughter cell at the end of cytokinesis (Barr and Gruneberg, 2007; Onishi et al., 

2013). During and after actomyosin ring (AMR) contracts, the ring component Iqg1p 

is targeted for degradation by the anaphase-promoting complex (APC) ubiquitin 

ligase following cytokinesis to promote orderly disassembly of the constricted 

actomyosin ring (CAR) (Tully et al., 2009). Digestion of the PS and a part of the SS 

by RAM pathway controlled hydrolytic enzymes results in cell separation 

(Bidlingmaier et al., 2001; Colman-Lerner et al., 2001; Nelson et al., 2003). A bud 

scar is left at either the mother site or daughter site and the cell launches a new cell 

cycle (Figure 1.2). 
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Figure 1.2 Schematic representation of the sequential assembly of various proteins to the bud 

neck during the cell division cycle. (Yeong, 2005) 
 

 

1.3 Cytokinesis in animal cells and Schizosaccharomyces pombe  

 

Cytokinesis, defined as the physical separation of a newly born daughter cell from the 

mother cell at the end of mitosis, is a temporally and spatially regulated process. It is 

known that more than 100 proteins are playing a direct or indirect role during 

cytokinesis (Table 1.1). Core components of cytokinesis and the basic mechanisms 

underlying cytokinesis are conserved between yeast and animal cells. It has been 

hypothesized for a century that failure in cytokinesis might cause polyploidy which 

increases the chances of tumorigenic growth (Boveri, 2008). Therefore, the study of 

cytokinesis might be important to better understand one contributing factor for the 

development of cancer.  
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Table 1.1 Genes that regulate cytokinesis in diverse organisms. (Balasubramanian et 

al., 2004) 
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To be able to later put my findings in an evolutionary context, I will shortly introduce 

the basic mechanisms of cytokinesis in animal and S. pombe cells.   

In animal cells the division plane is determined by the action of the central spindle 

(the spindle midzone) at the metaphase to anaphase transition. In this case the 

central spindle can physically interact with the cortex prior to furrow formation and 

ingression. A small GTPase RhoA whose activated state is required for contractile 

ring assembly is delivered to the correct region of cortex (Piekny et al., 2005; Yüce et 

al., 2005). Then the central spindle becomes progressively compacted by the 

ingression of the cleavage furrow eventually resulting in the formation of the midbody. 

The midbody probably serves as a scaffold for abscission, the final step in 

cytokinesis. Retraction of microtubules from the midbody allows the membrane 

vesicles to fuse both with one another and with the plasma membrane. The vesicle 

trafficking and membrane fusion events are under the control of a conserved network 

of vesicle coat proteins, Rab-family GTPases, and the SNARE membrane fusion 

proteins (Jahn and Scheller, 2006). Abscission occurs once this membrane network 

completely fills the space and creates a new section of plasma membrane, leading to 

two separate cells (Figure 1.3). 

In fission yeast Schizosaccharomyces pombe the position of the nucleus determines 

the future division site. Due to the action of microtubules the nucleus is first 

positioned in the center of the cell. The middle of the cell is then marked by the 

release of the actin-binding protein Mid1p from the nucleus. Mid1p is related to anillin, 

which is an early marker of the division plane in animal cells. Mid1p then initiates the 

ordered assembly of the actomyosin ring including the type II myosins heavy chain 

Myo2p, the myosin essential light chain Cdc4p and regulatory light chain Rlc1p, the 

IQGAP protein Rng2p, the PCH domain protein Cdc15p, tropomyosin Cdc8p, the 

formin Cdc12p as well as the profilin Cdc3p. These proteins accumulate first at the 

medial cortex from mid G2 to metaphase in a broad band (Korinek et al., 2000b). 

This broad band of nodes merge into a compact ring structure once the formin 

Cdc12p and profilin Cdc3p stimulate actin polymerization (Wu et al., 2005). In 

anaphase the contractile ring starts to contract depending on proteolysis of cyclin B 

and enters into cytokinesis, which is mediated by the SIN signaling cascade (the 

septation initiation network) that is highly analogous to MEN of budding yeast. 

Sid2p/Mob1p (Dbf2p/Mob1p in budding yeast) translocates from the spindle pole 

body to the contractile actomyosin ring and triggers the formation of the septum in 
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which proteins involved in exocytosis participate (Jin et al., 2006). Unlike other 

organisms fission yeast has already re-entered S phase before completion of 

cytokinesis in order to optimize growth rate (Figure 1.3). 

 

 

 

Figure 1.3 Overview of cytokinesis in Animals, Plants, and Yeast. The selection of the division site 

and cytokinesis relative to other key cell-cycle transitions is shown for animal cells, plants, and 

budding and fission yeast. (Barr and Gruneberg, 2007) 

 

 

1.4 Cytokinesis in the budding yeast 

 

In budding yeast Saccharomyces cerevisiae cytokinesis involves the concerted 

action of membrane ingression and formation of an extracellular septum at the pre-

selected division site that is determined by the bud scar from the previous cell cycle. 

The partial degradation of the primary septum finally liberates the daughter cell from 

the mother cell. In the following sub-chapters I will focus on the details of each 

distinct process during cytokinesis in budding yeast. 

 

1.4.1 The selection of the cell division site 

 

One of the first steps in cytokinesis is the specification of the future division site. 

Budding yeast use the previous bud scar as the cortical cue. In contrast to fission 
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yeast and animal cells, budding yeast chooses its division site at the very beginning 

of the cell cycle, before the daughter cell emerges and the SPB duplicates. The bud-

site selection genes determine both the axis of cell polarization and the division plane 

at the presumptive bud site. Axial-specific landmarks in haploid a and α cells (Bud3p, 

Bud4p,Axl1p and Axl2p) and bipolar-specific landmarks in diploid a/α cells (Bud7p, 

Bud8p, Bud9p, Rax1p and Rax2p) that are produced in the previous cell cycle mark 

the bud site that determines the cell division plane which is perpendicular to the axis 

of cell polarization (Figure 1.4 A). The signal are then recognized by the “general site-

selection machinery” (Chant and Pringle, 1995) containing a GTPase module 

including the Ras related small GTPase Rsr1p and its GEF Bud5p and GAP Bud2p 

to initiate bud formation (Bender and Pringle, 1989; Chant et al., 1991; Chant and 

Herskowitz, 1991; Bender, 1993; Park et al., 1993; Park et al., 1999). Deletion of any 

of the known bud-site selection genes does not lead to any significant cytokinesis 

defect. Active Rsr1p recruits Cdc24p, a GEF for the Rho family of small GTPase 

Cdc42p (Shimada et al., 2004). Activated Cdc42p interacts with a scaffold protein 

Bem1p in a complex with Cla4p (PAK effector of Cdc42p) and Cdc24p and signals 

downstream to promote bud formation (Figure 1.4 B). After bud emergence, the 

polarity machinery concentrates at the bud tip, whereas the division machinery builds 

at the bud neck. 

 

 

 

Figure 1.4 (A) Patterns of bud-site selection in S. cerevisiae. Upper panel: axial and bipolar patterns 

of cell division in S. cerevisiae. Red arrows denote polarization axes. Lower panel: The patterns of bud 

scars on the yeast cell surface resulting from the two different modes of budding. (Bi and Park, 2012) 

(B) Polarization in budding yeast. (Berzat and Hall, 2010) 
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1.4.2 The assembly of the actomyosin ring (AMR) 

 

It is known that the actomyosin ring generates a contractile force through the sliding 

of myosin-II motors on actin filaments. The AMR is not essential for cell viability in 

yeast, but required for efficient cell division. In budding yeast its formation starts 

already during late G1 and lasts till the onset of cytokinesis and/or cell separation 

(Lippincott and Li, 1998b). At least seven families of proteins are required for AMR 

formation: septins, F-actin, type II myosin heavy chain Myo1p, IQGAP Iqg1p, the 

essential light chain Mlc1p, the formins and tropomyosins (Epp and Chant, 1997; 

Pruyne et al., 2002; Tolliday et al., 2002). Localization of these proteins to the 

mother-bud neck relies on the septins, which is the first family of proteins to arrive. 

Septins form a collar that tethers various proteins to this site (Bi et al., 1998; 

Lippincott and Li, 1998b; Roh et al., 2002) (Chapter 1.5). Myo1p is targeted to the 

ring by the septin-binding protein Bni5p at the G1-S transition slightly before bud 

emergence (Fang et al., 2010; Schneider et al., 2013). Myo1p forms a dimer with two 

globular heads at N-terminal each harboring an ATPase and an actin-binding site(s) 

and a long coiled-coil tail associated at C-terminal (Fang et al., 2010). Each Myo1p 

interacts with the essential light chain Mlc1p and the regulatory light chain Mlc2p via 

their respective IQ repeats which are located close to the ATPase domain of Myo1p 

(Luo et al., 2004; Lord et al., 2005). Once the bud emerges, Myo1p remains at the 

bud neck with a constant diameter. Shortly before the onset of cytokinesis Iqg1p is 

recruited to bud neck to bind to Myo1p and actin to form the functional AMR (Bi et al., 

1998; Lippincott and Li, 1998b, Fang et al., 2010). Iqg1p is recruited by Mlc1p by an 

unknown mechanism. The Cdk1-dependent phosphorylation state of Iqg1p seems to 

be a determining factor in the timing of bud neck localization of both Iqg1p and actin 

(Naylor and Morgan, 2014). Two formins, Bni1p and Bnr1p, contribute to actin ring 

assembly with Bni1p playing the predominant role (Vallen et al., 2000; Tolliday et al., 

2002). It is thought that Rho1p-GTP activates the formin Bni1p to stimulate its ability 

to form filaments (Tolliday et al., 2002; Yoshida et al., 2006; Yoshida et al., 2009). 

Tpm1p and Tpm2p which are two functionally redundant tropomyosins are also 

required for actin ring assembly probably through their ability to stabilize the formin-

nucleated actin filaments (Tolliday et al., 2002). The formin-nucleated actin filaments 

might be finally captured by the actin-binding Calponin homology domain of Iqg1p 

(Epp and Chant, 1997; Shannon and Li, 1999).  
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1.4.3 Contraction and disassembly of the AMR 

 

Coincident with or immediately after the splitting of the septin ring into two rings, the 

AMR contracts between these two rings to generate a contractile force that powers 

the ingression of the plasma membrane (PM) to achieve cytokinesis. The mitotic exit 

network (MEN), a GTPase-driven kinase cascade, presumably controls AMR 

constriction by directly regulating the AMR component Iqg1p. The MEN component 

and GTPase Tem1p in either GDP- or GTP-bound state interacts directly with the 

GAP-related domain (GRD) of Iqg1p. It is thought that this interaction might then 

trigger AMR contraction (Shannon and Li, 1999).  

AMR contraction is coupled with AMR disassembly because the contractile proteins 

are lost progressively during AMR contraction (Schroeder, 1972). Mlc2p, RLC of 

Myo1p all play a role in AMR disassembly as deletion of MLC2 causes Myo1p to 

linger at the division site at the end of cytokinesis (Luo et al., 2004). AMR 

disassembly is also regulated by the motor domain of Myo1p and the anaphase 

promoting complex (APC)-mediated degradation of Iqg1p (Tully et al., 2009). The 

RLC-mediated regulation of Myo1p and the APC-mediated degradation of Iqg1p 

define two distinct mechanisms and work synergistically for controlling AMR 

disassembly since deletion of CDH1 (the allele of an activator of the APC) enhances 

the defect of mlc2 cells (Tully et al., 2009). Consequently the force producing 

activity of the Myosin head domain is not needed for contraction (Lord et al., 2005) in 

budding yeast although it is essential in all other AMR-containing organisms. 

 

1.4.4 Targeted membrane deposition, cleavage furrow ingression and septum 

formation  

 

AMR contraction is followed closely by the centripetal growth of the primary septum. 

The major role of targeted membrane deposition is to deliver the integral membrane 

proteins that mediate septum formation. The action cables guide Myo2p-powered 

transport of post-Golgi vesicles from both the mother and daughter cell to bud neck 

including Chs2p, the chitin synthase II that is synthesized in G2/M phase. Through 

phosphorylation by cyclin-dependent kinase Cdk1p and induced by the MEN Chs2p 

exits the endoplasmic reticulum (ER) to the bud neck in late anaphase (Chuang and 

Schekman, 1996; VerPlank and Li, 2005; Zhang et al., 2006; Teh et al., 2009; Chin et 
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al., 2011) (Figure 1.5).  

                    

Figure 1.5 Events of cytokinesis. (A) Coupling of AMR contraction to membrane trafficking and 

primary septum (PS) formation during cytokinesis. Myo1, myosin-II; Myo2, myosin-V; Chs2, a 

transmembrane chitin synthase responsible for PS formation. Black circles, post-Golgi vesicles; red 

lines, actin cables. (B) EM visualization of the primary and secondary septa. SS, secondary septa; CW, 

cell wall. An AMR is drawn to illustrate its spatial relationship with the PS during cytokinesis. (Bi and 

Park, 2012) 

 

Chs2p appears to be delivered to the plasma membrane in an inactive form. Chs2p is 

then activated in situ by the Hof1p-Inn1p-Cyk3p complex that colocalizes with Chs2p 

at the site of septum formation (Nishihama et al., 2009; Devrekanli et al., 2012). The 

C2-domain of Inn1p is required for ingression of the plasma membrane and acts in 

conjunction with Cyk3p to regulate the catalytic domain of Chs2p (Sanchez-Diaz et 

al., 2008; Devrekanli et al., 2012; Palani et al., 2012). It has been well established 

that the second proline-rich motif of Inn1p binds to the SH3 domain of Cyk3p, both of 

which interact with the F-BAR containing protein Hof1p as well (Korinek et al., 2000a; 

Nishihama et al., 2009; Labedzka et al., 2012). Dephosphorylation of Inn1p by the 

MEN-phosphatase Cdc14p which is one component of MEN may stabilize the 

association between Inn1p and Cyk3p (Labedzka et al., 2012; Palani et al., 2012) 

(Figure 1.6). Cdc14p has be shown to directly interact with the very C-terminal region 

of Inn1p (Inn1367-409) (Labedzka et al., 2012). 

 

Figure 1.6 Phospho-regulation of Inn1p by Cdk1p and Cdc14p regulates its binding to Cyk3p to 

activate Chs2p during cytokinesis. (Palani et al., 2012) 
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Chs2p inserts into the plasma membrane and deposits PS at mother bud neck in a 

centripetal fashion just behind the CAR (Cabib, 2004; Roncero and Sanchez, 2010) 

(Figure 1.7B, C). Deletion of CHS2 is not lethal but abolishes PS formation and 

actomyosin rings can form but fail to contract or contract inefficiently (Bi, 2001; 

Schmidt et al., 2002) (Figure 1.7F, G, H). In contrast to Myo1p, Chs2p does not 

contract during cytokinesis, but rather is endocytosed after cytokinesis. 

Approximately halfway through AMR constriction, Chs2p is phosphorylated by the 

neck-localized Dbf2p-Mob1p kinase, another component of the MEN, causing Chs2p 

dissociation from the AMR in preparation for its eventual removal from the division 

site by the endocytic machinery. Chs2p is finally transported to the vacuoles of the 

mother and daughter cell (Oh et al., 2012). 

                     

Figure 1.7 Scheme of the septation process in budding yeast. The mother-daughter neck region is 

represented. In (A), from the outside in, note the cell wall (grey), plasma membrane (brown), septin 

ring (purple), and contractile ring (light blue). Only the contractile ring is drawn in perspective, to 

indicate the cylindrical shape of the neck. The septin ring, plasma membrane, and cell wall are shown 

in section, to reduce the complexity of the picture. The small black arrows represent connections, of 

unknown nature, between contractile ring and plasma membrane. In (B) and (C), the red dots stand for 

Chs2p. Green represents chitin, either in the primary septum or dispersed in aberrant septa. (A-E) 

Normal septation; (F-H) aberrant septation in chs2 and myo1 mutants. (Cabib, 2004, orientation 

changed) 

 

Experimental evidences indicate that Mlc1p and Iqg1p play a role in septum 

formation (Wagner et al., 2002; Ko et al., 2007; Fang et al., 2010). Mlc1p interacts 

with Myo2p and Iqg1p (Stevens and Davis, 1998; Boyne et al., 2000). Iqg1p co-

immunoprecipitates with Sec3p, a component of the exocyst. This finding suggested 

that Iqg1p plays a role in vesicles tethering to the bud neck during cytokinesis 

(Osman et al., 2002). Iqg1p seems to regulate septum formation independently of its 

role in actomyosin ring assembly. Overexpression of Hof1p or Cyk3p promotes cell 

division in iqg1 null cells without restoring the AMR, indicating that Hof1p and Cyk3p 

act downstream of Iqg1p to promote septation (Korinek et al., 2000a). 
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Upon completion of the primary septum, mother and daughter deposit a secondary 

septum on either side of the primary septum (Figure 1.7E). Secondary septum 

formation can also be proceed in the absence of an actomyosin ring or a primary 

septum, filling the neck with large amounts of disorganized cell wall material that can 

trap pockets of cytoplasm (Schmidt et al., 2002; Nishihama et al., 2009) (Figure 1.7F, 

G, H). These septa are made of 1,3-beta-D-glucans and mannoproteins (Lesage and 

Bussey, 2006). The glucans are synthesized by two 1,3-beta-D-glucan synthases 

(GSs), each of which consists of a putative catalytic subunit (Fks1p or Fks2p) and the 

small GTPase Rho1p as regulatory subunit (Douglas et al., 1994; Inoue et al., 1995; 

Qadota et al., 1996). Rho1p may also contribute to SS formation by controlling Chs3p 

localization at the division site (Yoshida et al., 2009). Chs3p, that is required for 

synthesis of the chitin ring around the bud neck and later acts to deposit chitin in the 

lateral walls, localizes to the base of the bud early during bud emergence, but 

relocates to the bud neck in late anaphase (Shaw et al., 1991; Chuang and 

Schekman, 1996; Lesage and Bussey, 2006). In rho1 mutants, Chs3p fails to 

translocate from internal stores (chitosomes) to the PM (Valdivia and Schekman, 

2003). In chs3 cells, the SS appear to be morphologically distinct from those in wild-

type cells (Shaw et al., 1991), suggesting a role of Chs3p also in SS formation. The 

chitin deposition by Chs3p is particularly important in the remedial septum which is 

frequently misshaped in chs2 cells. As a consequence the deletion of both CHS2 

and CHS3 is lethal (Shaw et al., 1991; Cabib and Schmidt, 2003). 

 

1.4.5 Degradation of the primary septum and the abscission event 

 

Upon completion of primary and secondary septum formation, mother and daughter 

cells are connected by a trilaminar cell wall as depicted in Figure 1.7E. Daughter cells 

then synthesize and secrete a chitinase Cts1p as well as several glucanases 

including Dse2p, Dse4p and Egt2p to degrade the PS and a part of the SS leading to 

subsequent cell separation to complete the process of cell division (Kuranda and 

Robbins, 1991; Colman-Lerner et al., 2001). The endochitinase Cts1p is specifically 

expressed only once the cells have successfully undergone mitotic exit, which is 

highly regulated by the yeast transcription factor Ace2p in a cell cycle-dependent 

manner (O'Conallain et al., 1999). The asymmetric localization and activation of 

Ace2p depends on the RAM pathway (Regulation of Ace2p activity and cellular 
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morphogenesis), a conserved signaling network consisting of the Cbk1p kinase and 

its regulatory or activating subunit Mob2p (Cbk1p-Mob2p complex), and a few 

upstream and mutually interacting proteins including Kic1p, Sog2p, Hym1p, and 

perhaps Tao3p (Colman-Lerner et al., 2001; Nelson et al., 2003). Direct 

phosphorylation by Cbk1p activates Ace2p, which initiates and then maintains the 

asymmetric localization of Ace2p in the daughter nucleus (Mazanka et al., 2008). 

 

1.4.6 Coordination of AMR contraction and primary septum formation 

 

In budding yeast, septum formation and AMR contraction are interdependent 

processes that must be coordinated spatiotemporally to ensure robust cytokinesis 

(Schmidt et al., 2002). The AMR is thought to generate a contractile force that 

powers the ingression of the PM and also guides membrane deposition. Deletion of 

Myo1p leads to the loss of the AMR and its contraction and to incorrectly formed and 

mis-oriented or branched septa, suggesting that AMR contraction may guide PS 

formation (Bi et al., 1998; Tolliday et al., 2003). This defect is not caused by the lack 

of force production as cells expressing only the C-terminal tail domain separate 

nearly as well as wild type cells (Lord et al., 2005). Conversely, PS is thought to 

stabilize the AMR during its contraction. The deletion of CHS2 affects not only 

septum formation but also AMR contraction, and plasma membrane ingression 

(VerPlank and Li, 2005). 

One of the central unresolved issues concerns the physical connection between the 

contracting actomyosin ring and the septum synthesis at the division site (Bi and 

Park, 2012; Onishi et al., 2013). Iqg1p was tentatively assigned this important 

regulatory role in budding yeast (Bi and Park, 2012; Onishi et al., 2013). Iqg1p is 

required for AMR assembly and PS formation. Deletion of IQG1 causes very severe 

cell defect or even cell lethality in most genetic backgrounds. Inn1p was suggested to 

interact with Iqg1p on the AMR side and with two further SH3-domain-containing 

proteins Hof1p and Cyk3p on the PS side (Sanchez-Diaz et al., 2008; Jendretzki et 

al., 2009; Nishihama et al., 2009; Meitinger et al., 2010). Inn1p is essential for PS 

formation and localizes to the bud neck after Iqg1p (Epp and Chant, 1997; Lippincott 

and Li, 1998a; Sanchez-Diaz et al., 2008). Therefore, Inn1p likely acts downstream of 

Iqg1p in PS formation (Nishihama et al., 2009; Meitinger et al., 2010). Cyk3p 

localizes to the bud neck shortly after Inn1p and constricts with the AMR (Korinek et 
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al., 2000a; Jendretzki et al., 2009). In addition, increased dosage of Cyk3p 

suppresses the growth and cytokinesis defects of iqg1 or inn1 null cells by promoting 

PS formation (Korinek et al., 2000a; Jendretzki et al., 2009; Nishihama et al., 2009), 

supporting that Cyk3p acts downstream of Iqg1p and Inn1p in PS formation 

(Nishihama et al., 2009) (Figure 1.8). Inn1p also binds to the SH3 domain of Hof1p 

via its proline-rich motifs (Nishihama et al., 2009; Labedzka et al., 2012). Deletion of 

HOF1 causes no obvious defects in AMR assembly but is synthetically lethal with 

myo1, suggesting that Hof1p is involved in the AMR-independent cytokinesis 

(Vallen et al., 2000). Cyk3p and Hof1p likely share an essential role in promoting PS 

formation in AMR-independent cytokinesis pathway as the simultaneous deletions of 

CYK3 and MYO1 or HOF1 are synthetic lethal (Korinek et al., 2000a). To sum up, 

Iqg1p-Inn1p-Hof1p/Cyk3p defines a level of AMR-PS coordination that presumably 

acts downstream of Iqg1p (Bi and Park, 2012; Wloka and Bi, 2012) (Figure 1.8). 

                        

Figure 1.8 A molecular model for cytokinesis in budding yeast. At the onset of cytokinesis, the 

septin hourglass is split into two cortical rings (light brown), Mlc1p and Iqg1p maintain Myo1p at the 

division site, and all three proteins are required for AMR assembly and contraction. Iqg1p is also 

involved in septum formation, possibly by interacting with Inn1p. Inn1p interacts with Hof1p and Cyk3p 

to somehow “activate” Chs2p for PS formation. AMR “guides” membrane deposition and septum 

formation whereas the latter “stabilizes” the AMR and its contraction. Efficient cytokinesis requires 

spatiotemporal coordination of the AMR and septum formation. (Bi and Park, 2012) 
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Another outstanding question is how the AMR is connected to the membrane to 

transform its contraction into membrane ingression. Candidate proteins for this 

linkage are the proteins Hof1p and Inn1p. Both are known to be involved in the 

correct progression of cell separation (Kamei et al., 1998; Lippincott and Li, 1998a; 

Vallen et al., 2000; Sanchez-Diaz et al., 2008). Their specific roles have, however, 

not yet been precisely defined. Hof1p may directly connect the membrane with the 

AMR during contraction as the phenotypes of its deletion as well as its localization 

during cytokinesis are compatible with such a role (Meitinger et al., 2011). In addition, 

Hof1p contains at its N-terminus a F-BAR domain. Other members of the family of F-

BAR-containing proteins were shown to bind to the actin cytoskeleton and to 

simultaneously bind and bend membranes (Itoh et al., 2005; Rao et al., 2010). 

However, both features have not been demonstrated for Hof1p. Hof1p was shown to 

contact through its C-terminal SH3 domain Inn1p and Cyk3p (Korinek et al., 2000a; 

Jendretzki et al., 2009; Nishihama et al., 2009; Labedzka et al., 2012). Inn1p is 

essential for cytokinesis. Its N-terminal C2 domain was postulated to bind to 

membranes and the co-precipitation with Iqg1p, a member of the AMR, was taken as 

evidence for an important role in linking the membrane to the AMR (Sanchez-Diaz et 

al., 2008).  

 

1.5 Septins 

 

Septins are GTP-binding and filament-forming proteins which are conserved from 

yeast to human but are absent in plants (Trimble, 1999; Gladfelter et al., 2001; 

Longtine and Bi, 2003; Nishihama et al., 2011). In budding yeast septins are the first 

known proteins to localize to the cytokinesis site and are essential for cytokinesis. 

Five of the seven septins (Cdc3p, Cdc10p, Cdc11p, Cdc12p, and Shs1p/Sep7p) are 

expressed during the vegetative cycle and the other two (Spr3p and Spr28p) are 

expressed exclusively during sporulation (Longtine et al., 1996). Cdc3p, Cdc10p, 

Cdc12p, and Cdc11p and alternatively Shs1p are thought to form rod-shaped 

nonpolar octameric complexes in a 1:1:1:1 ratio (Cdc11-Cdc12-Cdc3-Cdc10-Cdc10-

Cdc3-Cdc12-Cdc11), with the diameter around 10nm (Bertin et al., 2008; Garcia et 

al., 2011) (Figure 1.9). Cdc3p and Cdc12p are essential under all tested conditions 

(Frazier et al., 1998; McMurray et al., 2011). 
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Figure 1.9 Illustration of the structural organization of the septin filament in S.cerevisiae. Septin 

filaments form in a non-polar manner. (Weirich et al., 2008) 

 

 

Septins form a filamentous ring around the site of bud emergence after the launch of 

a new cell cycle. Upon the bud emergence, the septin ring is expanded into an 

hourglass structure that covers a wider region of the mother-bud neck upon bud 

emergence until mitotic exit. At the onset of cytokinesis, the septin hourglass is split 

into two cortical rings that sandwich the cytokinesis machinery (Kim et al., 1991; Cid 

et al., 2001; Lippincott et al., 2001) (Figure 1.10). The transition from the dynamic 

ring to the stable hourglass is likely caused by the arrangement or crosslinking of 

septin filaments into ordered arrays, whereas the hourglass splitting is triggered by 

the MEN (Cid et al., 2001; Lippincott et al., 2001). After cell division the old septin 

rings serve as landmarks for a new budding event. 

 

 

 

Figure 1.10 Septin organization during the cell cycle. Polarized Cdc42p directs septin recruitment 

to the incipient bud site to form a cortical ring. Upon bud emergence, the septin ring is expanded into 

an hourglass spanning the entire mother-bud neck. At the onset of cytokinesis, the MEN triggers the 

splitting of the hourglass into two cortical rings. (Bi and Park, 2012) 

  

 

In budding yeast septins are essential for cytokinesis, and are required for both the 

AMR- dependent and independent cytokinesis pathways. They are thought to play 

two distinct roles in cytokinesis. Prior to cytokinesis, the septin hourglass functions as 

a scaffold for the recruitment of AMR components to the division site to assemble the 

AMR as well as the septal components such as the chitin synthases for septum 

formation (Bi et al., 1998; Lippincott and Li, 1998a). Septins are also required for 

proper positioning of the mitotic spindle during metaphase (Kusch et al., 2002; Grava 
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et al., 2006). After the onset of cytokinesis, the split septin rings are thought to 

provide a diffusion barrier to retain diffusible cytokinesis factors at the division site to 

promote the completion of cytokinesis (Takizawa et al., 2000; Dobbelaere and Barral, 

2004). In higher eukaryotes, septins have been shown to recruit actin filaments, 

together with anilin (Kinoshita et al., 2002). 

 

1.6 IQGAP family proteins 

 

IQGAP proteins are a family of scaffolding proteins conserved from yeast to human 

cells. They regulate numerous cellular processes including adhesion, motility, 

signaling, exocytosis, and cytokinesis through association with multiple binding 

proteins via their multidomain (Shannon, 2012) (Figure 1.11). There are three 

IQGAPs in Mammalian cells: IQGAP1, IQGAP2, and IQGAP3. They share a high 

degree of sequence identity and a similar domain structure, but differ in tissue 

distribution (White et al., 2009) (Figure 1.11B). Changes in expression of IQGAP1 

have been linked to human cancers, and many binding partners of IQGAP1 also 

have functions in cancer progression (Johnson et al., 2009; White et al., 2009). 

IQGAP proteins are important for cytokinesis in many organisms (Skop et al., 2004; 

Bielak-Zmijewska et al., 2008; Shannon, 2012). The single yeast IQGAP protein 

Iqg1p is part of the AMR. Iqg1p is synthesized during G2/M, becomes localized to the 

neck in anaphase. Iqg1p helps to recruit Myo1p and actin to the division site and 

upon overexpression can even suppress the phenotypes of cells lacking MYO1 

(Shannon and Li, 1999; Ko et al., 2007; Fang et al., 2010). Iqg1p is a multidomain 

protein where a Calponin homology domain, thought to crosslink actin filaments, is 

followed by eleven IQ repeats, a GAP related domain (GRD) and a GTPase 

activating protein (GAP) domain (Shannon, 2012) (Figure 1.11A). The IQ repeats 

bind to the essential myosin light chain Mlc1p. Binding to Mlc1p is a prerequisite for 

anchoring Iqg1p to the site of cytokinesis (Boyne et al., 2000; Shannon and Li, 1999; 

Luo et al., 2004). Cells lacking Iqg1p fail to contract the AMR and do not properly 

progress through cytokinesis (Epp and Chant, 1997; Shannon and Li, 1999). The 

separation of these cells can be rescued without restoring a functional AMR by 

overexpression of either one of the two further members of the cytokinetic apparatus 

Cyk3p or Hof1p (Korinek et al., 2000a). Cyk3p forms a complex with Inn1p and Hof1p 

that was shown to stimulate the synthesis of the primary septum by binding to and 
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activating Chs2p (Nishihama et al., 2011; Devrekanli et al., 2012; Labedzka et al., 

2012; Oh et al., 2012; Oh et al., 2013). The Hof1p/Cyk3p-induced suppression of the 

IQG1 deletion is a strong indication for a role of both proteins downstream of Iqg1p. 

Besides, Iqg1p functions along with the MEN and the exocyst component Sec3p for 

proper repolarization of F-actin and secretion for cell wall assembly following 

cytokinesis. Iqg1p was proposed to interact with Sec3p and the spatial marker Bub4p 

to target exocytosis to the bud neck (Osman et al., 2002). 

 
 
Figure 1.11 IQGAP domain structure in yeasts and mammalian cells. (A) IQGAP family members 

from yeast. CHD-calponin homology domain, IQ- isoleucine and glutamine rich repeats (Budding yeast 

contains 11 IQ repeats), GRD-GAP-related domain, RGCt-Ras GAP C-terminus homology domain. (B) 

Human IQGAP family members. CHD-calponin homology domain, IR-internal repeats (coiled-coil 

region), WW-tryptophan containing repeats, IQ-isoleucine and glutamine rich repeats, GRD-GAP-

related domain, RGCt-Ras GAP C-terminus homology domain, NLS-nuclear localization sequence. 

(Adapted and modified from Shannon, 2012, IQGAP family members characterized in Dictyostelium 

discoideum were deleted.)  
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1.7 F-BAR domains  

 

The F-BAR domain, comprising the FCH (Fes/CIP4 Homology) domain and the 

following coiled-coil domain, is thought to be largely α-helical and to engage in coiled-

coil interactions to form a banana-shaped dimer (Heath and Insall, 2008; Munn and 

Winsor, 2009). It has been reported that F-BAR domain has an affinity for 

phospholipid-containing liposomes and induces membrane tubulation both in vivo 

and in vitro (Itoh et al., 2005; Tsujita et al., 2006). Members of the family of F-BAR-

containing proteins are membrane-associated proteins believed to bind to the actin 

cytoskeleton and to simultaneously bind and bend membranes (Itoh et al., 2005; Rao 

et al., 2010). Five F-BAR proteins have been identified in budding yeast, including 

Hof1p, Bzz1p, Rgd1p, Rgd2p and Syp1p (Boettner et al., 2009; Munn and Winsor, 

2009). Whether the F-BAR domains of these proteins bind and bend membranes like 

those of mammalian F-BAR proteins has not yet been demonstrated. 

 

1.7.1 F-BAR-containing protein Hof1p  

 

The budding yeast Hof1p is the homolog of Cdc15p in fission yeast and PSTPIP1 in 

mammals (Fankhauser et al., 1995; Spencer et al., 1997). It is one of the classical 

Pombe Cdc15 Homology (PCH) proteins containing an N-terminal F-BAR domain 

and a C-terminal SH3 domain (Heath and Insall, 2008). Hof1p resembles Iqg1p in 

that its deletion compromises AMR contraction, septum formation, and, together with 

the loss of Rvs167p, actin ring assembly (Lippincott and Li, 1998a; Vallen et al., 2000; 

Meitinger et al., 2011; Nkosi et al., 2013; Oh et al., 2013). Hof1p’s postulated 

involvement in both cytokinetic pathways is further supported by the observed 

synthetic lethality between HOF1 and CYK3 and between HOF1 and MYO1 (Korinek 

et al., 2000a; Vallen et al., 2000). Hof1p displays a very dynamic and characteristic 

cellular distribution (Lippincott and Li, 1998a; Meitinger et al., 2011). In the S-phase 

of the cell cycle the protein attaches to the septins at the bud neck and separates 

temporarily into two rings before the onset of cytokinesis. After phosphorylated first 

by the Polo kinase Cdc5p and then by the MEN kinase Dbf2p-Mob1p at a single 

serine residue (serine 313), Hof1p dissociates from the septins to associate with the 

AMR shortly before its contraction (Lippincott and Li, 1998b; Vallen et al., 2000; 

Blondel et al., 2005; Meitinger et al., 2011; Meitinger et al., 2013) (Figure 1.12A). The 
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region in Hof1p responsible for its interaction with the septins was mapped to the N-

terminal 355 residues including the F-BAR domain and a C-terminal coiled-coil region 

(CC2, Figure 4.4) (Meitinger et al., 2013; Oh et al., 2013). The region responsible for 

attaching Hof1p to the AMR was localized between its N-terminal F-BAR domain and 

its C-terminal SH3 domain (RLS, Figure 4.4) (Meitinger et al., 2011). Hof1p 

phosphorylation at positions serine 533 and serine 563 by Dbf2p is essential for AMR 

contraction and septum formation (Meitinger et al., 2013) (Figure 1.12B). Members of 

the F-BAR family are known to bind and bend membranes in very different cellular 

contexts suggesting that Hof1p might act as one of the molecular linkers that 

translate the force provided by the AMR contraction to pull the membrane inwards 

(Frost et al., 2009; Roberts-Galbraith and Gould, 2010).  

 

 
 

Figure 1.12 Model for Dbf2p-dependent Hof1p regulation during cytokinesis. (A) During 

anaphase Hof1p associates with the septin collar. Upon pre-phosphorylation of S517 by Cdc5p, the 

Dbf2p-Mob1p complex binds to Hof1p and phosphorylates S313 thereby resolving Hof1p from the 

septin collar. (B) Phosphorylation of Hof1p at S533 and S563 by Dbf2p contributes to AMR contraction 

and PS formation, most likely through inhibition of the SH3 domain. (Adapted and modified from 

Meitinger et al., 2013, Figure 2L plus Figure 6H) 
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1.7.2 Rgd1p involves in cell polarized growth during bud growth and 

cytokinesis 

 

Another F-BAR containing protein Rgd1p is a GTPase-activating protein (GAP) for 

the Rho GTPases. Rgd1p negatively regulate different aspects of polarized cell 

growth including the actin filament formation, directed secretion and cell wall 

remodeling (Munn and Winsor, 2009). The C-terminal GAP domain of Rgd1p 

activates GTP-hydrolysis by the Rho3p and Rho4p (Lefebvre et al., 2009) (Figure 

1.13). Rho3p is mostly localized at the plasma membrane of daughter cells, whereas 

Rho4p is found around the contractile ring during cytokinesis. Both activate the 

formins Bni1p and Bnr1p, which nucleate actin filaments, thus directing the assembly 

of actin cables (Dong et al., 2003). Rgd1p plays a role in endocytosis by functionally 

interacting with Vrp1p and Las17p. Both proteins indirectly receive signals from 

Cdc42p. Cdc42p regulates polarization of the actin cytoskeleton and delivery of 

secretory vesicles to the plasma membrane (Lechler et al., 2001). Rho3p interacts 

with the exocyst subunit Exo70p. This interaction is thought to stimulate exocytosis at 

the plasma membrane (Robinson et al., 1999). In addition, two hybrid assays showed 

that Rgd1p binds to Hof1p. This interaction might contribute to coordinate the 

regulation of cytokinesis by stimulating the Rho4p GTPase (Lefebvre et al., 2009). 

rgd1 is synthetic lethal with myo1, which provides another strong evidence of its 

involvement in cytokinesis (Roumanie et al., 2002). The role of Rgd1p in cytokinesis 

may also involve septum formation, as RGD1 inactivation is synthetic lethal with the 

absence of Bni4p. Bni4p is required for the assembly of the chitin ring, and is also 

involved in septum formation and the maintenance of bud neck integrity (Kozubowski 

et al., 2003). 

Rgd1p functions temporally and spatially through the cell cycle. It localizes to patch-

like structures at the base of the emerging bud and at the cell cortex during polarized 

growth. During cytokinesis Rgd1p is redirected to a ring structure at the bud neck 

(Roumanie et al., 2000; Prouzet-Mauleon et al., 2008). All the essential information 

for targeting Rgd1p is located in its F-BAR region (Figure 1.13).  
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Figure 1.13 Organization and assigned properties of the domains of the Rgd1p protein. 

(Lefebvre et al., 2009) 

 

 

1.8 Aim of my work 

 

The architecture of the cytokinetic apparatus and its coordinated assembly are 

studied in very diverse organisms and shared components and mechanisms of their 

assembly are beginning to emerge. One of the unresolved issues concerns the 

existence and composition of a central element of cytokinesis that is proposed to link 

and coordinate AMR contraction with septum synthesis in yeast or with extracellular 

matrix-remodelling in case of animal cells at the division site (Bi and Park, 2012; 

Onishi et al., 2013). Iqg1p was tentatively assigned this important regulatory role in 

yeast but the evidence for a physical connection to the proteins involved in septum 

formation and its functional significance for cytokinesis were still lacking (Bi and Park, 

2012; Onishi et al., 2013). Therefore the overall aim of this work is to extend our 

knowledge on cytokinesis, by revealing the physical connection between the AMR 

and the septum forming machinery in budding yeast Saccharomyces cerevisiae. 
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2. Materials 
 
2.1 Kits 
 
QIAprep Spin Miniprep Kit - Qiagen 

QIAquick PCR Purification Kit - Qiagen 

Mini Elute PCR Purification Kit - Qiagen  

QIAquick Gel Extraction Kit - Qiagen  

Lumi Light Chemiluminescent Substrate Kit - Pierce Chemical 

 

2.2 Media 
 
In order to produce solid media, 2% agarose (w/v) was added to the medium before 

autoclaving. Antibiotics were added after autoclaving if needed. 

 

2.2.1 Media for E.coli 

 LB Medium SB Medium 

 Extract Yeast (w/v) 0.5% 2% 
 Bacto Tryptone (w/v) 1% 3.2% 
 NaCl (w/v) 1% 1% 
 NaOH  5mM 
 

2.2.2 Media for yeast 
 
 YPD Medium SD Medium 

 1 % (w/v) Yeast Extract 0.67% SD Yeast Nitrogen Base 

 2 % (w/v) Bacto Tryptone 0.002 % (w/v) Arginine 

 2 % (w/v) Glucose 0.006 % (w/v) Isoleucine 

 0.004 % (w/v) Lysine 

 0.001 % (w/v) Methionine 

 0.006 % (w/v) Phenylalanine 

 0.001 % (w/v) Threonine 

 0.002 % (w/v) Adenine in 0.1M NaOH 

 0.002 % (w/v) Histidine 

 0.006 % (w/v) Leucine 

 0.004 % (w/v) Tryptophane 

 0.005 % (w/v) Uracil in 0.1M NaOH 

 2 % (w/v) Glucose 
 

In auxotrophic media, the volume of lacking amino acids was replaced by H20. 

Glucose was added after autoclaving. Methionine was omitted in medium fully 

inducing the PMET17-promoter. For FOA media, the concentration of 5-Fluoroorotic 

Acid was 0.1 % and the concentration of Cu2+ was adjusted for the CRU bait. 
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GNA Pre-sporulation Plate  Sporulation Medium 

3% Difco nutrition broth 1% (w/v) Potassium Acetate 
1% Yeast-Extract 0.005% (w/v) Zinc Acetate 
5% Glucose 0.002% (w/v) Histidine 
2% (w/v) Agar 0.006% (w/v) Leucine 

 0.004% (w/v) Tryptophan 

 0.005% (w/v) Uracil in 0.1M NaOH 

 
GNA plates were stored less than 2 weeks before use. 

 

2.3 Enzyme 

 

Homemade Taq DNA-Polymerase Lab. Prof. Nils Johnsson 

Herculase II Fusion DNA Polymerase Stratagene 

Phusion – Polymerase  Fermentas, St. Leon-Rot 

T4-DNA- Ligase Fermentas, St. Leon-Rot 

Lysozyme Sigma-Aldrich 

Zymolase 
Seikagaku corporation- Kirin Brewery 

Company 

Restriction endonucleases and the corresponding buffers were supplied from New 

England Biolabs (NEB) and Fermentas. 

 

2.4 Antibiotics 

 

Ampicilin 100 μg/ml  Carl Roth, Karlsruhe 

Kanamycin 10 μg/ml  Biochemica AppliChem, Darmstadt  

Geneticin 200 μg/ml  Invitrogen, Darmstadt 

clonNAT (nourseothricin) 100 μg/ml  Werner Bio Agents HKI 

Hygromycin B 400 μg/ml  Formedium, Norfolk, UK 

 

2.5 Antibodies 

 

Name       Description Dilution Supplier 

mouse anti-MYC       Primary antibody 1:5000 HISS Diagnostics 
mouse anti-HIS       Primary antibody 1:5000 Sigma-Aldrich 
goat anti-mouse IgG       Secondary antibody 1:5000 Bio-Rad 
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2.6 Primers 

 

Table 2.1 Primers used and created in this study. 

 

Name Sequence from 5’ to 3’ 

IQG1 750aa FW CTGTATACGCGGAAACGCTGTAAGACATAAGGTACAGTCAGTCAAAAAATTCGTTCATTTGC 

IQG1 650aa RV TGACTGTACCTTATGTCTTACAGC 

IQG1KO(NatN) S1 FW TTATTGCACCAGTTCAATTATATGTAACAAGGTGGTGCAAAAACA CGTACGCTGCAGGTCGAC 

IQG1KO(NatN) S2 RV AGTAACAGCTTTTGCCCAATATGCTCAAAACCGAGTTATCTATTA ATCGATGAATTCGAGCTCG 

IQG1KO CTR250 FW ATTGAGCTACGCATCGCTAA 

IQG1KO CTR250 RV GATTGCCAACTATAGTAGCC 

IQG1 FL 316 Eag1 FW CCTCC CGGCCG ACAAGGATACAATGCAGTTGT 

IQG1 FL 316 Sal1 RV CCACC GTCGAC TTCTAGTATGACTGTATTTA 

IQG1 FL Sac1 FW CCTCC GAGCTC ACAAGGATACAATGCAGTTGT 

IQG1750aa-PXXP(cyk3) FW 
CTGTATACGCGGAAACGCTGTAAGACATAAGGTACAGTCAAACAATCCGTTACCACCTCTACC 

GCCACTACCAGATTTGGACAATGTCAAAAAATTCGTTCATTTGC 

IQG1750aa-PXXPmut(cyk3) FW 
CTGTATACGCGGAAACGCTGTAAGACATAAGGTACAGTCAAACAATCCGTTAgCAagTCTAgCA 

agTCTAgCGagcCTAgaAGATTTGGACAATGTCAAAAAATTCGTTCATTTGC 

IQG1 650aa GST BamH1 FW CCACCC GGATCC ATG CAGTCACTGTTTGCGCCCGAA 

IQG1 750aa STOP GST EcoR1 RV CCCACC GAATTC TCA AGCCCAAAGACTTGGATTTGGA 

IQG1 675aa GST BamH1 FW CCACCC GGATCC ATG GTCCGCTACACATTAGACTTA 

IQG1 725aa STOP GST EcoR1 RV CCCACC GAATTC TCA TTGAATCATAATAACCGACCT 

IQG1 400aa GST BamH1 FW CCACCC GGATCC ATG TCTCATTATTCTCCCATGAG 

IQG1 600aa STOP GST Sal1 RV CCCACC GTCGAC TCA ATGTACATCATGTACAGCAC 

IQG1 600-800aa GST BamH1 FW CCACCC GGATCC ATG AAGGAAAATATCTCAAAATT 

IQG1 600-800aa GST EcoR1 RV CCCACC GAATTC TCA TCCGTTAATA TTTAGTTGTT 

IQG1 650aa AGT EcoR1 FW CCTCC GAATTC ATG CAGTCACTGTTTGCGCCCGAA 

IQG1 800STOP pGAL314 Acc65 RV CCCACC GGTACC TCA GTTAATATTTAGTTGTTG 

IQG1 600STOP pGAL314 Acc65 RV CCCACC GGTACC TCA ATGTACATCATGTACAGCAC 

IQG1 600aa CUB EAG1 FW CCTCC CGGCCG ATG AAGTTTTCGGCAATCATC 

IQG1 600aa CUB SAL1 RV CCACC GTCGAC CC TGCCGAAAACTTCATAATAC 

IQG1 700 CUB Eag1 FW CCTCCC CGGCCG ATG GGCGCTTTAGTACGTGAA 

IQG1 700 CUB Sal1 RV CCCTCC GTCGAC CC TCTAGAAAATGCTTGAAATAA 

IQG1 650 CUB Eag1 FW CCTCC CGGCCG ATG CAGTCACTGTTTGCGCCCGAA 

IQG1 750 CUBSal1 RV CCCTCC GTCGAC CC AGCCCAAAGACTTGGATTTGGA 

IQG1 650 CUB Eag1 FW CCTCC CGGCCG ATG CAGTCACTGTTTGCGCCCGAA 

IQG1 725 CUB Sal1 RV CCCTCC GTCGAC CC TTGAATCATAATAACCGACCT 

IQG1 675 CUB Eag1 FW CCTCC CGGCCG ATG GTCCGCTACACATTAGACTTA 

IQG 300 CUB EAG(START) GGTGG CGGCCG ATGACAGCATATTCAGGCTC 

IQG1 400 CUB Eag1 FW GGTGG CGGCCG ATGTCTCATTATTCTCCCATGAG 

IQG1 800 CUB Sal1 RV CCTCC GTCGAC CC GTTAATATTTAGTTGTTG 

IQG1 1300 CUB Sal1 RV CCACC GTCGAC CC GATGTAAATTTCCTGGGTTAC 

IQG1 Sal1 C ATG FW CCTCC GTCGAC C ATGACAGCATATTCAGGCTC 

IQG1 ORF Spe1(Bcu1) RV CCTCC ACTAGT CAAAGCGTTCCTTTTATAGAA 

IQG1 Asc1 RV CCACC GGCGCGCC CAAAGCGTTCCTTTTATAGAA 

IQG1 750aa Spe1(Bcu1) RV CCTCC ACTAGT AGCCCAAAGACTTGGATTTGGA 

Iqg1 650aa Sal1 FW CCTCC GTCGAC C ATG CAGTCACTGTTTGCGCCCGAA 

Iqg1 750aa Asc1 RV CCCTCC GGCGCGCC AGCCCAAAGACTTGGATTTGGA 

IQG1 750aa Xho1 RV CCTCC CTCGAG AGCCCAAAGACTTGGATTTGGA 

IQG1 650aa Sfi1 FW CCCTCC GGCCCAGCCGGCC ATG CAGTCACTGTTTGCGCCCGAA 

IQG1 750aa Sfi1 RV CCTCC GGCCTCGGGGGCC AA AGCCCAAAGACTTGGATTTGGA 

IQG1 IQ11 K-G mut FW ATGATTCAAAGCTGGATTAGGggAAGTCTGCAAAGATCGGCATAT 
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IQG1 IQ11 K-G mut RV ATATGCCGATCTTTGCAGACTTccCCTAATCCAGCTTTGAATCAT 

IQG1 IQ9 Q-S mut FW AGTGAAACTGTGCACGACCTCtcGGGTTTGGTTAGAGGTATTCTA 

IQG1 IQ9 Q-S mut RV TAGAATACCTCTAACCAAACCCgaGAGGTCGTGCACAGTTTCACT 

IQG1 IQ10 Q-S mut FW TATAATAATTTAGCATTATTTtcAGCATTTTCTAGAGGCGCTTTA 

IQG1 IQ10 Q-S mut RV TAAAGCGCCTCTAGAAAATGCTgaAAATAATGCTAAATTATTATA 

IQG1 IQ11 Q-S mut FW GTAAGGTCGGTTATTATGATTtcAAGCTGGATTAGGAAAAGTCTG 

IQG1 IQ11 Q-S mut RV CAGACTTTTCCTAATCCAGCTTgaAATCATAATAACCGACCTTAC 

Mlc1 AGT EcoR1 FW CCTCC GAATTC ATGTCAGCCACCAGAGCC 

Mlc1 AGT Sal1 RV CCCTCC GTCGAC CC TTGTCTCAAAACATCTTCGA 

Hof1 283-592aa CUB Eag1 FW CCTCC CGGCCG ATGAATTCTAGCGCCAACTG 

Hof1 283-592aa CUB Sal1 RV CCACC GTCGAC CC AATAGGCAAGGTAACAGTAA 

Hof1 1-282 CUB Eag FW CCTCCCGGCCGATGAGCTACAGTTATGAAGC 

Hof1 1-282 CUB Sal1 RV CCACCGTCGACCCGTCACCTTTGGAAGTCTTATG 

Hof1 100-669aa CUB Eag1 FW CCTCCCGGCCGATGAGACAGATTTACACGGATAC 

Hof1 283aa AGT Eag1 FW 

Hof1 Start AGT EcoR1 FW 

CCTCC CGGCCG AA ATGAATTCTAGCGCCAACTG 

CCTCC GAATTC ATGAGCTACAGTTATGAAGC 

Hof1 98aa AGT EcoR1 FW CCTCC GAATTC ATG TTCAGACAGATTTACACGG 

Hof1 283aa GST BamH1 FW CCACCC GGATCC ATGAATTCTAGCGCCAACTG 

Hof1 592aa STOP GST Sal1 RV CCCACC GTCGAC TCA AATAGGCAAGGTAACAGTAA 

Hof1 Start GST BamH1 FW CCACCC GGATCC ATGAGCTACAGTTATGAAGCTT 

Hof1 98aa GST BamH1 FW CCACCC GGATCC ATGTTCAGACAGATTTACACGG 

Hof1 282aa STOP GST EcoR1 RV CCCACC GAATTC TCA GTCACCTTTGGAAGTCTTATG 

Hof1 283aa pAC sfi1 FW gctagaGGCCAGCACGGCC ATGAATTCTAGCGCCAACTG 

Hof1 592aa STOP pAC sfi1 RV gtactGGCCAAAAAGGCC TCAAATAGGCAAGGTAACAGTAA 

Hof1 592aa pET24a Xho1 RV CCTCC CTCGAG AATAGGCAAGGTAACAGTAA 

Inn1 C2(P1P21-211) Eag CUB CCTCCCGGCCGCATCGAGCAGGTCAAAACCC 

Inn1 C2(P1P21-211) Sal CUB CCACCGTCGACCCTGATTTAGATGACATGGAGAAAAC 

Inn1 C2 CUB CTR 510 GCTCATATGACAAGAGCCAG 

Inn1C2SalI(RV) 

Inn1P1P2(1-325)SalI(RV) 

Inn1P3SalI(RV) 

Inn1P4 313 Eag1(FW) 

Inn1 Cub Eag1 New 

CCACCGTCGACCC AGTGAAAGTCAACTCAATGAAT 

CCACCGTCGACCC GTTGTGGGAGACTCTATGGCTG 

CCACCGTCGACCC GCCTGATGGATGAGGATGTGAG 

CCACCCGGCCG ATGTCACATCCT CATCCATCAGG 

CCTCC CGGCCG GTGTAACTTCGTTGTCTTAC 

Inn1 316 Eag1(FW) CCACCCGGCCG GATCTTTTGCTGATCTTCGAAC 

Inn1 316 Hind111(RV) CCACCAAGCTT GCAGTAAAGTACATCAATTTTGG 

Inn1KO FW 
GGTTTCACAACTGGAATTGGGTTAACTCGTTGAGTCACTGTCGA 

ACATGGAGGCCCAGAATACCC 

Inn1KO RV 
TAATTCTATTTAAATATTAGTATTACAATAACAGCATGTT TCTCTTGTCA 

CAGTATAGCGACCAGCATTCAC 

Inn1 KO ctr FW 250 GGTCCTCTGTTAGTTTCTTGG 

Inn1 KO ctr RV 250 GAGGCCGCCTTTTAGTTGAA 

Inn1delC klTRP1 9Myc KO FW CAGCCCTACAGAAATGGCAATGTTTTCTCCATGTCATCTAAATCACGTACGCTGCAGGTCGAC 

Inn1delC klTRP1 9Myc KO RV TAATTCTATTTAAATATTAGTATTACAATAACAGCATGTTTCTCTTGATCGATGAATTCGAGCTCG 

Sho1delSH3 klTRP1 9Myc KO FW GACACTTTGGGTCTGTATAGCGATATCGGTGATGATAATTTCATT CGTACGCTGCAGGTCGAC 

Sho1delSH3 klTRP1 9Myc KO RV TTTTTTCCTTTGACTCGAGAATCCATGCTATAAGATTGTTAATCA ATCGATGAATTCGAGCTCG 

Sho1FLplus(FW) Eag1 GGGCGG CGGCCG CAACGCGTTCAATCTATTTACACA 

Sho1FLplus(RV) Sal1 GGGCGG GTCGAC TGTTGTAAGATCATTTATGTCCAA 

Nba1 orf Eag1 fw for 316 CCTCC CGGCCGC TTTGCTCAAGGGATGCTGGA 

Nba1 orf Sal1 rv for 316 GGAGGG GTCGAC CC ATACAAGCCATTGAATTAC 

CHS3 FL 316 Eag1 FW CCTCC CGGCCG TATTGCATTCAGCACCTGCATA 

CHS3 FL 316 Sal1 RV CCACC GTCGAC TAATTGCCTTAGCCACGTAAT 

CHS3KO FW 
GGTCCCATTTTCTTCAAAGGTCCTGTTTAGACTATCCGCAGGAAA 

CATGGAGGCCCAGAATACCC 

CHS3 KO RV 
CAACCATATATCAACTTGTAAGTATCACAGTAAAAATATTTTCATACTGT 

CAGTATAGCGACCAGCATTCAC 
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CHS3 KO ctr FW 250 CGCGTT ATTGGCGCTGGCGC 
CHS3 KO ctr RV 250 AGTCCCTTGGAAAGAGACAG 

SLT2 Delta FW CTR180 AGTGAGGGAAATCAGATCCT 

SLT2 Delta RV CTR200 AGAAAGAATTCAAGAGGCGA 

Myo KO S1 FW GGTTAGAAGATCATAACAAAGTTAGACAGGACAACAACAGCAATACGTACGCTGCAGGTCGAC 

Myo KO S2 RV ATAAAGGATATAAAGTCTTCCAAATTTTTAAAAAAAAGTTCGTTA ATCGATGAATTCGAGCTCG 

Myo1 KO CTR FW400 AGGTCGCTGAAAATCGAGC 

Myo1 KO CTR RV300 TGGGTAACAGCTCCTCCTCC 

Bnr1 KO S1 FW GATCGTGACACAAAAGCAGATAAAAAAATAGCACAATCATCAGCGCGTACGCTGCAGGTCGAC 

Bnr1 KO S2 RV TTTCTTTATATAAGCTCCACAACTACATAAAATACTAAGTCTTCA ATCGATGAATTCGAGCTCG 

Bnr1 KO CTR FW250 ACCAATAGAGGGAGAAAGGA 

Bnr1 KO CTR RV 290 AACTGCCGTTCCCACTGCCA 

Shs1 KO S1 FW CCCCAAAGATCTGCTTATAATTGCTAGAAAAATATATTATTAATC CGTACGCTGCAGGTCGAC 

Shs1 KO S2 RV TTTATTTATTTATTTGCTCAGCTTTGGATTTTGTACAGATACAAC ATCGATGAATTCGAGCTCG 

Shs1 KO CTR FW280 GACATGCTCTATAATCCGCG 

Shs1 KO CTR RV340 GGAGTAAATCTGGTTACAGC 

Shs1 Sal1 C ATG FW CCTCC GTCGAC C ATGAGCACTGCTTCAACAC 

Shs1 AscI rv (Shs1-Bni5OE-PCR rv) CCACC GGCGCGCC ATCTCTACCCGATGCAATAG 

Rgd1 CRU303 EagI(FW) 

Rgd1 CRU303 SalI(RV) 

CCACCCGGCCG CCGTCTTCTTCCATTGTAACA 

CCACCGTCGACCC TTCAGGCTCAAAAGCTTGAT 

Rgd1 CTR800 TTCCACTAGCAATGCGGCTGGCGCT 

Rgd1 F-BAR CRU303 Eag1 (FW) 

Rgd1 F-BAR300 CRU303 Sal1 (RV) 

Rgd1 F-BAR380 CRU303 Sal1 (RV) 

Rgd1 F-BAR CTR340/600 

Rgd1 RhoGAP CRU313 Eag1 (FW) 

Rgd1 F-BAR300 CRU313 Eag1 FW 

CCACCCGGCCG AAAGCTGACCTTGAGAGGTT 

CCACCGTCGACCC CAAAAAACTGTAAAGATCACG 

CCACCGTCGACCC AGCACTGTTAAGATTAGCATT 

GACAAATTGAGGATGACTGACC 

CCACCCGGCCG ATGGTCCCTGCGATAGTGCG 

CCTCC CGGCCG ATGGAAGAGACTGCGAAGAAA 

Rgd1 link CRU313 Eag1 FW CCTCC CGGCCG ATG AACAAGTATAACCAAACAGG 

Rgd1 link CRU313 Sal1 RV CCACC GTCGAC CC GTCTTGTTCGAATTCTATCA 

Rgd1 KO kanMX6 FW 

Rgd1 KO kanMX6 RV 

Rgd1 KO ctr FW 250 

Rgd1 KO ctr RV 250 

Ent cub ctr 650 

TACAATCTCG GAAGATTAAA AGAGAAGTGA TATAGACAAGATGcgtacgctgcaggtcgac 

CAAGTGGAAATTAAAGACGGAATGAAAATATCATAAGTGC TATGTTTAatcgatgaattcgagctcg 

CGTGGCTTACCAAGAGAAT 

TTGAAAGAGAACGAAAAAGG  

GCAACAACAGCAAGGCCAACAACAA 

Ent cub EAG1 FW CCTCC CGGCCG ACCCAATCACTCCTGAGGAATA 

Ent cub SAL1 RV GGAGGG GTCGAC CC TAAATCAATTAGAGTATATC 

Cdc14 Cub Eag CGTCACGGCCGGATCTAATTTTCGAAGATGG 

Cdc14 Cub Sal CCACCGTCGACCCTTTCTTGATGGAGCCACTTATT 

Cdc14 Cub CTR 940 TGAAGACATTGGCATTCAAC 

SLA1 SH3-1 Met EAG1         CCTCC CGGCCG ATGACTGTGTTTCTGGGCAT 

SLA1 SH3-1 Met SAL1          CCACC GTCGACCC AGGAGCTTCTTCAATGTAAGT 

SLA1 SH3-2 Met EAG1         CCTCC CGGCCG ATG AAGAAGGTAAGAGCCATTTAT 

SLA1 SH3-2 SAL1                CCACC GTCGACCC ATTCTCTGGTTCGACGTAAT 

SLA1 SH3-3 Met EAG1         CCTCC CGGCCG ATG GCTTCCAAATCCAAAAAG 

SLA1 SH3-3 EAG1               CCTCC CGGCCG ACGATGAAGAGGATGATTA 

SLA1 SH3-3 SAL1                CCACC GTCGACCC AGATGGAGATTTGGTGAAGT 

SLA1 SH3-3 CUB CTR650     CTATCATACAGCGATAACGA 

SLA1 SHD1 Met EAG1          CCTCC CGGCCG ATG TCGGCGACCAAAGATTTCCC 

SLA1 SHD1 EAG1               CCTCC CGGCCG CCAATGCCAATGCCAGTTGG 

SLA1 SHD1 SAL1                 CCACC GTCGACCC AGAGTCTCTTGAATCAGTGC 

SLA1 3SH3+SHD1 CUB CTR400         TCGAGATCTAGATCAAGATC 

Sla1 KO ctr fw TTCCACTCATGCGAAATCGA 

Sla1 KO ctr rv GTCGACTCCACCATTTCAAC 

9myc305 Xho1 RV CCACC CTCGAG TTAGCTAGTGGATCCGTTCAA 
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2.7 Plasmids 

 

Table 2.2 Plasmids used and created in this study. 

lacZ: coding sequence for β-galactosidase; lacI: coding sequence for the lac-

repressor-protein; Ampr: Ampicillin resistance gene; His3: coding sequence for the 

Imidazolglycerol-phosphate-dehydratase; URA3: coding sequence for orotidin-5’-

phosphate decarboxylase; TRP1: coding sequence for Phosphoribosylanthranilate 

isomerase; LEU2: coding sequence for β-isopropylmalate dehydrogenase; CEN: 

yeast centromere sequence; ARS: autonomously replicating sequence; PMET17: 

methionine dependent promoter; PCUP1: copper dependent promoter; GFP: coding 

sequence for green fluorescent protein; CHERRY: coding sequence of red 

fluorescent mCherry protein; GST: coding sequence for Gluthathione-S-transferase; 

KanMXr: kanamycin-resistance gene; HA: coding sequence for HA-epitope; 6HIS: 6 

fold Histidine-epitope; MYC: coding sequence for myc-epitope; PAgTEF: A.gossypii 

TEF promoter; natNT2: nat gene from Streptomyces noursei encoding 

Nourseothricin-resistence N-acetyl-transferase; klTRP1: encodes the Kluyveromyces 

lactis TRP1 gene; His3MX6: encodes the S.kluyvesi HIS3 gene; CmLEU2: encodes 

C. maltosa LEU2  gene; hphNT1: encodes the hygromycin B phosphotransferase 

hph gene from E.coli; kanMX6: encodes the kanamycin-resistance kanr gene from 

E.coli. 

For truncated alleles of genes: numbers in subscript relate to amino acids of proteins 

translated from these alleles. 

 
Plasmid Description Reference    Linearize   

Iqg1 CRU303 lacZ, Ampr, HIS3, IQG1-Cub-R-URA3 This study XbaI 

Iqg1IQ1-11 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1400-800-Cub-R-URA3 This study  

Iqg1IQ1-6 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1400-600-Cub-R-URA3 This study  

Iqg1IQ7-11 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1600-800-Cub-R-URA3 This study  

Iqg1IQ9-11 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750-Cub-R-URA3 This study  

Iqg1IQ7-9 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1600-700-Cub-R-URA3 This study  

Iqg1IQ10 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1675-725-Cub-R-URA3 This study  

Iqg1IQ11 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1700-800-Cub-R-URA3 This study  

Iqg1IQ7-11 CRU313S lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1600-750-Cub-R-URA3 This study  

Iqg1IQ9-10 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-725-Cub-R-URA3 This study  

Iqg1IQ10-11 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1675-750-Cub-R-URA3 This study  

IQ9-119QS CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750,Q667S-Cub-R-URA3 This study  

IQ9-1110QS CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750,Q695S-Cub-R-URA3 This study  

IQ9-1111QS CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750,Q725S-Cub-R-URA3 This study  

IQ9-119,10QS CRU313 
lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750,Q667S,Q695S-Cub-R-

URA3 
This study  

IQ9-119,10,11QS CRU313  
lacZ, Ampr, HIS3, CEN6/ARSH4, 

PMET17IQG1650-750,Q667S,Q695S,Q725S-Cub-R-URA3 
This study  

IQ9-119,11QS CRU313 
lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750,Q667S,Q725S-Cub-R-

URA3 
This study  

IQ9-1110,11QSCRU313  
lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750,Q695S,Q725S-Cub-R-

URA3 
This study  

IQ9-1111KG CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1650-750,K730G-Cub-R-URA3 This study  

http://en.wikipedia.org/wiki/Phosphoribosylanthranilate_isomerase
http://en.wikipedia.org/wiki/Phosphoribosylanthranilate_isomerase
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Iqg1IQ9QS CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1Q667S-Cub-R-URA3 This study  

Iqg1IQ10QS CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1Q695S-Cub-R-URA3 This study  

Iqg1IQ9,10QS CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1Q667S,Q695S-Cub-R-URA3 This study  

Iqg1ΔIQ9-11 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1Δ650-750-Cub-R-URA3 This study  

Inn1 CRU303 lacZ, Ampr, HIS3, INN1-Cub-R-URA3 K. Labedzka MfeI 

Inn11-373 CRU303 lacZ, Ampr, HIS3, INN11-373-Cub-R-URA3 This study MfeI 

Inn11-325 CRU303 lacZ, Ampr, HIS3, INN11-325-Cub-R-URA3 This study MfeI 

Inn11-211 CRU303 lacZ, Ampr, HIS3, INN11-211-Cub-R-URA3 This study MfeI 

Inn11-134 CRU303 lacZ, Ampr, HIS3, INN11-134-Cub-R-URA3 This study MfeI 

Inn1ΔC CRU303 lacZ, Ampr, HIS3, INN11-211 -Cub-R-URA3 This study MfeI 

Inn1 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN11-409-Cub-R-URA3 This study  

Inn1367-409 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN1367-409-Cub-R-URA3 This study  

Inn11-373 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN11-373-Cub-R-URA3 This study  

Inn11-325 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN11-325-Cub-R-URA3 This study  

Inn11-211 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN11-211-Cub-R-URA3 This study  

Inn11-134 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN11-134-Cub-R-URA3 This study  

Inn1ΔC CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN11-211-Cub-R-URA3 This study  

Hof11-282 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17HOF11-282-Cub-R-URA3 This study  

Hof1283-669 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17HOF1283-669-Cub-R-URA3 This study  

Hof11-609 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17HOF11-609-Cub-R-URA3 This study  

Hof1283-592 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17HOF1283-592-Cub-R-URA3 This study  

Hof1ΔSH3 CRU303 lacZ, Ampr, HIS3, HOF11-609-Cub-R-URA3 This study MfeI 

Rgd1 CRU303 lacZ, Ampr, HIS3, RGD1-Cub-R-URA3 This study EcoRI 

Rgd1FBAR300 CRU303 lacZ, Ampr, HIS3, RGD11-300-Cub-R-URA3 This study MfeI 

Rgd1FBAR380 CRU303 lacZ, Ampr, HIS3, RGD11-380-Cub-R-URA3 This study MfeI 

Rgd1FBAR300 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17RGD11-300-Cub-R-URA3 This study  

Rgd1RhoGAP CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17RGD1485-666 -Cub-R-URA3 This study  

Rgd1link CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17RGD1301-483 -Cub-R-URA3 This study  

Rgd1link+RhoGAP CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17RGD1301-666 -Cub-R-URA3 This study  

Sla1 CRU303 lacZ, Ampr, HIS3, SLA1-Cub-R-URA3 This study EagI 

SLA13SH3 CRU303  lacZ, Ampr, HIS3, SLA11-439-Cub-R-URA3 This study MfeI 

SLA1SHD1 CRU303 lacZ, Ampr, HIS3, SLA11-573-Cub-R-URA3 This study EcoRI 

SLA1SH3(1+2) CRU313  lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17SLA11-131-Cub-R-URA3 This study  

SLA1SH3-1 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17SLA11-69-Cub-R-URA3 This study  

SLA1SH3-2 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17SLA172-131-Cub-R-URA3 This study  

SLA1SH3-3 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4,PMET17SLA1351-439-Cub-R-URA3    This study  

SLA1SHD1 CRU313 lacZ, Ampr, HIS3, CEN6/ARSH4,PMET17SLA1486-573-Cub-R-URA3   This study  

Ent2 CRU303 lacZ, Ampr, HIS3, ENT2-Cub-R-URA3 This study MfeI 

Cdc14 CRU303 lacZ, Ampr, HIS3, CDC14-Cub-R-URA3 Johnsson Lab AflII 

CRU pRS303 lacZ, Ampr, HIS3, Cub-R-URA3 Johnsson Lab  

CRU pRS313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17Cub-R-URA3 Johnsson Lab  

PCUP1-Nub-Mlc1 lacZ, Ampr, kanMX6, PCUP1Nub-HA-MLC1 Johnsson Lab  

PCUP1-Nub-Hof11-282 lacZ, Ampr, kanMX6, PCUP1Nub-HA-HOF11-282 This study  

PCUP1-Nub-Hof1283-592 lacZ, Ampr, kanMX6, PCUP1Nub-HA-HOF1283-592 This study  

PCUP1-Nub-Guk1 lacZ, Ampr, kanMX6, PCUP1Nub-HA-GUK1 Johnsson Lab  

pFA6a CUP1NubHA Ampr, kanMX6, PCUP1Nub-HA Johnsson Lab  

Iqg1-GFP304 lacZ, Ampr, TRP1, PIQG1IQG1-GFP This study ApaI 

Iqg1-GFP306 lacZ, Ampr, URA3, PIQG1IQG1-GFP  This study XbaI 

Iqg1ΔIQ9-11-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Δ650-750-GFP  This study  

Iqg1ΔIQ9-11-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PIQG1IQG1Δ650-750-GFP This study  

Iqg1ΔIQ9-11-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17IQG1Δ650-750-GFP This study  

Iqg1IQ1-11-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG1400-800-GFP  This study  

Iqg1IQ10-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PIQG1IQG1675-725-GFP This study  
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Iqg1ΔIQ9-11+IQ9-11GFP315   lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Δ650-750 + 650-750-GFP This study  

Iqg1ΔIQ9-11-Shs1-GFP313 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Δ650-750-SHS1-GFP This study  

Iqg1IQ9,10QS-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PIQG1IQG1Q667S,Q695S-GFP This study  

Iqg1IQ9QS-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PIQG1IQG1Q667S-GFP This study  

Iqg1IQ10QS-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Q695S-GFP This study  

Hof1-GFP306 lacZ, Ampr, URA3, PHOF1HOF1-GFP  Johnsson Lab BsaBI  

Hof11-282-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17HOF11-282-GFP  This study  

Hof11-282-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF11-282-GFP  This study  

Hof1283-592-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17HOF1283-592-GFP This study  

Hof1283-592-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1283-592-GFP This study  

Hof1283-669-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1283-669-GFP This study  

Hof1100-669-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1100-669-GFP This study  

Hof11-609-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF11-609-GFP This study  

Hof1-GFP313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17HOF11-669-GFP This study  

pNS55 lacZ, Ampr, URA3, PMYO1MYO11-1928-GFP  Rong Li Lab  

Mlc1-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17MLC11-149-GFP Johnsson Lab  

Inn1-GFP315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17INN11-409-GFP K. Labedzka  

Inn1-GFP304 lacZ, Ampr, TRP1, PINN1INN1-GFP This study StuI 

Inn1ΔC -GFP304 lacZ, Ampr, TRP1, PINN1INN11-211-GFP This study MssI 

Inn1ΔC -GFP306 lacZ, Ampr, URA3, PINN1INN11-211-GFP This study MssI 

Cyk3-GFP306 lacZ, Ampr, URA3, PCYK3CYK3-GFP This study Bsu36I 

Sho1-GFP306 lacZ, Ampr, URA3, PSHO1SHO1-GFP This study EcoRI 

Slt2-GFP306 lacZ, Ampr, URA3, PSLT2SLT2-GFP This study XbaI 

Rgd1-GFP304 lacZ, Ampr, URA3, PRGD1RGD1-GFP This study EcoRI 

Sla1-GFP304 lacZ, Ampr, TRP1, PSLA1SLA1-GFP This study EagI 

Sla1-GFP306 lacZ, Ampr, URA3, PSLA1SLA1-GFP This study EagI 

Cdc14-GFP304 lacZ, Ampr, TRP1, PCDC14CDC14-GFP This study AflII 

Cdc14-GFP306 lacZ, Ampr, URA3, PCDC14CDC14-GFP This study AflII 

GFP pRS304 lacZ, Ampr, TRP1, GFP Johnsson Lab  

GFP pRS306 lacZ, Ampr, URA3, GFP Johnsson Lab  

GFP pRS313 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17GFP Johnsson Lab  

GFP pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17GFP Johnsson Lab  

Shs1-CHERRY304 lacZ, Ampr, TRP1, PSHS1SHS1-CHERRY  Johnsson Lab EcoRI 

Hof1-CHERRY306 lacZ, Ampr, URA3, PHOF1HOF1-CHERRY This study BsaBI 

Iqg1-CHERRY304 lacZ, Ampr, TRP1, PIQG1IQG1-CHERRY This study ApaI 

Rgd1-CHERRY304 lacZ, Ampr, TRP1, PRGD1RGD1-CHERRY This study EcoRI 

Hof11-282 -CHERRY315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF11-282-CHERRY This study  

Hof1283-592CHERRY315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1283-592-CHERRY This study  

CHERRY pRS304 lacZ, Ampr, TRP1, CHERRY Johnsson Lab  

CHERRY pRS306 lacZ, Ampr, URA3, CHERRY Johnsson Lab  

CHERRY pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17CHERRY Johnsson Lab  

IQ9-11-CHERRY- 

Sso1 315 
lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG1650-750-CHERRY-SSO1 This study 

 

IQ9-119,10QS-CHERRY-

Sso1 315 

lacZ, Ampr, LEU2, CEN6/ARSH4,  

PMET17IQG1650-750,Q667S,Q695S-CHERRY-SSO1 
This study 

 

Iqg1-CHERRY-Sso1 315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG11-1495-CHERRY-SSO1 This study  

Iqg1ΔIQ9-11-CHERRY- 

Sso1 315 
lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG1Δ650-750-CHERRY-SSO1 This study  

UJ77 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17CHERRY-SSO1 Johnsson Lab  

Hof1-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1-9xMYC This study  

Hof11-282-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF11-282-9xMYC This study  

Hof1283-592-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1283-592-9xMYC This study  

Hof1283-669-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1283-669-9xMYC This study  
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Hof1100-669-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF1100-669-9xMYC This study  

Hof11-609-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17HOF11-609-9xMYC This study  

Iqg1400-800-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG1400-800-9xMYC This study  

Iqg1400-600-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG1400-600-9xMYC This study  

Iqg1600-800-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG1600-800-9xMYC This study  

Iqg1650-750-MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17IQG1650-750-9xMYC This study  

Inn1P4-MYC315 lacZ, Ampr, HIS3, CEN6/ARSH4, PMET17INN1367-409-9xMYC This study  

Inn1ΔC –MYC315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET17INN11-211-9xMYC This study  

9Myc pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PMET179xMYC Johnsson Lab  

Iqg1400-600-pGal314  lacZ, Ampr, TRP1, CEN6/ARSH4, PGALIQG1400-600 This study  

Iqg1600-800-pGal314 lacZ, Ampr, TRP1, CEN6/ARSH4, PGALIQG1600-800 This study  

pGal 314 lacZ, Ampr, TRP1, CEN6/ARSH4, PGAL Johnsson Lab  

Iqg1 pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PIQG1IQG11-1495 This study  

Iqg1 pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG11-1495 This study  

Iqg1 pRS314 lacZ, Ampr, TRP1, CEN6/ARSH4, PIQG1IQG11-1495 This study  

Iqg1 pRS313 lacZ, Ampr, HIS3, CEN6/ARSH4, PIQG1IQG11-1495 This study  

Iqg1ΔIQ9-11 pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PIQG1IQG1Δ650-750 This study  

Iqg1ΔIQ9-11 pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Δ650-750 This study  

Iqg1ΔIQ9-11 pRS314 lacZ, Ampr, TRP1, CEN6/ARSH4, PIQG1IQG1Δ650-750 This study  

Iqg1IQ9,10QS pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PIQG1IQG1Q667SQ695S This study  

Iqg1IQ9,10QS pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Q667SQ695S This study  

Iqg1IQ9,10QS pRS314 lacZ, Ampr, TRP1, CEN6/ARSH4, PIQG1IQG1Q667SQ695S This study  

Iqg1IQ9QS pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PIQG1IQG1Q667S This study  

Iqg1IQ9QS pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Q667S This study  

Iqg1IQ10QS pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PIQG1IQG1Q695S This study  

Iqg1IQ10QS pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PIQG1IQG1Q695S This study  

Iqg1ΔIQ9-11::PXXP-Cyk3- 

pRS316 

lacZ, Ampr, URA3, CEN6/ARSH4, PIQG1IQG11-1495 IQG1650-750::Cyk3 

181-195  
This study 

 

Iqg1ΔIQ9-11::PXXPmut-Cyk3- 

pRS316 

lacZ, Ampr, URA3, CEN6/ARSH4, PIQG1IQG11-1495 IQG1650-750::Cyk3 

181-195, PXXP-P185A,P186S,P188A,P189S,P191E 
This study 

 

UJ139 lacZ, Ampr, URA3, CEN6/ARSH4, PHOF1HOF11-669 Johnsson Lab  

Hof1 pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4, PHOF1HOF11-669 This study  

Inn1 pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PINN1INN111-409 This study  

Sho1 pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PSHO1SHO11-367 This study  

Nba1 pRS316 lacZ, Ampr, URA3, CEN6/ARSH4, PNBA1NBA11-501 This study  

pRS316 lacZ, Ampr, URA3, CEN6/ARSH4 Sikorski&Hieter, 1989  

pRS315 lacZ, Ampr, LEU2, CEN6/ARSH4 Sikorski&Hieter, 1989  

pRS314 lacZ, Ampr, TRP1, CEN6/ARSH4 Sikorski&Hieter, 1989  

pRS313 lacZ, Ampr, HIS3, CEN6/ARSH4 Sikorski&Hieter, 1989  

pGEX-2T-Mlc1 lacIq, Ampr, PtacGST-MLC1 This study  

pGEX-2T-Iqg1IQ9-11 lacIq, Ampr, PtacGST-IQG1650-750 This study  

pGEX-2T-Iqg1IQ1-6 lacIq, Ampr, PtacGST-IQG1400-600 This study  

pGEX-2T-Iqg1IQ7-11 lacIq, Ampr, PtacGST-IQG1600-700 This study  

pGEX-2T-Iqg1650-725 lacIq, Ampr, PtacGST-IQG1650-725 This study  

pGEX-2T-Iqg1675-750 lacIq, Ampr, PtacGST-IQG1675-750 This study  

pGEX-2T-Hof11-282 lacIq, Ampr, PtacGST-HOF11-282 This study  

pGEX-2T-Hof198-282 lacIq, Ampr, PtacGST-HOF198-282 This study  

pGEX-2T-Hof1283-592 lacIq, Ampr, PtacGST-HOF1283-592 This study  

pGEX-2T lacIq, Ampr, PtacGST Johnsson Lab  

Iqg1IQ9-11-pAGT LacI, KanMXr, PT7 6HIS-IQG1650-750-AGT This study  

IQ9-119,10QS-pAGT LacI, KanMXr, PT7 6HIS-IQG1650-750,Q667S,Q695S-AGT This study  

IQ9-119QS-pAGT LacI, KanMXr, PT7 6HIS-IQG1650-750,Q667S-AGT This study  
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IQ9-1110QS-pAGT LacI, KanMXr, PT7 6HIS-IQG1650-750,Q695S-AGT This study  

Mlc1-pAGT LacI, KanMXr, PT7 6HIS-MLC1-AGT This study  

Hof11-282-pAGT LacI, KanMXr, PT7 6HIS-HOF11-282-AGT This study  

Hof198-282-pAGT LacI, KanMXr, PT7 6HIS-HOF198-282-AGT This study  

Hof1283-592-pAGT LacI, KanMXr, PT7 6HIS-HOF1283-592-AGT This study  

pAGT-Xpress LacI, KanMXr, PT7 6HIS-AGT Johnsson Lab  

PYM6 Amp
r
 9xMYCklTRP1 Knop et al.,1999  

pFA HIS3MX6 Ampr, PAgTEFSpHIS5 Wach et al.,1997  

pFA CmLEU2 AMPr, PCmLEU2CmLEU2 Schaub et al., 2006  

pFA natNT2 Ampr, PAgTEFnatNT2 Janke et al., 2004  

pFA kanMX6 Ampr, PAgTEFkanMX6 Wach et al.,1994  

pFA hphNT1 Ampr, PAgTEFhph Janke et al., 2004  

L4339NatN Ampr, natNT2 Johnsson Lab  

 
 

2.8 Bacterial strains 

 

      E. coli DH5α F- endA1 glnV44 thi-1 recA1 relA1 gyrA96 deoR nupG 

Φ80dlacZΔM15 Δ(lacZYA-argF) U169, hsdR17(rK
- mK

+), λ– 

      E. coli XL1Blue endA1 gyr96 (nalR) thi-1 recA1 relA1 lac glnV44 F [́:: Tn10 

proAB+ lacIq Δ(lacZ)M15] hsdR17 (rK
- mK

+) 

      E. coli BL21 F- ompT gal dcm lon hsdSB (rB
- mB

-) λ(DE3) pLysS(CmR) 

 

2.9 Yeast strains 

 

Table 2.3 Yeast strains used and created in this study. 

ura3-52: mutation causing uracil auxotrophy; leu2-3: mutation causing lysine 
auxotrophy; trp1-∆63: mutation causing tryptophan auxotrophy; his3-∆200: mutation 
causing histidine auxotrophy.  
 
 
Name Strain Genotype Reference / source  

 JD47 Mata ura3-52 leu2-3,112 his3-∆200 lys2-801 trp1-∆63 Dohmen et al.,1995 

 JD53 Mat ura 3-52 leu2-3,112 his3-∆200 lys2-801 trp1-∆63 Dohmen et al.,1995 

 JD51 
Mata/ ura 3-52/ura 3-52 leu2-3,112/ leu2-3,112 his3-∆200/ 

his3-∆200 lys2-801/lys2-801 trp1-∆63/trp1-∆63 
Dohmen et al.,1995 

YCT1 JD47 Iqg1 CRU303 PIQG1::natNT2PMET17 IQG1::IQG1Cub-R-URA3 HIS3 This study 

YCT2 JD47 Iqg1IQ1-6 CRU313 PMET17IQG1400-600-Cub-R-URA3 HIS3 This study 

YCT3 JD47 Iqg1IQ7-11 CRU313 PMET17IQG1600-800-Cub-R-URA3 HIS3 This study 

YCT4 JD47 Iqg1IQ9-11 CRU313 PMET17IQG1650-750-Cub-R-URA3 HIS3 This study 

YCT5 JD47 Iqg1IQ7-9 CRU313 PMET17IQG1600-700-Cub-R-URA3 HIS3 This study 

YCT6 JD47 Iqg1IQ10 CRU313 PMET17IQG1675-725-Cub-R-URA3 HIS3 This study 

YCT7 JD47 Iqg1IQ11 CRU313 PMET17IQG1700-800-Cub-R-URA3 HIS3 This study 

YCT8 JD47 IQ9-119QS CRU313 PMET17IQG1650-750,Q667S-Cub-R-URA3 HIS3 This study 

YCT9 JD47 IQ9-1110QS CRU313 PMET17IQG1650-750,Q695S-Cub-R-URA3 HIS3 This study 

YCT10 JD47 IQ9-119,10QS CRU313 PMET17IQG1650-750,Q667S,Q695S-Cub-R-URA3 HIS3 This study 
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YCT11 JD47 IQ9-1111QS CRU313 PMET17IQG1650-750,Q725S-Cub-R-URA3 HIS3 This study 

YCT12 JD47 Iqg1IQ9QS CRU313 PMET17IQG1Q667S-Cub-R-URA3 HIS3 This study 

YCT13 JD47 Iqg1IQ10S CRU313 PMET17IQG1Q695S-Cub-R-URA3 HIS3 This study 

YCT14 JD47 Iqg1IQ9,10QS CRU313 PMET17IQG1Q667S,Q695S-Cub-R-URA3 HIS3 This study 

YCT15 JD47 Inn1 CRU303 PINN1::natNT2PMET17 INN1::INN1-Cub-R-URA3 HIS3  This study 

YCT16 JD47 Inn11-373 CRU303 PMET17INN11-373-Cub-R-URA3 HIS3 This study 

YCT17 JD47 Inn11-211 CRU303 PMET17INN11-211-Cub-R-URA3 HIS3 This study 

YCT18 JD47 Inn11-134 CRU303 PMET17INN11-134-Cub-R-URA3 HIS3 This study 

YCT19 JD47 Inn1367-409 CRU303 PMET17INN1367-409-Cub-R-URA3 HIS3 This study 

YCT20 JD47 Sla1 CRU303 SLA1::SLA1-Cub-R-URA3 HIS3 This study 

YCT21 JD47 Sla13SH3 CRU303 SLA1::SLA11-439-Cub-R-URA3 HIS3 This study 

YCT22 JD47 Rgd1 CRU303 RGD1::RGD1-Cub-R-URA3 HIS3 This study 

YCT23 JD47 Rgd1F-BAR CRU303 RGD1::RGD11-380-Cub-R-URA3 HIS3 This study 

YCT24 JD47 Rgd1link+RhoGAP CRU313 PMET17RGD1301-666 -Cub-R-URA3 HIS3 This study 

 JD53 PCUP1-Nub-Mlc1 PCUP1Nub-HA-MLC1 kanMX6 Johnsson Lab 

 JD53 PCUP1-Nub-Hof1 PHOF1::kanMX6 PCUP1Nub-HA Johnsson Lab 

 JD53 PCUP1-Nub-Hof198-669 PHOF1HOF11-97::kanMX6 PCUP1Nub-HA Johnsson Lab 

YCT25 JD53 PCUP1-Nub-Hof11-282 PCUP1Nub-HA-HOF11-282 kanMX6 This study 

YCT26 JD53 PCUP1-Nub-Hof1283-592 PCUP1Nub-HA-HOF1283-592 kanMX6 This study 

 JD53 PCUP1-Nub-SH3Hof1 PHOF1HOF11-490::kanMX6 PCUP1Nub-HA Johnsson Lab 

 JD53 PCUP1-Nub-Guk1 PCUP1Nub-HA-GUK1 kanMX6 Johnsson Lab 

 JD53 PCUP1-Nub-Cyk3 PCYK3::kanMX6 PCUP1Nub-HA Johnsson Lab 

 JD53 pFA6a CUP1NubHA PCUP1Nub-HA kanMX6 Johnsson Lab 

YCT27 JD47 Iqg1-GFP304 IQG1::IQG1-GFP TRP1  This study 

YCT28 JD53 Hof1-CHERRY306 HOF1::HOF1-CHERRY URA3 This study 

YCT29 
JD47 Iqg1-GFP306  

Shs1-CHERRY304 
IQG1::IQG1-GFP URA3  SHS1::SHS1-CHERRY TRP1 This study 

YCT30 
JD47 Iqg1ΔIQ9-11-GFP315  

Shs1-CHERRY304 
PIQG1IQG1Δ650-750-GFP LEU2  SHS1::SHS1-CHERRY TRP1 This study 

YCT31 
JD47 Δiqg1 Iqg1ΔIQ9-11-GFP315 

Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Δ650-750-GFP LEU2 

SHS1::SHS1-CHERRY TRP1 
This study 

YCT32 
JD47Iqg1IQ9,10QS-GFP313  

Shs1-CHERRY304 
PIQG1IQG1Q667S,Q695S-GFP HIS3  SHS1::SHS1-CHERRY TRP1 This study 

YCT33 
JD47 Δiqg1 Iqg1IQ9,10QS-GFP313 

Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Q667S,Q695S-GFP HIS3   

SHS1::SHS1-CHERRY TRP1 
This study 

YCT34 JD47 Iqg1IQ1-11-GFP315 PMET17IQG1400-800-GFP LEU2 This study 

YCT35 
JD47 Hof1-GFP306  

IQ9-11-CHERRY-Sso1  

HOF1::HOF1-GFP URA3  

PMET17IQG1650-750-CHERRY-SSO1 LEU2 
This study 

YCT36 
JD47 Hof1-GFP306 

IQ9-119,10QS-CHERRY-Sso1 

HOF1::HOF1-GFP URA3  

PMET17IQG1650-750,Q667S,Q695S-CHERRY-SSO1 LEU2 
This study 

YCT37 JD47 Hof1-GFP306 UJ77 HOF1::HOF1-GFP URA3  PMET17-CHERRY-SSO1 LEU2     This study 

YCT38 
JD53 Δiqg1 Iqg1pRS315  

Hof1-GFP306 Shs1-CHERRY304  

IQG1::natNT2  PIQG1IQG1 LEU2 

HOF1::HOF1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT39 
JD53 Δiqg1 Iqg1ΔIQ9-11pRS315  

Hof1-GFP306 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Δ650-750 LEU2 

HOF1::HOF1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT40 
JD53 Δiqg1 Iqg1IQ9,10QSpRS315  

Hof1-GFP306 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Q667S,Q695S LEU2 

HOF1::HOF1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT41 
JD53 Δiqg1 pRS315 

Hof1-GFP306 Shs1-CHERRY304 

IQG1::natNT2  LEU2 

HOF1::HOF1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT42 
JD53 Δiqg1 Iqg1pRS315  

Hof11-282-GFP313 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1 LEU2 

PMET17HOF11-282-GFP HIS3  SHS1::SHS1-CHERRY TRP1   
This study 

YCT43 
JD53 Δiqg1 Iqg1ΔIQ9-11 pRS315 

Hof11-282-GFP313 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Δ650-750 LEU2 

PMET17HOF11-282-GFP HIS3  SHS1::SHS1-CHERRY TRP1      
This study 
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YCT44 
JD53 Δiqg1 Iqg1IQ9,10QS pRS315 

Hof11-282-GFP313 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Q667S,Q695S LEU2 

PMET17HOF11-282-GFP HIS3  SHS1::SHS1-CHERRY TRP1        
This study 

YCT45 
JD53 Δiqg1 pRS315 

Hof11-282-GFP313 Shs1-CHERRY304 

IQG1::natNT2  LEU2 

PMET17HOF11-282-GFP HIS3  SHS1::SHS1-CHERRY TRP1      
This study 

YCT46 
JD53 Δiqg1 Iqg1pRS315 Hof1283-592- 

GFP313 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1 LEU2  PMET17HOF1283-592-GFP 

HIS3  SHS1::SHS1-CHERRY TRP1  
This study 

YCT47 
JD53 Δiqg1 Iqg1ΔIQ9-11 pRS315  

Hof1283-592-GFP313 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Δ650-750 LEU2  PMET17HOF1283- 

592-GFP HIS3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT48 
JD53 Δiqg1 Iqg1IQ9,10QS pRS315 Hof1 

283-592-GFP313 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Q667S,Q695S LEU2  PMET17HOF1 

283-592-GFP HIS3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT49 
JD53 Δiqg1 pRS315  Hof1283-592-

GFP313  Shs1-CHERRY304 

IQG1::natNT2  LEU2  PMET17HOF1283-592-GFP HIS3 

SHS1::SHS1-CHERRY TRP1 
This study 

YCT50 JD47 pNS55 Shs1-CHERRY304 PMYO1MYO1-GFP URA3  SHS1::SHS1-CHERRY TRP1 This study 

YCT51 
JD53 Δiqg1 Iqg1ΔIQ9-11 pRS315 

pNS55 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Δ650-750 LEU2 

PMYO1MYO1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT52 
JD53 Δiqg1 Iqg1IQ9,10QS pRS315 

pNS55 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Q667S,Q695S LEU2 

PMYO1MYO1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT53 
JD53 Δhof1 pRS315 

pNS55 Shs1-CHERRY304 

HOF1::natN  LEU2 

PMYO1MYO1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT54 
JD47 Δmyo1 

Hof1-GFP306 Shs1-CHERRY304 

MYO1::natN 

HOF1::HOF1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT55 
JD47 Δmyo1 

Hof11-282-GFP315 Shs1-CHERRY304 

MYO1::natN 

PMET17HOF11-282-GFP LEU2  SHS1::SHS1-CHERRY TRP1      
This study 

YCT56 
JD47 Δmyo1 Hof1283-592-GFP313 

Shs1-CHERRY304 

MYO1::natN 

PMET17HOF1283-592-GFP HIS3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT57 
JD47 Δmyo1 

Iqg1-GFP306 Shs1-CHERRY304 

MYO1::natN 

IQG1::IQG1-GFP URA3  SHS1::SHS1-CHERRY TRP1 
This study 

YCT58 JD47 Δiqg1 Mlc1-GFP315  IQG1::natNT2  PMET17MLC1-GFP LEU This study 

YCT59 JD47 Δiqg1 pNS55 IQG1::natNT2  PMYO1MYO1-GFP URA3   This study 

YCT60 JD53 Δiqg1 Inn1-GFP304 IQG1::natNT2  INN1::INN1-GFP TRP   This study 

YCT61 JD53 Δiqg1 Cyk3-GFP306 IQG1::natNT2  CYK3::CYK3-GFP URA3   This study 

YCT61 JD53 Δiqg1 HOF1-GFP306 IQG1::natNT2  HOF1::HOF1-GFP URA3   This study 

YCT63 
JD47 Δiqg1 Iqg1IQ9,10QSpRS316 

Inn1-GFP315 Shs1-CHERRY304 

IQG1::natNT2  PIQG1IQG1Q667S,Q695S URA3 

PMET17INN1-GFP LEU2  SHS1::SHS1-CHERRY TRP1 
This study 

YCT64 JD47 Inn1-GFP315 PMET17INN1-GFP LEU2   This study 

YCT65 JD47 Δsho1 Inn1-GFP315 SHO1::natN  PMET17INN1-GFP LEU2   This study 

YCT66 JD47 Δhof1 Inn1-GFP315 HOF1::natN  PMET17INN1-GFP LEU2   This study 

YCT67 Δhof1 Δsho1 Inn1-GFP315 HOF1::HIS3 SHO1::natN  PMET17INN1-GFP LEU2   This study 

YCT68 JD53 hof1ΔSH3  Inn1-GFP315 HOF1::HOF11-589 TRP1  PMET17INN1-GFP LEU2   This study 

YCT69 JD47 Δsho1 Cyk3-GFP306 SHO1::natN  CYK3::CYK3-GFP URA3   This study 

YCT70 JD47 Δhof1 Cyk3-GFP306 HOF1::natN  CYK3::CYK3-GFP URA3   This study 

YCT71 Δhof1 Δsho1 Cyk3-GFP306 HOF1::HIS3 SHO1::natN  CYK3::CYK3-GFP URA3   This study 

YCT72 JD47 Δinn1 Cyk3-GFP306 INN1::natN  CYK3::CYK3-GFP URA3   This study 

YCT73 JD47 inn11-211 Cyk3-GFP306 INN1::INN11-211-9xMYC-klTRP1  CYK3::CYK3-GFP URA3   This study 

YCT74 JD47 Δhof1 Sho1-GFP306 HOF1::natN  SHO1::SHO1-GFP URA3   This study 

YCT75 JD53 hof1ΔSH3  Sho1-GFP306 HOF1::HOF11-589 TRP1  SHO1::SHO1-GFP URA3   This study 

YCT76 JD47 Δinn1 Sho1-GFP306 INN1::natN  SHO1::SHO1-GFP URA3   This study 

YCT77 JD47 Inn11-211-GFP304 INN1::INN11-211-GFP TRP1   This study 

YCT78 Slt2-GFP306 SLT2::SLT2-GFP URA3   This study 

YCT79 JD47 Δcyk3 Slt2-GFP306 cyk3::natN  SLT2::SLT2-GFP URA3   This study 

YCT80 JD47/JD53 Rgd1-GFP304 RGD1::RGD1-GFP TRP1 This study 

YCT81 
JD47 Rgd1-GFP304  

Abp1-CHERRY315 
RGD1::RGD1-GFP TRP1 PMET17ABP1-CHERRY LEU2   This study 
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YCT82 JD53 Rgd1-CHERRY304 RGD1::RGD1-CHERRY TRP1 This study 

YCT83 JD47 Hof1-MYC315 PMET17HOF1-9xMYC LEU2 This study 

YCT84 JD47 Hof11-282-MYC315 PMET17HOF11-282-9xMYC LEU2 This study 

YCT85 JD47 Hof1283-592-MYC315 PMET17HOF1283-592-9xMYC LEU2 This study 

YCT86 JD51 Δiqg1 Iqg1pRS316 IQG1::natNT2  PIQG1IQG1 URA3 This study 

YCT87 JD53 Δiqg1 Iqg1pRS316 pRS315 IQG1::natNT2  PIQG1IQG1 URA3  LEU2 This study 

YCT88 JD53 Δiqg1 Iqg1pRS316 Iqg1pRS315 IQG1::natNT2  PIQG1IQG1 URA3  PIQG1IQG1 LEU2 This study 

YCT89 
JD53 Δiqg1 Iqg1pRS316  

Iqg1IQ9,10QS pRS315 
IQG1::natNT2  PIQG1IQG1 URA3  PIQG1IQG1Q667S,Q695S LEU2    This study 

YCT90 
JD53 Δiqg1 Iqg1pRS316  

Iqg1ΔIQ9-11 pRS315 
IQG1::natNT2  PIQG1IQG1 URA3  PIQG1IQG1Δ650-750 LEU2 This study 

YCT91 
JD53 Δcyk3 Δiqg1 Iqg1pRS316 

pRS314 
CYK3::HIS3  IQG1::natNT2  PIQG1IQG1 URA3  TRP1 This study 

YCT92 
JD53 Δcyk3 Δiqg1 Iqg1pRS316 

Iqg1pRS314 

CYK3::HIS3 IQG1::natNT2 PIQG1IQG1 URA3  PIQG1IQG1 

TRP1 
This study 

YCT93 
JD53 Δcyk3 Δiqg1 Iqg1pRS316 

Iqg1ΔIQ9-11pRS314 

CYK3::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Δ650-750 TRP1 
This study 

YCT94 
JD53 Δcyk3 Δiqg1 Iqg1pRS316 

Iqg1IQ9,10QSpRS314 

CYK3::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Q667S,Q695S TRP1 
This study 

YCT95 
JD53 Δhof1 Δiqg1 Iqg1pRS316 

pRS314 
HOF1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3  TRP1 This study 

YCT96 
JD53 Δhof1 Δiqg1 Iqg1pRS316 

Iqg1pRS314 

HOF1::HIS3 IQG1::natNT2 PIQG1IQG1 URA3 PIQG1IQG1 

TRP1 
This study 

YCT97 
JD53 Δhof1 Δiqg1 Iqg1pRS316 

Iqg1ΔIQ9-11pRS314 

HOF1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Δ650-750 TRP1 
This study 

YCT98 
JD53 Δhof1 Δiqg1 Iqg1pRS316 

Iqg1IQ9,10QSpRS314 

HOF1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Q667S,Q695S TRP1 
This study 

YCT99 
JD53 Δmyo1 Δiqg1 Iqg1pRS316 

pRS315 
MYO1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3  LEU2 This study 

YCT100 
JD53 Δmyo1 Δiqg1 Iqg1pRS316 

Iqg1pRS315 

MYO1::HIS3 IQG1::natNT2 PIQG1IQG1 URA3 PIQG1IQG1 

LEU2 
This study 

YCT101 
JD53 Δmyo1 Δiqg1 Iqg1pRS316 

Iqg1ΔIQ9-11pRS315 

MYO1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Δ650-750 LEU2 
This study 

YCT102 
JD53 Δmyo1 Δiqg1 Iqg1pRS316 

Iqg1IQ9,10QSpRS315 

MYO1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Q667S,Q695S LEU2 
This study 

YCT103 
JD53 Δnba1 Δiqg1 Iqg1pRS316 

pRS314 
NBA1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3  TRP1 This study 

YCT104 
JD53 Δnba1 Δiqg1 Iqg1pRS316 

Iqg1pRS314 

NBA1::HIS3 IQG1::natNT2 PIQG1IQG1 URA3 PIQG1IQG1 

TRP1 
This study 

YCT105 
JD53 Δnba1 Δiqg1 Iqg1pRS316 

Iqg1ΔIQ9-11pRS314 

NBA1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Δ650-750 TRP1 
This study 

YCT106 
JD53 Δnba1 Δiqg1 Iqg1pRS316 

Iqg1IQ9,10QSpRS314 

NBA1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Q667S,Q695S TRP1 
This study 

YCT107 
JD53 Δspa2 Δiqg1 Iqg1pRS316 

pRS314 
SPA2::HIS3  IQG1::natNT2  PIQG1IQG1 URA3  TRP1 This study 

YCT108 
JD53 Δspa2 Δiqg1 Iqg1pRS316 

Iqg1pRS314 
SPA2::HIS3 IQG1::natNT2 PIQG1IQG1 URA3 PIQG1IQG1 TRP1 This study 

YCT109 
JD53 Δspa2 Δiqg1 Iqg1pRS316 

Iqg1ΔIQ9-11pRS314 

SPA2::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Δ650-750 TRP1 
This study 

YCT110 
JD53 Δspa2 Δiqg1 Iqg1pRS316 

Iqg1IQ9,10QSpRS314 

SPA2::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Q667S,Q695S TRP1 
This study 

YCT111 
JD53 Δsho1 Δiqg1 Iqg1pRS316 

pRS314 
SHO1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3  TRP1 This study 
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YCT112 
JD53 Δsho1 Δiqg1 Iqg1pRS316 

Iqg1pRS314 

SHO1::HIS3 IQG1::natNT2 PIQG1IQG1 URA3 PIQG1IQG1 

TRP1 
This study 

YCT113 
JD53 Δsho1 Δiqg1 Iqg1pRS316 

Iqg1ΔIQ9-11pRS314 

SHO1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Δ650-750 TRP1 
This study 

YCT114 
JD53 Δsho1 Δiqg1 Iqg1pRS316 

Iqg1IQ9,10QSpRS314 

SHO1::HIS3  IQG1::natNT2  PIQG1IQG1 URA3 

PIQG1IQG1Q667S,Q695S TRP1 
This study 

YCT115 JD47 Δbni5 Δiqg1 Iqg1pRS316 BNI5::LEU2 IQG1::natNT2  PIQG1IQG1 URA3 This study 

YCT116 JD51 Δinn1 Inn1pRS316 INN1::natN  PINN1INN1 URA3 This study 

YCT117 JD47 inn11-211 INN1::INN11-211-9xMYC-klTRP1   This study 

YCT118 JD51 inn11-211 ∆sho1 INN1::INN11-211-9xMYC-klTRP1 SHO1::natN This study 

YCT119 JD51 inn11-211 ∆cyk3 INN1::INN11-211-9xMYC-klTRP1 CYK3::natN This study 

YCT120 JD51 inn11-211 ∆nba1 INN1::INN11-211-9xMYC-klTRP1 NBA1::natN This study  

YCT121 JD47 inn11-211 ∆myo1 Myo1GFP316 
INN1::INN11-211-9xMYC TRP1  

MYO1::natN PMYO1MYO1-GFP URA3   
This study 

YCT122 JD53 inn11-211 ∆chs2 Chs2 CRU315 
INN1::INN11-211-9xMYC TRP1  

CHS2::kanMX6  PMET17CHS2-Cub-R-URA3 LEU2   
This study 

YCT123 JD47 inn11-211 ∆chs3 Chs3pRS316 INN1::INN11-211-9xMYC TRP1  CHS3::natN PCHS3CHS3 URA3 This study 

YCT124 JD47 inn11-373 ∆hof1 Hof1pRS316 INN1::INN11-373-9xMYC TRP1 HOF1::natN  PHOF1HOF1 URA3 This study 

YCT125 
Δhof1 Δcyk3 Cyk3pRS316  

Hof1-MYC315 

HOF1::HIS3 CYK3::natN  PCYK3CYK3 URA3   

PMET17HOF1-9xMYC LEU2 
This study 

YCT126 
Δhof1 Δcyk3 Cyk3pRS316 

Hof11-282-MYC315 

HOF1::HIS3 CYK3::natN  PCYK3CYK3 URA3   

PMET17HOF11-282-9xMYC LEU2 
This study 

YCT127 
Δhof1 Δcyk3 Cyk3pRS316  

Hof1282-669-MYC315 

HOF1::HIS3 CYK3::natN  PCYK3CYK3 URA3   

PMET17HOF1282-669-9xMYC LEU2 
This study 

YCT128 
Δhof1 Δcyk3 Cyk3pRS316  

Hof1283-592-MYC315 

HOF1::HIS3 CYK3::natN  PCYK3CYK3 URA3   

PMET17HOF1283-592-9xMYC LEU2 
This study 

YCT129 
Δhof1 Δcyk3 Cyk3pRS316  

Hof1100-669-MYC315 

HOF1::HIS3 CYK3::natN  PCYK3CYK3 URA3   

PMET17HOF1100-669-9xMYC LEU2 
This study 

YCT130 
Δhof1 Δcyk3 Cyk3pRS316  

Hof11-609-MYC315 

HOF1::HIS3 CYK3::natN  PCYK3CYK3 URA3   

PMET17HOF11-609-9xMYC LEU2 
This study 

YCT131 Δhof1 Δcyk3 Cyk3pRS316 pRS315 HOF1::HIS3 CYK3::natN  PCYK3CYK3 URA3  LEU2 This study 

YCT132 JD51 Δchs3Δhof1  CHS3::natN HOF1::HIS3 This study 

YCT133 JD51 Δchs3Δsho1 CHS3::natN SHO1::HIS3 This study 

YCT134 JD51 Δchs3Δcyk3 CHS3::natN CYK3::HIS3 This study 

YCT135 JD47 Δsla1 SLA1::hphNT1 This study 

YCT136 JD47 Δslt2 SLT2::LEU2 This study 
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3. Methods 
 
3.1 Cellular and genetic methods 

 

3.1.1 Construction of fusion genes and other molecular manipulations 

 

GFP-, CHERRY-, and CRU-fusion genes were constructed by homologous 

recombination in the yeast genome as described (Hruby et al., 2011; Dünkler et al., 

2012). A list of the constructs used in this work can be found in Table 2.2. Briefly, the 

plasmid pCRU 303, an integrative plasmid for construction of full-length CRU fusions, 

normally was cut with EagI and SalI and a PCR fragment of the target gene (IQG1 for 

example) covering the sequence at its C-terminal (4040-4485) was cut with the same 

restriction sites and inserted in frame to the Cub-RURA3 module (Figure 3.1 A). The 

primers used for the IQG1 amplification read: CGGCCGCCGGTGCACAAAAGTAAA 

and GTCGACCCCAAAGCGTTCCTTTTATAGAA. The EagI and SalI sites are 

underlined respectively. For recombination in yeast the obtained plasmid was cut at 

the single XbaI site in the ORF of IQG1 and transformed into competent yeast cells. 

Successful homologous recombination at the IQG1 locus was verified by colony PCR 

using a primer annealing in the sequence of IQG1 upstream of position 4040 and a 

primer annealing within the sequence of Cub. Insertion of the PMET17 promoter in front 

of the genomic IQG1CRU was achieved by an one-step replacement of the IQG1 

upstream sequence (Janke et al., 2004) (Figure 3.1 B).  

Nub-fusion genes of HOF1 fragments harbouring the N-terminal 282 residues or 

residue 283 till 592 were obtained by inserting the coding sequences in frame behind 

the PCUP1-Nub module on a centromeric plasmid (Dünkler et al., 2012). The same 

gene fragments were inserted between the sequences of the PMET17 promoter and 

GFP or 9MYC to create PMET17Hof11-282-GFP/9MYC- and PMET17Hof1283-592-

GFP/9MYC fusions on the centromeric plasmids pRS313 or pRS315 (Sikorski and 

Hieter, 1989).  

To delete residues 650-750 in IQG1 a 5’-fragment of IQG1 till position 1947 and a 3’ 

fragment starting with position 2251 were amplified through PCR. The forward primer 

for the 3’ fragment contained 40 bp of identical sequence to the 3’ end of the 5’ 

fragment. The sequence of the reverse primer for the PCR of the 5’fragment reads: 

TGACTGTACCTTATGTCTTACAGC. The sequence of the forward primer for the 
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PCR of the 3’ fragment reads: CTGTATACGCGGAAACGCTGTAAGACATAAGGTAC 

AGTCA GTCAAAAAATTCGTTCATTTGC. Underlined is the shared sequence of both 

fragments. The subsequent overlapping PCR reaction with both fragments yielded 

the ORF of IQG1 lacking the codons for residues 650-750. Mutations in IQG1 were 

introduced accordingly by overlapping PCR using primers annealing at the respective 

sites but carrying a mismatch to change the codons. The glutamines at position 667, 

695 and 725 were exchanged each by a serine. For complementation tests and 

genetic interaction assays, the ORFs of IQG1 and its alleles were flanked by 300 

base pairs of their genomic up- and down-stream region and inserted into the 

centromeric plasmids pRS314, pRS315 or pRS316 (Sikorski and Hieter, 1989). To 

yield the plasmids pIQ9-11-CHERRY-SSO1 or pIQ9-119,10QS-CHERRY-SSO1 the 

sequences coding for the residues 650 to 750 of IQG1 or iqg1IQ9,10QS were inserted in 

frame between the PMET17 promoter and the CHERRY-SSO1 coding sequence.  

                   

Figure 3.1 Construction of fusion genes and basic molecular manipulation. (A) Tagging the CRU 

cassette to the endogenous locus of the gene. (B) Promoters exchange. YFG: your favorite gene. 

(Adapted and modified from Petronczki, 2005, names of cassettes or tags were changed) 
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GST- fusions were obtained by placing the ORF of the respective gene or gene 

fragment behind the E. coli GST sequence on the pGEX-2T vector (GE Healthcare, 

Freiburg, Germany). The SNAP-tag fusions were expressed from the vector pAGT-

Xpress, a pET15b derivative, where the native or the mutation-containing sequences 

of IQ-repeats 9-11 of IQG1 were inserted in frame into a multi-cloning site located 

between the upstream 6XHIS-tag-coding sequence and the downstream SNAP-

coding sequence (Merck-Millipore, Darmstadt, Germany). 

 

3.1.2 Yeast cells and growth conditions 

 

Culture media and yeast genetic methods were performed following standard 

protocols (Guthrie and Fink, 1991). All yeast strains used were derivatives of JD51 

and are listed in Table 2.3 (Dohmen et al., 1995). One-step gene deletions were 

performed by PCR based methods as described (Wach et al., 1997; Janke et al., 

2004). In order to generate haploid iqg1 cells containing IQG1 on a centromeric 

plasmid, we sporulated diploid iqg1/IQG1 cells containing an extra copy of pIQG1 

316. Haploid iqg1 containing plasmid-borne IQG1 were verified by colony PCR 

(iqg1/IQG1: pRS316). Occasionally very slow growing colonies were obtained that 

carried the deletion of IQG1 but no plasmid-borne IQG1 (iqg1). These cells were 

transformed to generate iqg1-cells expressing HOF1-GFP, GFP-labelled fragments 

of HOF1, or MYO1-GFP from centromeric plasmids. iqg1-cells expressing different 

iqg1-alleles or their GFP-fusions were obtained by transformation of iqg1/ 

IQG1:pRS316 cells followed by growth on SD media selecting for the presence of the 

iqg1-alleles and containing 5-FOA, or alternatively by directly transforming iqg1-

cells. The same strategy was also applied for haploid inn1 cells obtaining. 

 

3.1.3 Mating and Sporulation 

 

Two yeast strains of different mating types were mixed on a YPD plate and grew 

overnight at 30ºC. A small amount of mated colony was picked and transferred to a 

double selective plate to yield the diploid strain.   

Diploid yeast cells carrying a heterozygous deletion of the gene of interest and 

containing the corresponding gene on an extra-chromosomal plasmid were streaked 

on freshly prepared GNA agar plates and grown at 30ºC for one or two days for two 
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times to get the optimally grown cell culture. The single colony was then inoculated 

into sporulation liquid medium and incubated at RT for a minimum of 5 days. The 

culture was then transferred to 30ºC for another 2 days. The efficiency of sporulation 

was examined by light microscopy. The culture was stored at 4ºC for up to two weeks 

and used for dissection. After being digested with zymolase (25 mg/ml) for 3-10 min 

in sorbitol buffer (pH 7.5) at 30ºC, tetrads were carefully pelleted and washed with 

sorbitol buffer and resuspended in double distilled water. Digested tetrads were 

dissected with the help of a SINGER MSM© 400 Dissection Microscope (Singer 

Instruments, Watchet, UK) and transferred to a YPD plate. Four spores of one tetrad 

were aligned in one row and each spore was grown at 30ºC for more than 2 days. 

Growing colonies were then transferred to another YPD agar plate and subsequently 

diluted in water and spotted on selective agar plates as tenfold serial dilutions. The 

colonies were finally tested by diagnostic PCR for the presence or absence of the 

target gene (Figure 3.2). 

                                                  

Figure 3.2 Schematic representation of the technical procedure of mating, sporulation and 

seletion. (Tone et al., 2001) 

 

3.1.4 Genetic interaction assay  

 

The genes of interest were deleted in a iqg1 strain harbouring IQG1 on a 

centromeric URA3 plasmid by an one step PCR-based method as described (Janke 

et al., 2004). The obtained strains were subsequently transformed with centromeric 

LEU2 or TRP1 harbouring plasmids expressing Iqg1p, Iqg1∆IQ9-11, or Iqg1IQ9,10QS. 
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Independent transformants were grown overnight in SD-Trp or -Leu, and 4.5 µl 

culture of OD600=3 were spotted in 10 fold serial dilutions onto SD medium lacking 

Trp or Leu and either containing or lacking 5-FOA. Growth was documented after 2 

days at 30°C. The same strategy was also applied for testing the genetic interaction 

between alleles of the HICS-complex and other rescue experiment. 

 

3.2 Split-Ubiquitin interaction analysis 

 

3.2.1 The Split-Ubiquitin system 

 

The Split-Ubiquitin system was developed to measure protein-protein interactions in 

living cells. The protein of interest (X2) is coupled to the C-terminal half of Ubiquitin 

(Cub) that is extended at its C-terminus by the reporter protein Ura3p (Orotidine-5'-

phosphate decarboxylase). Besides its natural substrate Ura3p can also convert 5-

FOA to the cytotoxic 5-fluoro-uracil. The haploid yeast strain harbouring X2-CRU is 

mated against another yeast strain expressing a yeast protein X1 fused to the N-

terminal half of Ubiquitin (Nub). In cells expressing X2-CRU together with an 

interacting Nub fusion of X1 protein (Nub-X1), the Nub and Cub which come to a very 

close proximity reassemble to the native like Ubiquitin and the Ura3p reporter is 

cleaved by ubiquitin specific proteases and subsequently degrades. The N-terminal 

newly exposed arginine (R) of the liberated Ura3p initiates the destruction of the 

protein. Consequently, cells bearing a pair of interacting Nub and Cub fusions that are 

uracil auxotroph and 5-FOA resistant could grow on media containing the Ura3p-

directed drug 5-FOA (Müller and Johnsson, 2008; Dünkler et al., 2012) (Figure 3.3). 

                             

Figure 3.3 The Split-Ubiquitin system. (Müller and Johnsson, 2008) 
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3.2.2 Systematic large scale stamping assay 

 

Using the machine RoToR robot (Singer Instruments, Watchet, UK), the haploid Mata 

strain expressing the CRU fusion was mated against an array of 383 individual Matα 

strains each expressing a different yeast protein fused to the N-terminal half of 

Ubiquitin (Nub). The master array was enriched in Nub fusions to proteins involved in 

polarity establishment, cytokinesis and stress response (Hruby et al., 2011). After 

selection on medium lacking histidine and containing geneticin (double 

concentration), the acquired diploid strains were then replicated onto selective FOA 

containing plates without or with addition of 50/100 µM Cu2+. If the CRU fusion was 

expressed under the control of the PMET17 promoter, different methionine 

concentrations were routinely applied. The media containing no methionine resulted 

in high expression levels, and the media containing 70 µM methionine resulted in 

moderate expression levels of the CRU bait. Growth of the cells at 30°C was scored 

each day for up to 7 days. 

 

3.2.3 Manual split-ubiquitin assay 

 

Measuring interactions between individual Nub- and Cub-fusion proteins by spotting 

yeast cells expressing both fusions onto 5-FOA containing SD media selecting for the 

presence of the Nub- and Cub- fusions, was essentially as described (Eckert and 

Johnsson, 2003). SD-media for the interaction assay contained 1 mg/ml 5-fluoro-

orotic acid (5-FOA, Fermentas, Heidelberg, Germany). 

 

3.3 Fluorescence Microscopy 

 

3.3.1 Standard live cell imaging 

 

Yeast strains were grown overnight in liquid selective SD media, diluted 1:10 in 3-5 

ml fresh media the next day, and grown with or without methionine to mid-log phase 

at 30°C. Cells were washed twice in 1PBS and 3-4 l of a cell suspension was 

spotted on a microscope slide, covered with a glass coverslip and immediately 

observed under the microscope. 
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3.3.2 Time-lapse microscopy 

 

For time-lapse microscopy, the suspension was spread over a 1.7% agarose pad 

containing SD complete. Cells were inspected with a Delta Vision fluorescence 

microscopy system (GE Healthcare, Freiburg, Germany) provided with a steady state 

heating chamber and equipped with a mercury arc lamp and a charge-coupled-

device (CCD) camera CoolSNAP HQ2-ICX285 (Photometrics, Munich, Germany). In 

all cases a 100x NA 1.4 UPlanSApo oil immersion objective (Olympus, Hamburg, 

Germany) was used. Images were acquired and analysed with the softWoRx 

software of the Delta Vision System, and processed using ImageJ software and 

Adobe Photoshop. Unless otherwise stated, 4-section z stacks with 0.6 µm intervals 

were collected every 2 or 3 min. Fluorescent proteins were visualized using a live cell 

filter set (Chroma Technology, Bellow Falls, USA) for EGFP (ex470, em525) and 

mCHERRY (ex572, em632) respectively. The CCD capture time was adapted to the 

intensity of GFP and CHERRY signal in every construct to reduce bleaching and 

phototoxicity. All live cell imaging experiments were performed at 30°C in humidified 

atmosphere that was held constant by a Delta Vision System-supplied temperature 

chamber for up to 5 hours. 

For defining the localization of Hof1-GFP and its GFP-labelled fragments at the bud 

neck, Shs1-CHERRY expressing cells with large buds were monitored for green 

fluorescence at the neck and additionally inspected by time-lapse analysis. For 

measuring the contraction of Myo1-GFP, Iqg1-GFP, Iqg1∆IQ9-11-GFP, Hof1-GFP and its 

GFP-labelled fragments, time-lapse analysis of cells co-expressing Shs1-CHERRY 

were performed, and the contraction of the GFP fluorescence between the split-

septin rings classified as either symmetric, asymmetric, or arrested. Cells were 

observed at least 40 min after septin splitting before being classified as arrested. The 

fragments of Hof1-GFP were expressed from centromeric plasmids under the control 

of the PMET17-promoter, Myo1-GFP was expressed from a centromeric plasmid under 

control of the native PMYO1-promoter, and the GFP-fusions of all other full-length 

proteins were expressed from their native genomic locations. If not stated otherwise, 

expression from the PMET17-promoter was induced by omitting methionine in the 

medium. 
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3.3.3 Statistical tests 

 

Data evaluation and statistical analyses were performed using Prism 5.0. t-tests were 

used to evaluate the significance of the times of appearances of Hof1-GFP and its 

different GFP-labelled fragments or Iqg1-GFP and the GFP fusion of Iqg1p that 

harboring the double QS exchange at the AMR. Error bars indicated in this work are 

standard error of the mean (s.e.m.). 

 

3.4 Biochemical methods 

 

3.4.1 Preparation of yeast cell extracts 

 

For pull-down experiments, yeast cell cultures were grown in SD media selecting for 

the presence of the fusion proteins to an OD600 of 1.5-2.0, pelleted, washed once in 

ice-cold water, and then transferred into liquid nitrogen. The cell pellets were ground 

in liquid nitrogen using a mortar. The cell powder was collected in yeast protein 

extraction buffer (50 mM Hepes pH 7.5, 150 mM NaCl, 1 mM EDTA) containing 1x 

protease inhibitor cocktail Complete (Roche Diagnostics, Mannheim, Germany), 1 

mM dithiothreitol (DTT) and 1 mM phenylmethylsulfonyl fluoride (PMSF). 0.1% Triton 

X-100 was added, incubated for 10-20 min on ice, and extracts were clarified by 

centrifugation. 

 

3.4.2 Expression and immobilization of GST-, MBP- and SNAP-tagged proteins 

 

E. coli cells (BL21, Amersham, Freiburg, Germany) expressing MBP-, SNAP- or 

GST-fusions were grown at 37°C to an OD600 of 0.6 in SB- (GST-Mlc1p, GST- Iqg1p, 

SNAP-fusions, MBP-Hof1283-592) or LB-medium (GST, MBP). The expression of the 

GST- and SNAP- fusion proteins were induced by 0.1 mM IPTG for 4 h at 30°C. The 

expression of the MBP- fusion proteins were induced by addition of 0.5 mM IPTG for 

4 h at 37°C (MBP) or by addition of 0.5 mM IPTG followed overnight incubation at 

18°C (MBP-Hof1283-592). 200 ml of the cells were chilled on ice and harvested by 

centrifugation at 4°C. Cells expressing MBP or MBP-Hof1283-592 were resuspended in 

12 ml 20 mM Tris-Cl pH 7.4 containing protease inhibitor cocktail, 0.4 mM PMSF and 

1mg/ml lysozyme (Sigma-Aldrich Chemie, Steinheim, Germany). Cells were 
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sonicated for 3 min on ice, and the lysates were clarified by centrifugation at 13000 

rpm for 30 min at 4°C. The extract was incubated for 1 h at 4°C with 0.15 ml amylose 

beads (NEB, Frankfurt, Germany). The beads were washed 4 times with CW Buffer 

and the bound protein was eluted in 0.15 ml CW buffer containing 10 mM maltose. 

Cells expressing GST- or SNAP-fusions were resuspended in 4 ml PBS containing 

protease inhibitor cocktail, 0.4 mM PMSF and 1mg/ml lysozyme. To keep the GST- or 

SNAP-labelled IQ repeats 9-11 soluble, 0.5% Trition X-100 and 1.5% Na-N-

laurylsarcosine were added to the extract. To immobilize the GST-fusions, the 

extracts were incubated with PBS- equilibrated glutathione-sepharose 4B beads (GE 

Healthcare, Freiburg, Germany) for 1 h at 4°C under rotation. Finally, bound material 

was washed 4 times in 1x PBS. 

 

3.4.3 Pull-down and in vitro binding assays 

 

Sepharose slurries of the immobilized GST-fusions were incubated for 1 h at 4°C 

under rotation with either 1 ml of yeast cell extract containing the MYC-tagged 

proteins, with 1 ml of E.coli extracts containing SNAP-fusion proteins or with 0.8 ml of 

CW buffer containing 0.04 ml of the enriched MBP-fusion protein in a concentration 

of 5 mg/ml. Beads with bound proteins were separated by 2 min centrifugation at 

6000 rpm and washed 4 times with yeast protein extraction buffer. The bound 

material was specifically eluted through incubation with 100μl of 50 mM TRIS pH 7.0, 

20 mM reduced glutathione for 10 min at 4°C. After a brief centrifugation, the 

supernatant was transferred to a fresh tube, and analysed by SDS-PAGE and 

immunoblotting as described (Hruby et al., 2011). To reconstitute the binary IQ9-

11/Mlc1p complex onto sepharose beads, GST-Mlc1p sepharose slurry was 

incubated for 1 h at 4°C under rotation with 1 ml of E. coli extracts containing IQ9-11-

SNAP or its mutants. Beads with bound proteins were separated by 2 min 

centrifugations at 6000 rpm and washed 4 times with PBS and 2 times with yeast 

protein extraction buffer before using them for the in vitro binding and pull-down 

assays.  
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4. Results 
 
4.1 Screening for novel interaction partners of Iqg1p with the Split-

Ubiquitin system 

 

IQGAP proteins are organizers of the contractile actomyosin ring (AMR) during 

cytokinesis in most eukaryotic cells. Iqg1p, the single IQGAP family member of yeast, 

is a multi-domain protein. An N-terminal Calponin homology domain, thought to 

crosslink actin filaments, is followed by eleven IQ repeats, and a GAP-related domain 

(Figure 4.1) (Shannon, 2012). 

 

 
Figure 4.1 Domain structure of Iqg1p. Iqg1p consists of a CHD-calponin homology domain (108-

217aa), 11 IQ-isoleucine and glutamine rich repeats (414-743aa), a GRD-GAP related domain (881-

1068aa) and a RasGAP C-terminus homology domain (1252-1399aa). 

 

 

4.1.1 Iqg1p interacts with the F-BAR protein Hof1p and Mlc1p 

 

Iqg1p’s postulated involvement in different aspects of cytokinesis is not reflected nor 

revealed by the number and identity of its known interaction partners (Osman et al., 

2002). The Split-Ub interactions assay of Iqg1CRU tested against an array of Nub-

expressing yeast strains enriched in proteins of polarity establishment, cytokinesis 

and stress response revealed Mlc1p as already known and Hof1p as well as a 

fragment of Hof1p missing the FCH-domain (Hof198-669) as novel interaction partners 

of Iqg1p (Figure 4.2A; Table 4.1). To map the binding sites for Mlc1p and Hof1p onto 

the domain structure of Iqg1p I screened different fragments of Iqg1p as CRU-fusion 

against the same Nub-array (Figure 4.2B). A fragment encompassing the eleven IQ 

repeats of Iqg1p retained the interactions with Mlc1p, Hof1p and Hof198-669 (Figure 

4.2B). 
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Figure 4.2 Split-Ub interaction assay of Iqg1CRU (A), and Iqg1IQ1-11CRU (B) tested against 383 

Nub-fusions. Shown are the mated Nub- and Cub-fusion proteins expressing yeast strains after three 

days of growth on a plate containing 5-FOA, 50 µM Cu and 10 µM methionine. Growths of the yeast 

strains indicate interactions between the fusion proteins. Red rectangle indicates the Nub-Hof1p-, 

green rectangle the Nub-Mlc1p- and yellow rectangle the Nub-Hof198-669 -expressing yeast strains. 

Potentially false positive interactions are indicated by white rectangles according to Hruby et al. (Hruby 

et al., 2011). These signals are caused by Nub fusions that were already shown to non-specifically 

interact with many other unrelated CRU fusions. Nub-Nbp2p was included as potentially false positive 

as its constitutive interaction partner Ptc1p did not show up as hit in this screen (Hruby et al., 2011). 

 
 

Table 4.1 Iqg1p interaction partners detected by the Split-Ubiquitin system. 
Potentially false positive preys are excluded from the table. 
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Protein Color Description adapted from Saccharomyces Genome Database (SGD) 

Hof1p red 

SH3 domain-containing protein required for cytokinesis; localized to bud 
neck; phosphorylated by Dbf2p; regulates actomyosin ring dynamics and 
septin localization; interacts with the formins, Bni1p and Bnr1p, and with 
Cyk3p, Vrp1p, and Bni5p 

Hof198-669 yellow Truncated fragment of Hof1p missing the FCH-domain at its N-terminus 

Mlc1p green 

Essential light chain for Myo1p, light chain for Myo2p; stabilizes Myo2p by 
binding to the neck region; interacts with Myo1p, Iqg1p, and Myo2p to 
coordinate formation and contraction of the actomyosin ring with targeted 
membrane deposition 

 
 
4.1.2 Mapping the precise Hof1p and Mlc1p binding site on Iqg1p 

 

To further narrow down which of the IQ repeats individually or in combination bind to 

Hof1p or Mlc1p, I systematically shortened the IQ repeats harboring fragments and 

tested them as CRU fusions against the same Nub-array. 

Whereas the presence of multiple binding sites for Mlc1p is reflected by the 

unaffected binding to increasingly shorter fragments, the binding site for Hof1p could 

be clearly assigned to a region of Iqg1p that spans residues 650-750 encompassing 

the IQ motifs 9-11 (IQ9-11) (Figure 4.3). Neither the isolated IQ9-, IQ10- nor IQ11- 

repeats is sufficient for binding Hof1p.  

                     
 

Figure 4.3 Results of Split-Ub interaction assays of Iqg1CRU and different fragments of Iqg1p 

tested against a panel of 383 Nub-fusions. Shown are the cutouts of the Nub- and CRU-expressing 

yeast strains in media containing 5-FOA. Growth of a quadruplet of yeast cells on plates containing 5-

FOA indicates interaction of the co-expressed fusion proteins. 
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4.2 The IQ motifs 9-11 of Iqg1p bind to the central region of Hof1p 

 

4.2.1 The central region of Hof1p binds to the IQ repeats of Iqg1p 

 

To identify the Iqg1p-binding site(s) within the structure of Hof1p I constructed 

different Nub-fragments of Hof1p using the known borders of its domains as 

orientation for selecting their start and end points (Figure 4.4). A Split-Ub analysis 

defined the stretch between residue 283 and 592 as binding region of Hof1p for 

Iqg1p (Figure 4.4). This region of Hof1p was previously shown to be necessary for 

the AMR location of Hof1p, whereas IQ 1-11 of Iqg1p were shown to be important for 

targeting Iqg1p in a Mlc1p- dependent manner to the bud neck of the cells (Shannon 

and Li, 1999).  

                   
 
Figure 4.4 Split-Ub growth assay of Iqg1CRU and Iqg1IQ9-11CRU tested against selected Nub 

fusions. Upper panel: domain structure of Hof1p. F-BAR domain (3-274aa), CC1-coiled-coil region1 

(109-200aa), CC2 (300-330aa), RLS-ring localization sequence (300-500aa), SH3 domain (602-

669aa). PEST domain (418-438aa) and two proline-rich motifs (P1-PLPSPE: 334-339aa; P2-

PDKPRP: 387-392aa) are not shown on the diagram here. Lower panel: Split-Ub assay of Iqg1CRU 

and the CRU-fusion of the IQ-repeats 9-11 of Iqg1p tested against the Nub-fusion of Hof1p, different 

Hof1-fragments, Nub-Mlc1p and Nub-fusions of proteins controlling the specificities of the measured 

interactions. Shown is the growth of serial dilutions of the Nub- and CRU-fusion co-expressing yeast 

strains on media containing 5-FOA. Growth indicates interaction between the co-expressed fusion 

proteins. 
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4.2.2 Hof1p and Iqg1p are in close contact during cytokinesis 

 

                        
 
Figure 4.5 Time-lapse analysis of cells co-expressing Iqg1-GFP and Shs1-CHERRY. Shown from 

top to bottom: GFP channel, CHERRY channel, merged channel, merged channel overlaid with DIC 

channel. Yellow arrow marks the beginning of Iqg1p contraction as well as the onset of septin splitting. 

Scale bar 5 µm. 

            
Figure 4.6 Hof1p and Iqg1p contract together during cytokinesis. Time-lapse analysis of cells co-

expressing Hof1-CHERRY and Iqg1-GFP. Shown from top to bottom: GFP channel, CHERRY channel, 

merged channel, DIC channel. Two bars of Hof1-CHERRY-staining are visible during the first six 

minutes of the time-lapse. Yellow arrow marks the beginning of contraction. Hof1p remains longer at 

the site of cytokinesis before fading away. Scale bar 5 µm.  
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Live cell imaging showed that Iqg1-GFP appeared at the bud neck approximately 20 

min before the splitting of the septin ring and started to contract right after the splitting 

(Figures 4.5; 4.14D). Shs1p, one of the septin subunits, was fused with CHERRY and 

co-expressed in the same cell. In agreement with my interaction analysis, Hof1p and 

Iqg1p co-localize at the position of the AMR and contract together (Figure 4.6). 93.2% 

of cells displaying Iqg1-GFP contracted symmetrically (Figure 4.7D). Contraction 

lasted in average 4.5 min (Figure 4.7C). Iqg1p disappeared after contraction, 

whereas Hof1p remained longer at the site of cytokinesis before slowly fading away 

(Figure 4.6). 

 

4.2.3 The correct targeting of Iqg1p to the site of cytokinesis occurs 

independently of IQ9-11  

 

To test whether Hof1p binding significantly contributes to recruit Iqg1p to its central 

position at the AMR I measured the cellular distribution of a GFP fusion to Iqg1p that 

lacks the Hof1p-binding sites (Iqg1∆IQ9-11). Iqg1IQ9-11-GFP could be clearly detected at 

the bud neck of wild type cells and cells lacking the native copy of IQG1. However in 

cells lacking native Iqg1p, symmetric contraction of Iqg1∆IQ9-11-GFP was only 

observed in 7% of the observed cell separations (n= 45), whereas 71% of the cells 

expressing an additional copy of Iqg1p showed a normal contraction of Iqg1IQ9-11-

GFP (n= 38) (Figure 4.7D). Thus, the correct targeting of Iqg1p to the site of 

cytokinesis occurs independently of IQ9-11 and does not depend on Hof1p, whereas 

the contraction of the AMR is severely disturbed. This conclusion is supported by 

experiments in hof1 cells. In these cells Iqg1-GFP could still localize properly but its 

contraction was again severely compromised. Iqg1-GFP-stained rings were either 

arrested or contracted asymmetrically during cytokinesis (Figure 4.8). hof1-cells and 

cells containing an IQG1 mutant that lacked the binding site for Hof1p (Iqg1∆IQ9-11) 

affected the contraction of Iqg1p to a similar extent but left the targeting of Iqg1p to 

the AMR intact. Furthermore, an ectopically expressed GFP fusion to a fragment of 

Iqg1p harboring IQ9-11 (Iqg1IQ1-11-GFP) was not detected at the bud neck but 

randomly distributed in the cytoplasm of the cell (Figure 4.9). I conclude that the 

interaction between Iqg1p and Hof1p does not serve to localize Iqg1p to the AMR but 

to support the proper contraction of Iqg1p during cytokinesis. 
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Figure 4.7 Time-lapse analysis of wild type- (A) or iqg1-cells (B) both expressing Iqg1∆IQ9-11-

GFP. GFP staining at the bud neck of large-budded cells is clearly visible in both cell types. Scale bars 

5 µm. (C) Quantitative analysis of the contraction time (from septin splitting to the disappearance of 

the GFP signal at the division site) of Iqg1∆IQ9-11-GFP in wild type and iqg1-cells. *** P ≤ 0.001. (D) 

Quantification of symmetric versus asymmetric contraction of Iqg1∆IQ9-11-GFP and Iqg1-GFP in the 

indicated strains. 

 

 
 

Figure 4.8 Asymmetric contraction of Iqg1-GFP in hof1-cells. Red arrowheads indicate the 
splitting of the septin rings, which coincides with the onset of cytokinesis. Scale bars 5 µm.    
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4.3 Hof1p binding to Iqg1p requires myosin light chains 

 

4.3.1 Neither GST-Mlc1p nor GST-IQ9-11 is able to precipitate Hof1p 

 

The Split-Ub analysis does not prove that a measured interaction is caused by a 

direct contact between the involved binding partners. I therefore tried to reconstitute 

the interaction between Hof1p and Iqg1p and between Mlc1p and Iqg1p with 

enriched fragments of the proteins in vitro. A bacterially expressed GST fusion to 

Mlc1p could precipitate a SNAP-tag fusion to the IQ repeats 9-11 of Iqg1p.  Thus the 

interaction between Mlc1p and the IQ repeats 9-11 of Iqg1p could be reconstituted 

with the bacterially expressed proteins (Figure 4.10A). However, in similar 

experiments neither immobilized GST fusions to Mlc1p (GST-Mlc1p) or to the 

isolated IQ9-11 repeats (GST-IQ9-11) were able to precipitate Hof1p or its central 

element from yeast extracts (Figure 4.10B). This observation might suggest that 

neither of the two proteins might suffice to bind to Hof1p in isolation and invokes the 

hypothesis of a synergistic incorporation of Hof1p into a trimeric complex of Mlc1p-

Iqg1p-Hof1p (MIH). To test this hypothesis I first immobilized GST-Mlc1p onto 

Glutathione-beads and reconstituted the binary IQ9-11-Mlc1p complex by incubating 

the beads with E. coli extracts expressing a SNAP-tag fusion to IQ9-11 (IQ9-11-

SNAP). Remarkably, GST-Mlc1 / IQ9-11-SNAP precipitated Hof1p, and Hof1283-592, 

but not Hof11-282 from yeast extracts arguing for a stable ternary Mlc1p-Iqg1p-Hof1p 

complex (MIH) (Figure 4.10B). To rule out that MIH formation requires yeast specific 

Figure 4.9 Fluorescence microscopy of 

Iqg1IQ1-11-GFP expressing cells revealed 

a random distribution of the fusion 

protein and no specific accumulation at 

the bud neck. The expression of the GFP 

fusion was under control of the PMET17-

promoter. Left panel shows cells grown in 

medium containing no methionine resulting 

in high expression levels, and right panel in 

medium containing 70 µM methionine 

resulting in moderate expression levels. 

Scale bars 5 µm. 



54 

 

posttranslational modifications or additional factors from yeast extracts, we 

expressed the central region of Hof1p as a fusion to the maltose binding protein 

(MBP-Hof1283-592) in E. coli cells. The immobilized GST-Mlc1 / IQ9-11-SNAP complex 

specifically precipitated the enriched fraction of the MBP-Hof1283-592, whereas GST-

Mlc1p alone failed to bind to MBP-Hof1283-592 (Figure 4.10C). 
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Figure 4.10 A ternary complex consisting of Iqg1p, Mlc1p, and Hof1p. (A) Extracts of E. coli cells 

expressing Iqg1IQ9-11 coupled to a HIS-tagged SNAP (lane 3) were incubated with Glutathione beads 

carrying GST (lane 1) or GST-Mlc1p (lane 2). The bound fractions were eluted and analyzed by 

Coomassie staining and immune-detection with anti-HIS antibody after SDS-PAGE.  (B) Upper panel: 

Yeast extracts of cells (lanes 5, 10, 15) expressing MYC-tag fusion of Hof1p (lanes 1-5), Hof1283-592 

(lanes 6-10), or Hof11-282
 
(lanes 11-15) were incubated with Glutathione–beads carrying GST-Mlc1p 

(lanes 2, 7, 12), GST-IQ9-11 (lanes 4, 9, 14), GST-Mlc1p pre-incubated with IQ9-11-SNAP (lanes 3, 8, 

13), or GST pre-incubated with IQ9-11-SNAP (lanes 1, 6, 11). The bound fractions were analyzed by 

SDS-PAGE and subsequent immuno-detection with anti-MYC antibody. Lower panel: Coomassie- 

stained gel of the eluates of glutathione beads incubated with yeast extract expressing Hof1283-592-

MYC from the experiment in (A). Beads were incubated with GST and IQ9-11-SNAP (lane 16), 

GST-Mlc1p and IQ9-11-SNAP (lane 17), or GST-IQ9-11 (lane 19). The enriched fraction of IQ9-11-

SNAP used for incubation with GST- (lane 16) and GST-Mlc1p-beads (lane 17) is shown in lane 18. 

(C) MBP- Hof1283-592 (lanes 1, 2, 6, 7, 11, 12) or MBP (lanes 3, 8, 14) were incubated with Glutathione–

beads carrying GST-Mlc1p (lanes1, 6, 11), or GST-Mlc1p pre-incubated with IQ9-11-SNAP (lanes 2, 3, 

7, 8, 12, 13).  The bound fractions were analyzed by SDS-PAGE and either coomassie staining (lanes 

1-3), or immuno-detection with anti-MBP (lanes 6-8) or anti-HIS antibodies (lanes 11-13).  Enriched 

MBP-Hof1283-592 (lanes 4, 9, 14) and MBP (lanes 5, 10, 15) used as input for the binding assay were 

analyzed by coomassie-staining (lanes 4, 5) or immuno-detection with anti-MBP (lanes 9, 10) or anti-

HIS antibodies (lanes 14, 15). 

 

 

4.3.2 QS exchanges in the IQ repeats interfere with Hof1p binding to the Iqg1p 

 

Regular IQ-repeats harbor at position 2 of their consensus sequence a conserved 

glutamine (Q2) that is directly involved in binding the C-lobe of Mlc1p (Terrak et al., 

2003). Q2 is also present in IQ repeats 9 (Q667), 10 (Q695), and 11 (Q725) of Iqg1p. 

By replacing each glutamine by a serine individually or in combination I tried to 

address the influence of each IQ-repeat on the formation of the ternary complex. 

Split-Ub analysis revealed that a Q2S exchange in IQ9 (IQ9-119QSCRU) and IQ10 

(IQ9-1110QSCRU) or the corresponding double mutations (IQ9-119,10QSCRU) abolished 

the interaction signals with Nub-Hof1p, Nub-Hof198-669 and Nub-Hof1283-592 (Figures 

4.11A, B). A similar mutation in IQ11 (IQ9-1111QSCRU) did not measurably interfere 

with binding to Hof1p (Figures 4.11A, B). All CRU fusions of the mutated IQ9-11 kept 

the interaction signal with Nub-Mlc1p (Figures 4.11A, B). I transferred the MIH-

interfering mutations into the CRU constructs of the full length Iqg1p and confirmed 

their negative impact on Hof1p binding in the cellular context (Figure 4.11C). 
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Figure 4.11 Split-Ubiquitin assay of IQ9-11CRU or Iqg1CRU harboring QS exchanges. (A) Split- 

Ubiquitin interaction assay of the IQ repeats 9-11 of Iqg1p containing no, single, or double mutations in 

the IQ repeats. The CRU-fusions were tested against 383 Nub-fusion proteins. Shown are the cutouts 

of selected Nub- and Cub-fusion protein-expressing yeast strains after three days of growth on a plate 

containing 5-FOA, 50 M Cu and 10 M methionine. Growths of the yeast strains indicate interactions 

between the fusion proteins. (B) Manual Split-Ub assay of IQ9-11CRU harboring QS exchanges at the 

indicated IQ-repeats as in (Figure 4.4). (C) Manual Split-Ub assay of full length Iqg1CRU harboring the 

indicated QS exchanges in the IQ repeats 9 and 10 of Iqg1p. 
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4.3.3 In vitro reconstitution of the ternary MIH using the mutated SNAP-tag 

fusions of IQ9-11 

 

To again correlate these Split-Ub based findings with the more direct precipitation 

assay, I tested the in vitro reconstitution of the ternary MIH using the mutated SNAP-

tag fusions of IQ9-11 (Figure 4.12). Here IQ9-119QS-SNAP kept a residual interaction 

to Hof1p whereas no ternary complex formation was observed for SNAP-IQ9-1110QS-

and IQ9-119,10QS-SNAP (Figure 4.12). The latter two mutants showed a strong 

reduction in Mlc1p-binding that was not observed for IQ9-119QS-SNAP. IQ9-119,10QS-

SNAP was barely seen in the Coomassie-stained gel of the GST-Mlc1p-eluate, but 

could still be detected by antibody staining (Figure 4.12). 

 

                      

 

Figure 4.12 Pull down assay as in Figure 4.10B, but with IQ9-11-SNAP harboring QS exchanges. 

Beads carrying GST-Mlc1p (lane 1) or GST-Mlc1p pre-treated with IQ9-119,10QS-SNAP (lane 2), IQ9-

11-SNAP (lane 3), IQ9-119QS-SNAP (lane 5), or IQ9-1110QS-SNAP (lane 6), were incubated with yeast 

extracts expressing Hof1283-592MYC (lane 4). Shown are the Glutathione-eluates of the beads after 

SDS-PAGE and anti-MYC immuno-detection (upper panel), or after Coomassie-staining of the gel 

(middle panel), or anti-HIS immuno-detection (lower panel). 
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4.3.4 Membrane-anchored IQ9-11 occasionally drives Hof1p to plasma 

membrane in large-budded cells 

 

To confirm aspects of the Iqg1p-Hof1p interaction in vivo, I fused IQ9-11 to the t-

SNARE Sso1p (Schneider et al., 2013). The Sso1-moiety in the IQ9-11-CHERRY- 

Sso1 fusion relocated IQ9-11 homogenously to the plasma membrane (Figure 4.13).  

A co-expressed Hof1-GFP occasionally co-localized with regions of concentrated 

IQ9-11-CHERRY-Sso1 at the membrane of large-budded cells. As Hof1-GFP staining 

of the plasma membrane was never observed in wild type cells nor in cells co-

expressing IQ9-119,10QS-CHERRY-Sso1, the experiment offers independent in vivo 

evidence of the interaction between Hof1p and Iqg1p (Figure 4.13). 

 

 

Figure 4.13 Artificial recruitment of Hof1-GFP. Fluorescence microscopy of three cells each co- 

expressing Hof1-GFP and IQ9-11-CHERRY-Sso1p (left upper panel) or Hof1-GFP and IQ9-119,10QS- 

CHERRY-Sso1p (right upper panel) or Hof1-GFP and empty plasmid (lower panel). Scale bars 5 µm. 

 

 

All together my experiments show that Mlc1p first binds to Iqg1p and that this 

complex will then bind to Hof1p. Two alternative mechanisms could account for this 

directionality: Mlc1p and Iqg1p provide a shared interface for the interaction with 

Hof1p, or Hof1p binds to the helical conformation of IQ repeats that might only be 

induced upon prior docking to Mlc1p. My experiments cannot distinguish between the 

two proposed mechanisms. 
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4.4 Disrupting the interaction between Iqg1p and Hof1p impairs 

Hof1p recruitment and contraction of the AMR 

 

4.4.1 MIH-interfering mutations affect the localization of Hof1p and its 

fragments 

 

Does the dissolution of the MIH affect Hof1p localization and AMR contraction during 

cytokinesis? Hof1-GFP shifts its position to the central AMR shortly after the arrival of 

Iqg1p before the septin rings split (Figures 4.14A, D; 4.16A) (Meitinger et al., 2011). 

In cells expressing Iqg1IQ9-11, or Iqg1IQ9, 10QS instead of moving to the position of the 

AMR, Hof1-GFP is stalled as a double ring at the bud neck. Only after the septins 

have split does Hof1p merge into the gap between the two septin-rings (Figure 

4.14A, D). As a consequence Hof1p’s appearance at the position of the AMR is 

delayed by 5 min in iqg1IQ9, 10QS- and by 6.5 min in iqg1IQ9-11-cells. Although delayed, 

the emergence of Hof1p at this position was still unexpected and invoked the 

presence of an alternative targeting region in Hof1p that functions independently of 

its binding to Iqg1p. Indeed the N-terminal F-BAR domain (Hof11-282) was already 

reported to stay at the AMR region during contraction (Oh et al., 2013). Time lapse 

analysis of wild type cells revealed that Hof11-282-GFP appeared at the position of the 

AMR later than full length Hof1p and only after the septin rings have split (Figures 

4.14B, D; 4.15A) and co-contract with Hof1p (Figure 4.15A). This pattern of 

localization did not depend on Iqg1p as Hof11-282-GFP assumed its positions between 

the septin rings in iqg1, iqg1IQ9-11, or iqg1IQ9,10QS cells (Figure 4.14B, D). Hof11-282-

GFP could properly localize and contract in hof1 cells as well as in wild type cells 

(Figure 4.14B). In contrast, Hof1283-592-GFP harboring the binding site to Iqg1p 

appeared in wild type cells shortly after Iqg1p and assumed the position at the AMR 

approximately 8 min before Hof1-GFP. Hof1283-592-GFP subsequently contracted like 

the full length Hof1-GFP (Figures 4.14C, D; 4.15B).  
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Figure 4.14 The choreography of Hof1 targeting to the AMR is altered by MIH-interfering 

mutations. (A) Time lapse analysis of cells co-expressing Hof1-GFP and Shs1-CHERRY. Upper 

panel: In wild type cells Hof1-GFP arrives at the position of the AMR before the splitting of the septin 

rings.  Hof1-GFP is stalled as double ring in iqg1IQ9-11- (second panel) and in iqg1 IQ9,10 QS-cells (third 

panel) and accumulates at the position of the AMR only after septin splitting. Hof1-GFP could not 

contract in iqg1-cells and stayed longer at the site of cytokinesis before fading away (lower panel). 

Red arrowheads indicate the splitting of the septin rings. (B) Same as in (A) but with cells expressing 

Hof11-282-GFP. Hof11-282-GFP arrives at the position of the AMR after septin splitting without prior bud 

neck localization in wild type cells (upper panel), in iqg1IQ9-11-cells (second panel), in iqg1 IQ9,10 QS-cells 

(third panel), in iqg1-cells (fourth panel), or in hof1-cells (last panel). (C) As in (A) but with wild type 

cells expressing Hof1283-592-GFP. Hof1283-592-GFP arrives at the AMR before septin ring splitting. (D) 

Time of appearance of Iqg1-GFP, Hof1-GFP and its GFP–labeled fragments at the position of the AMR 

in wild types cells and cells of the indicated IQG1 genotypes. Time 0 marks the splitting of the septin 

ring. Error bars, standard error of the mean (s.e.m.). ns indicates that the measured differences are 

not significant,  * P ≤ 0.016,  *** P ≤ 0.0001.  
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Figure 4.15 GFP-labeled fragments of Hof1p and CHERRY-labeled Hof1p contract together. (A) 

Time lapse analysis of cells co-expressing Hof11-282-GFP and Hof1-CHERRY. (B) Time lapse analysis 

of cells co-expressing Hof1283-592-GFP and Hof1-CHERRY. Red arrowheads indicate the time of Hof1p 

merging to the central AMR. Both cells were grown in medium containing no methionine resulting in 

high expression levels. Scale bars 5 µm. 

 

 

4.4.2 The bud neck localization of central region of Hof1p is lost once the 

interaction between Hof1p and Iqg1p is interrupted 

 

In cells lacking IQG1 or the IQ repeats 9-11 of Iqg1p or carrying the QS exchanges in 

the repeats 9 and 10 the localization pattern of Hof1p central element appeared 

obviously changed (Figures 4.16; 4.17A, B). Importantly, a bud neck localization of 

Hof1283-592-GFP was almost never observed once the IQ repeats 9-11 of Iqg1p were 
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either deleted or carried QS exchanges (Figures 4.16; 4.17A, B). This finding 

confirms that the interaction between Iqg1p and Hof1p is crucial for recruiting Hof1p 

to AMR when the N-terminal F-BAR domain of Hof1p is absent. 

 

Figure 4.16 Time-lapse analysis of Hof1283-592-GFP in cells of the indicated IQG1 genotypes. The 

bud neck signals of Hof1283-592-GFP are lost in iqg1 (A), iqg1IQ9-11 (B), or iqg1IQ9,10QS cells (C) 

whereas the bud neck signal was recovered in iqg1-cells carrying full length IQG1 on a URA3 

harboring plasmid (D).Yellow arrowheads indicate the splitting of the septin hourglass into two cortical 

rings. All cells grown in medium containing no methionine resulting in high expression levels of 

Hof1283-592-GFP. Scale bars 5 µm. 
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4.4.3 The contractions of Hof1-GFP and Hof11-282-GFP are significantly impaired 

in cells lacking the Hof1p-binding site in Iqg1p 

 

After being finally localized at the AMR, the contraction of Hof1-GFP and Hof11-282-

GFP were significantly impaired in all cells carrying mutations that disturb the binding 

between Hof1p and Iqg1p (Figure 4.17C). Around 80% of the inspected iqg1IQ9-11- 

cells and half of the iqg1IQ9,10QS-cells displayed Hof1-GFP rings that were either 

arrested or contracted asymmetrically during cytokinesis (Figures 4.17C; 4.14A). 

Similar to full length Hof1p, contraction of Hof11-282-GFP was also reduced in cells 

carrying mutations that impair the binding between Hof1p and Iqg1p (Figures 4.17C; 

4.14B). Both, Hof1p and Hof11-282 almost lost the ability to contract together with the 

AMR in the absence of Iqg1p. I conclude that proper targeting to the AMR and 

contraction of Hof1p requires the binding of its central region to the IQ repeats 9-11 of 

Iqg1p. I further propose that the opening of the septin ring exposes a component of 

the membrane that binds to the F-BAR domain and enables Hof1p to link Iqg1p 

contraction with membrane ingression. 

 

Figure 4.17 Mutations in the IQ repeats 9 and 10 abolish bud neck localization of Hof1283-592 and 

affect AMR contraction. (A) Co-localization of CHERRY-labeled septin subunit Shs1p and GFP-

labeled Hof1p or fragments of Hof1p in cells of the indicated IQG1 genotypes. Scale bars 5 µm. (B) 

Quantitative analysis of the localization of GFP-labeled Hof1p, Hof11-282 and Hof1283-592 in IQG1-cells 

(n= 60, 48, 95), iqg1IQ9-11-cells (n= 71, 87, 60), iqg1 IQ9,10 QS-cells (n= 240, 139, 200), and iqg1-cells 



64 

 

(n= 297, 37, 40). The fractions of cells containing correctly positioned GFP-fusions of Hof1p or its 

fragments are indicated. (C) Shown are the fractions of cells displaying no, asymmetric or symmetric 

contraction of GFP–labeled Hof1p, Hof11-282 or Hof1283-592 in IQG1-cells (n= 23, 26, 41), iqg1IQ9-11-cells 

(n= 40, 70, 38), iqg1 IQ9,10 QS-cells (n= 227, 130, 175), and iqg1-cells (n= 39, 21, 23). 

 

 

4.4.4 MIH-interfering mutations strongly affected the mobility of Myo1-GFP 

during cytokinesis 

 

                    
Figure 4.18 Time lapse analysis of Myo1-GFP and Shs1-CHERRY- in cells of the indicated 

genotypes. (A) Time-lapse analysis of Myo1-GFP in iqg1-cells. Yellow arrowheads indicate the 

disappearance of Myo1p signal and the splitting of the septin rings. Scale bars 5 µm. (B) Upper panel: 

shown is the symmetric contraction of Myo1-GFP in a wild type cell contrasted with its asymmetric 
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contraction in iqg1IQ9-11-, iqg1 IQ9,10 QS- and hof1-cells. Red arrowheads indicate the splitting of the 

septin rings. The overlay of the GFP- and the CHERRY-signal are shown. Lower panel: Quantitative 

analysis of the experiments. Shown are the fractions of cells displaying no, asymmetric or symmetric 

contraction of Myo1-GFP in IQG1-cells (n= 42), iqg1IQ9-11-cells (n= 47), iqg1 IQ9,10 QS-cells (n= 86), and 

hof1-cells (n= 74). 

 

 

Myo1-GFP localizes properly in iqg1 null cells but disappeared from the bud neck 

precisely at the time of septin splitting (Figure 4.18A) (Bi et al., 2010). The MIH-

interfering mutations in IQG1 also affected the mobility of Myo1-GFP during 

cytokinesis. Roughly half of the inspected iqg1IQ9-11- cells and a quarter of the 

iqg1IQ9,10QS- cells displayed Myo1-GFP rings that were either arrested or contracted 

asymmetrically during cytokinesis (Figure 4.18B). hof1- and iqg1IQ9,10QS-cells 

affected Myo1-GFP contraction to a very similar extent (Figure 4.18B). The MIH 

seems not to be involved in the initial targeting of Myo1p to the division site (Figure 

4.18B). 

 

 

4.5 MIH-interfering mutations delay Iqg1p’s appearance at AMR and 

compromise its contraction  

 

To further characterize the effect of the MIH interfering mutation on the behavior of 

Iqg1p, I measured the cellular distribution of Iqg1IQ9,10QS-GFP. As expected, 

Iqg1IQ9,10QS-GFP could be clearly detected at the bud neck of wild type cells (76.5%) 

and cells lacking the native copy of IQG1 (66.2%). In wild type cells Iqg1IQ9,10QS-GFP 

arrived at the AMR position almost at the same as Iqg1-GFP (Figures 4.19A, D). 

Nevertheless, the appearance of Iqg1p containing the MIH-interfering mutations at 

the AMR was delayed by 3.6 min in iqg1-cells compared to wild type cells (Figures 

4.19 A, B, C, D).  

Interestingly, in a fraction of iqg1-cells Iqg1IQ9,10QS-GFP already started to contract 

before the onset of septin splitting and shortly disappeared after septin splitting 

(Figure 4.19C, upper panel) (Figure 4.19C, lower panel). The contraction time was 

not strongly influenced by the MIH interfering mutations (Figure 4.19E). However, 

61.54% of the cells expressing an additional copy of Iqg1p showed a normal 

contraction of Iqg1IQ9,10QS-GFP, whereas in 74% of the cells lacking native Iqg1p, 

either asymmetric contraction or no contraction of Iqg1IQ9,10QS-GFP was observed 

(Figure 4.19F). 
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Figure 4.19 The effect of MIH-interfering mutations on the localization and contraction of Iqg1p. 

Time-lapse analysis of wild type- (A) or iqg1-cells (B, C) both co-expressing Iqg1IQ9,10QS-GFP and 
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Shs1-CHERRY. GFP staining at the bud neck of large-budded cells is clearly visible in both cell types. 

Scale bars 5 µm. (D) Time of appearance of Iqg1IQ9,10QS-GFP at the position of the AMR in wild types 

cells and iqg1-cells. Time 0 marks the splitting of the septin ring. Error bars, standard error of the 

mean (s.e.m.). ns indicates that the measured differences are not significant, * P ≤ 0.05, *** P ≤ 0.0001. 

(E) Quantitative analysis of the contraction time (from septin splitting to the disappearance of GFP 

signal from the division site) of Iqg1IQ9,10QS-GFP in wild type and iqg1-cells. (F) Quantification of no, 

asymmetric or symmetric contraction of Iqg1IQ9,10QS-GFP in wild type (n=17) and iqg1-cells (n=43).  

 

 

4.6 Myo1p is needed for Hof1p localization at the AMR 

 

It was recently shown in vitro that the C-terminus of Hof1p binds directly to the tail 

region of Myo1p. Furthermore, cells that lack Myo1p also fail to correctly position 

Hof1p between the split septin rings (Oh et al., 2013). To explore whether this 

phenotype is similar to the one caused by the MIH interfering mutations, I introduced 

Hof1p and its N- and central- fragment as GFP fusions into myo1 cells. GFP-fusions 

of full length Hof1p associated with the AMR in myo1-cells but 2.5 min later than in 

wild type cells (Figures 4.20A, B). Hof1p remains much longer at the site of 

cytokinesis in myo1-cells as in wild type cells (Figure 4.20A). After being finally 

localized at AMR, the contraction of Hof1-GFP was seriously impaired, displaying 

either no contraction (70%) or abnormal contraction (30%) in myo1-cells (Figures 

4.20A, D). Hof11-282-GFP including the N-terminal F-BAR domain localized to the site 

of polarized growth in myo1-cells as in wild type cells and arrived at the AMR shortly 

after the septin ring splitting. Notably, a fraction of cells displayed a weak signal at 

both sides of the bud neck before septin ring splitting (Figure 4.20A). In myo1-cells 

Hof11-282-GFP almost failed to display the AMR-like contraction that is normally seen 

in nearly all observed  wild type cells (Figure 4.20D). Contrary to the full length 

protein and its N-terminal fragment, Hof1283-592-GFP was never observed at the bud 

division site of cells lacking Myo1p (Figures 4.20A, C). We complemented the 

analysis of Hof1p and its fragments by studying the distribution of Iqg1p in myo1- 

cells. A fraction of myo1-cells displayed Iqg1-GFP as double ring, with similar 

intensity at the mother- and daughter- side of the bud neck (Figure 4.21). This 

observation was never made in wild type cells and is consistent with the  report by 

Sanchez-Diaz et al. where it was shown that rapid inactivation of Myo1-td prevents 

the localization of Iqg1p between the split septin ring (Sanchez-Diaz et al., 2008). In 

those cells where Iqg1-GFP finally localized as single bar between the split septin 
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rings the GFP staining was rapidly lost (Figure 4.21B).  

 

 

 

Figure 4.20 The absence of Myo1p affects recruitment of two Hof1p fragments in distinct ways 

and impairs AMR-contraction. (A) Time-lapse analysis of CHERRY-labeled septin subunit Shs1p 

and GFP-labeled Hof1p (upper panel) or its fragments (middle and lower panel) in cells lacking 

Myo1p. Red arrowheads indicate the splitting of the septin rings. Scale bars 5 µm. (B) Time of 

appearance of Hof1-GFP and its GFP-labeled fragments at the position of the AMR in wild types cells 

and myo1-cells. Time 0 marks the splitting of the septin ring. Error bars, standard error of the mean 

(s.e.m.). * P ≤ 0.05. (C) Quantitative analysis of the localization of GFP-labeled Hof1p, Hof11-282 and 

Hof1283-592 in MYO1-cells (n= 60, 48, 95) and myo1-cells (n= 20, 80, 50). The fractions of cells 

containing correctly positioned GFP-fusions of Hof1p or its fragments are indicated. (D) Shown are the 

fractions of cells displaying no, abnormal or symmetric contraction of GFP-labeled Hof1p and Hof11-282 

in MYO1-cells (n= 23, 26) and myo1-cells (n= 20, 68). 
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Figure 4.21 Aberrant localization of Iqg1-GFP in myo1-cells. (A) Shown are cells displaying a 

double ring of Iqg1-GFP. Scale bars 5 µm. (B) Time-lapse analysis of myo1-cells co-expressing Iqg1-

GFP and Shs1-CHERRY. Green arrowhead marks the double ring indicating the unusual behavior of 

Iqg1-GFP. Red arrowheads indicate the splitting of the septin rings. 
 

 

 

4.7 Correlating genetic interactions with protein interactions point 

to the MIH complex as an organizer of cytokinesis 

 

4.7.1 Analysis of iqg1 cells and iqg1 mutants  



70 

 

I analysed by light microscopy the morphologies of the cells carrying either a deletion 

of IQG1 or the alleles iqg1IQ9,10QS, or iqg1IQ9-11. Around half of the counted iqg1 

mutants displayed a normal morphology. In contrast to the other two strains 

iqg1IQ9,10QS-cells were hardly elongated but showed a shmoo-like morphology instead 

(Figure 4.22B, C). The enrichment of cells showing two or more buds demonstrated 

the clear defects in cell separation for all three strains (Figure 4.22A). Compared to 

iqg1IQ9,10QS-cells the poorer growth of iqg1IQ9-11-cells suggested that iqg1IQ9-11 might 

cause additional phenotypes besides disrupting the MIH formation (Figure 4.22A). 

 

 

Figure 4.22 iqg1, iqg1IQ9-11 or iqg1IQ9,10QS-cells exhibit obvious cytokinesis defects. (A) Serial 

dilutions of yeast cells carrying IQG1, iqg1IQ9-11, or iqg1IQ9,10QS were incubated at 37°C for two days. (B) 

Morphologies of iqg1, iqg1IQ9-11, or iqg1IQ9,10QS cells. White bars indicate 5 µm. (C) Quantification of 

different phenotypes of indicated cells (n > 300 per strain).  
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4.7.2 Proposed architectures of the MIH complex in the indicated genetic 

backgrounds      

 

The results of our interaction analysis together with already published experiments 

support the existence of a large cytokinetic core complex (Figure 4.23A). The 

proposed architecture of this multi-protein assembly implies that the MIH connects 

Hof1p to the AMR and further more physically and functionally links the core proteins 

of the AMR Myo1p/Iqg1p with Chs2p and the stimulators of its activity, Cyk3p and 

Inn1p (Figure 4.23A).  

Although many data including my own support are compatible with the existence of 

this central cytokinetic core complex, direct evidences for many of the postulated 

physical interactions are still lacking. For example, others and I have shown that 

Cyk3p binds to Hof1p and Hof1p binds to Iqg1p (Jendretzki et al., 2009; Nishihama 

et al., 2009; Labedzka et al., 2012) (Figures 4.2; 4.3; 4.4; 4.10). As the Hof1p binding 

sites for Cyk3p and Iqg1p are located in different regions of the molecule it is 

suggestive but not proven that both ligands interact with Hof1p at the same time 

(Figures 4.4; 4.10). Depending on stability, geometry and in vivo duration, the 

detection of such indirect interactions as the one between Cyk3p and Iqg1p may 

exceed the limits of current technologies (Johnsson, 2014). To test key predictions 

derived from the proposed existence of the cytokinetic core complex by an alternative 

approach I measured genetic interactions between the MIH-interfering alleles of 

IQG1 and other selected members of the cytokinesis pathway. A stringent 

interpretation of these experiments required that the investigated IQG1- allele(s) 

affect only the binding to Hof1p and thus display no negative genetic interaction with 

a HOF1 deletion. The comparison between the phenotypic consequences of the 

iqg1IQ9-11- and iqg1IQ9,10QS- alleles in wild type and hof1-cells proved that 

iqg1IQ9,10QS  impairs cytokinesis by exclusively interfering with MIH formation, whereas 

iqg1IQ9-11 caused additional phenotypes on top of disrupting the MIH (Figures 4.23B, 

C, compare complexes 2, 5). The deletions of MYO1 or CYK3 are tolerated in wild 

type cells but are synthetic lethal to each other and to a deletion of HOF1 (Figures 

4.23B, C, complexes 1, 3) (Korinek et al., 2000a; Vallen et al., 2000). cyk3-cells 

display defects in PS formation and thus depend on a functional AMR for survival 

(Meitinger et al., 2010; Onishi et al., 2013). Deleting CYK3 in iqg1IQ9,10QS-cells results 

in a strong impairment of growth arguing that the connection between Hof1p and 
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Iqg1p significantly contributes to proper AMR-contraction (Figure 4.23C, complex 4). 

Contrary to cyk3-cells, myo1-cells fail to assemble a functional AMR (Figure 4.23C, 

complex 3) (Bi et al., 1998; Tolliday et al., 2003). Mutations in Iqg1p that further 

impair cytokinesis in myo1-cells will thus most likely point to a role for Iqg1p in 

septum synthesis and perhaps other functions that are not directly related to the AMR. 

Indeed, iqg1IQ9,10QS; myo1-cells are not viable thus supporting a complementary role 

for the MIH in septum synthesis and the existence of an indirect interaction between 

Cyk3p/Inn1p and Iqg1p in the cytokinetic core complex (Figures 4.23B, C, complex 6).  

Deletions of other Hof1p-interacting proteins like Nba1p, Sho1p or Spa2p did not 

further impair the growth of iqg1IQ9,10QS- or iqg1IQ9-11-cells (Figure 4.23B) (Labedzka 

et al.,2012; Moreno et al., 2013). We conclude that the genetic interactions of 

iqg1IQ9,10QS do not reflect a general reduction in fitness but are very specific and 

restricted to a certain subclass of cytokinetic genes. Similar to HOF1 and in contrast 

to SHO1 and SPA2, a deletion of NBA1 displayed an allele specific synthetic lethality 

with iqg1IQ9-11. Nba1p interacts with Hof1p as well as with Cyk3p (Labedzka et al., 

2012). The genetic interaction assigns this complex a distinct yet unknown role in cell 

separation. 
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Figure 4.23 Genetic dissection of the cytokinetic core complex. (A) Model of the assembly and 

architecture of the cytokinetic core complex. Note that Mlc1p is only depicted as part of the MIH 
complex. The well-described interaction between Mlc1p and Myo1p is not shown. The presentation 
divides Hof1p into a N-terminal region (Hof1∆SH3) and its SH3 domain (SH3Hof1). The positional shift of 
SH3Hof1 should highlight that the interactions with its ligands occur late during core complex assembly. 
(B) Yeast cells of the indicated genotypes and carrying IQG1 on a URA3- harboring plasmid were 
spotted in serial dilutions onto plates containing uracil and 5-FOA and incubated at 30°C for two days. 
Non-growth of the cells indicates a negative genetic interaction between the introduced iqg1-allele and 
the respective gene deletion. (C) Proposed architecture of the cytokinetic core complex in the 

indicated genetic backgrounds. Numbers specify the different complexes, open and closed circles 
indicate growth or non-growth of cells expressing these complexes. 
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4.8 Does Hof1p bring Inn1p to Iqg1p? 
 

The existence of the MIH ternary complex might explain how the AMR is connected 

to the membrane to transform its contraction into membrane ingression. Besides 

Iqg1p and Hof1p, Inn1p is a further candidate for this anchorage. Inn1p was reported 

to acts downstream of Iqg1p and Hof1p to promote septum formation and ingression 

of the plasma membrane. Inn1p displays a C2-domain which comprise eight β-

strands with three loops at its N-terminus and four proline-rich stretches at its C-

terminus (Figure 4.24C) (Sanchez-Diaz et al., 2008; Nishihama et al., 2009). Its N-

terminal C2-domain was postulated to bind to membranes and the co-precipitation 

with Iqg1p, a member of the AMR, was taken as evidence for an important role in 

linking the membrane to the AMR (Sanchez-Diaz et al., 2008). 

 

4.8.1 Inn1p binds to Hof1p, Cyk3p and Sho1p to form the HICS complex 

 

Iqg1p was already reported to interact with Inn1p (Sanchez-Diaz et al., 2008). This 

interaction was not detected using Iqg1CRU as bait for our Split-Ub analysis (Figure 

4.2). I therefore reverted the configuration and measured the interaction partners of 

Inn1p using Inn1CRU as a bait. 

A Split-Ub-based systematic interaction screen against a master array of 383 Nub 

fusions revealed novel and known interaction partners of the Cub-fusion of Inn1p. 

Again, Iqg1p was not found among the interaction partners (Figure 4.24A). The 

interactions of Inn1p with Cyk3p and Hof1p were already mapped to the proline-rich 

motifs P2 and P4 of Inn1p, and the SH3 domains of Hof1p and Cyk3p respectively 

(Nishihama et al., 2009). To independently map the binding sites of some of the 

herein found interaction partners within the Inn1p sequence I tested different 

Inn1CRU fragments against a selection of Nub fusions (Figure 4.24A). The measured 

interaction between Nub-Cyk3p and Inn11–211 confirmed previous studies (Figure 

4.24A) (Nishihama et al., 2009). Hof1p and Hof198–669 interacted with P4 (Inn1367–409) 

and P3 (Inn11–373). Sla1p and Cdc14p interacted exclusively with Inn1367–409 (Figure 

4.24A). This dissection predicted that the SH3 domains of Hof1p, Sla1p and Sho1p 

might compete for binding the C-terminal P4 motif of Inn1p (Figure 4.24B). The 

absence of a SH3 domain lets us assume that the binding of Cdc14p is not mediated 



75 

 

by P4 and thus not directly influenced by the presence of the other ligands (Figure 

4.24B). A cluster of in vivo phosphorylation sites in Inn1367–409 might constitute the 

docking site for Cdc14p (Bodenmiller et al., 2008). Together with the precipitation 

data in our lab and the previous finding that the most C-terminally located proline-rich 

motif of Inn1p (P4) was identified as the ligand for the SH3 domain of Sho1p, my 

findings support the existence of a protein complex consisting of the four core 

subunits Hof1p, Inn1p, Cyk3p and Sho1p (HICS complex) (Figure 4.24B). 

 
 
Figure 4.24 Dissection of Inn1p interaction sites. (A) Split-Ub interaction assay of Inn1CRU or 

fragments of Inn1p containing different combinations of the proline-rich motifs P1-P4 (see B). (B) Left 

panel: summary of interaction data. Right panel: cartoon of Inn1p showing the N-terminal potential 

lipid-binding C2 domain and the four proline-rich motifs.  

 
 

4.8.2 Loss of Iqg1p abolishes the bud neck localization of Inn1p and Cyk3p 

 

My interaction analysis proved a direct interaction between Hof1p and Iqg1p but 

failed to confirm the postulated interaction between Iqg1p and Inn1p. The question 

then arises: Does Hof1p link Inn1p to Iqg1p? By measuring the localization of Inn1p 

in different genetic backgrounds I tried to establish the causal order by which Inn1p, 

Hof1p and Iqg1p associate with the AMR.  

    



76 

 

      

Figure 4.25 Inn1p and Cyk3p mis-localize in iqg1-cells. Shown are iqg1-cells expressing GFP-

labelled Mlc1p, Myo1p, Inn1p and Cyk3p (upper panel) or iqg1-cells expressing the same GFP 
fusions but carrying the full length IQG1 on a URA3 harboring plasmid (lower panel). Scale bars 5 µm. 
 

 

Mlc1p, first identified as a light chain of a class V myosin Myo2p, is required for 

actomyosin ring assembly and promotes septum closure during cytokinesis (Stevens 

and Davis, 1998; Wagner et al., 2002). It is known that binding to Mlc1p is a 

prerequisite for anchoring Iqg1p to the site of cytokinesis (Boyne et al., 2000; 

Shannon and Li, 2000; Luo et al., 2004). As expected, Mlc1p could localize properly 

in iqg1-cells (Figure 4.25). It has been shown by others and me that the absence of 

IQG1 strongly affected the mobility but not the initial localization of Myo1-GFP during 

cytokinesis (Figures 4.18; 4.25). The mis-localization of Inn1p and Cyk3p in iqg1-

cells assigns both proteins a role in cytokinesis downstream of Iqg1p (Figure 4.25; 

Table 4.2). 
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Table 4.2 Localizations of Inn1p or Cyk3p in the absence of Iqg1p.  
Related to Figure 4.25. GFP was integrated in-frame behind the 3`ends of the respective ORFs. Large 
budded cells of each strain of the indicated IQG1 genotypes were inspected under the fluorescence 
microscope and the localizations of the respective gene fusions either classified as bud neck with the 
normal ring-like and more dot-like or irregular structures or absent from bud neck. 
 

 
 

 

4.8.3 MIH-interfering mutations slow down the contraction of Inn1p but do not 

interfere with its localization 

 

Inn1p contracts in wild type cells with the same kinetics as Myo1p (Sanchez et al., 

2008) and Iqg1p (Shannon and Li, 1999). Inn1p is not required for the assembly or 

contraction of the AMR, or the assembly and splitting of the septin ring (Sanchez-

Diaz et al., 2008). As Inn1p is a direct binding partner of Hof1p I tested whether the 

MIH-interfering mutations in Iqg1p might also affect localization and contraction of 

Inn1-GFP. Time-lapse analysis showed that Inn1p fused to GFP on a centromeric 

plasmid was able to bind to bud neck in 75% of Iqg1IQ9,10QS-cells. Two thirds of the 

observed cell seperations showed an Inn1-GFP-contraction right after the septin 

splitting in a centripetal manner, leading to a dot-like GFP-signal in the center of bud 

neck (Figure 4.26A, C). However, the remaining one third of the cells displayed a 

significantly slower Inn1-GFP contraction than observed in wild type cells (more than 

8 min) (Figure 4.26B, C). A similar defect was already detected in hof1-cells. Here 

the complete loss of HOF1 caused an asymmetric contraction of Inn1-GFP (Meitinger 

et al., 2011). 

 

Inn1-GFP 
at neck 

Genotype 

 
Ring 

 
Dot 

 
Numbers of cells 

IQG1 64.1 % 3 % 170 

Iqg1 5% 7.1% 140 

Cyk3-GFP 
at neck 

Genotype 

 
Ring 

 
Dot 

 
Numbers of cells 

IQG1 26.2% 4.7% 107 

∆Iqg1 0% 9.8% 153 
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Figure 4.26 Time-lapse analysis of iqg1IQ9,10 QS-cells co-expressing Inn1-GFP and Shs1-CHERRY. 

(A) Cells displaying symmetric and fast contraction of Inn1-GFP in iqg1 IQ9,10 QS-cells. Scale bars 5 µm. 

(B) Enlarged bud neck of cells displaying a significantly slower Inn1-GFP contraction in iqg1 IQ9,10 QS-

cells. The expression of the Inn1-GFP fusion was under control of the PMET17-promoter. Cells were 

grown in medium containing no methionine to achieve high expression levels. Red arrowheads 

indicate the splitting of the septin rings. (C) Statistics of Inn1p contraction in iqg1 IQ9,10 QS-cells (n=12) 

and wild type cells (n=10). 
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4.8.4 Is Inn1p recruited to the bud neck through interaction with Hof1p? 

 

The localization data shown by my lab and the work by others suggest the following 

temporal sequence of assembly and disassembly of the HICS complex at the site of 

cell division: Hof1p, Inn1p, Cyk3p, Sho1p – Inn1p, Hof1p, Cyk3p, Sho1p (Lippincott 

and Li, 1998; Nishihama et al., 2009; Meitinger et al., 2010). Taken together, our 

protein interaction maps and the timing of protein appearances at the bud neck 

predict that the specific localization of Inn1p and Cyk3p during cytokinesis depends 

on Hof1p but not on Sho1p. Indeed, the single deletion of Sho1p had only a minor 

effect on the localization of Inn1-GFP and increased the fraction of cells containing 

Cyk3-GFP at the bud neck (Table 4.3). However, the absence of Hof1p reduced 

Inn1p and Cyk3p at the bud neck quite dramatically (Table 4.3). Accordingly, a GFP 

fusion of a fragment of Inn1p just consisting the C2 domain and the first two proline-

rich motifs but losing the connection to Hof1p (Inn11-211-GFP) was not detectable at 

the bud division site (Figure 4.27). In comparison, the localization of Sho1p during 

cytokinesis did not depend on the presence of Hof1p or Inn1p, but lacking Hof1p 

reduced the fraction of cells displaying the regular ring-like structures at the bud neck 

(Table 4.3). Overall these data indicated that Hof1p is the major determinant for 

Inn1p and Cyk3p localization at the bud neck (Table 4.3; Figure 4.27). To estimate 

the contribution of Sho1p we compared the localization of both proteins in cells 

lacking HOF1 and SHO1 with those lacking only HOF1. Table 4.3 shows that the 

deletion of Sho1p further impaired the correct assembly of Cyk3p and Inn1p at the 

division site. 

 
 
Figure 4.27 Localization of Inn11-211-GFP during cytokinesis. Scale bars 5 µm. 
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Table 4.3 Localizations of members of the HICS-complex in the absence of one or 
two other HICS-complex subunits.  
Related to Figure 4.28. Large budded cells of each strain were inspected under the fluorescence 
microscope and the localizations of the respective gene fusions either classified as bud neck or absent 
from bud neck. The classification as bud neck localization distinguishes between the normal ring-like 
and more dot-like or irregular structures at the bud neck. 
 

 

 

 

 

 

 

 

Inn1-GFP 
at neck 

Genotype 

 
Bud neck 

 
Ring 

 
Dot 

 
Sum 

HOF1;SHO1 67.1% 109 5 170 

△sho1 48.6% 64 6 144 

△hof1 8% 2 6 100 

△hof1;△sho1 2.6% 0  6 223 

hof1△SH3 33.7% 29 1 87 

Cyk3-GFP 
at neck 

Genotype 

    

HOF1;SHO1 30.9% 28 5 107 

△sho1 41.7% 30 10 96 

△hof1 8.6% 2 10 138 

△hof1;△sho1 3.1% 0 3 95 

△inn1 27.6% 25 22 170 

inn11-211 36.1% 12 5 47 

 Sho1-GFP 
at neck 

Genotype 

    

HOF1;SHO1 42.3% 64 23 206 

△hof1 37.4% 23 112 361 

hof1△SH3 31.3% 15 32 150 

△Inn1 48.7% 47 11 119 
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Figure 4.28 Localizations of members of the HICS-complex in the absence of one or two other 

HICS-complex subunits. Related to Table 4.3. GFP was integrated in-frame behind the 3`ends of the 

respective ORFs. Large budded cells of each strain were inspected under the fluorescence 

microscope. Yellow arrow indicates the localizations of the respective gene fusions either as the 

normal ring-like and more dot-like or irregular structures at the bud neck. Scale bars 5 µm. 
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4.9 Rgd1 is a novel binding partner of Hof1p 

 

I further extended my analysis of the proteins of cytokinesis by searching for new 

binding partners of Hof1p. Rgd1p was already described to bind to Hof1p and thus 

postulated to also be involved in cytokinesis.   

 

4.9.1 Two F-BAR containing protein Rgd1p and Hof1p interact with each other 

 

Five F-BAR proteins have been identified in budding yeast. It is reported that Hof1p is 

one of the classical Pombe Cdc15 Homology (PCH) proteins including an N-terminal 

F-BAR domain and C-terminal Src Homology 3 (SH3) domain. Rgd1p that also 

possess N-terminal F-BAR domain is GAPs for Rho family GTPases that negatively 

regulate different aspects of polarized cell growth including the actin cytoskeleton, 

directed secretion and cell wall remodeling. The Split-Ub interaction assay revealed 

that Rgd1p could interact with Hof1p which is involved in cytokinesis but not with the 

fragment of Hof1p missing the FCH-domain (Hof198-669) (Figure 4.29A, B). This 

finding locates the FCH-domain as the binding region of Hof1p for Rgd1p. Besides 

Hof1p, Rgd1p mainly bound to proteins required for polarized growth, endocytosis, 

bud-site selection and vesicle fusion (Figure 4.29; Table 4.4). To delineate the 

individual binding sites for their ligands, I created different fragments of Rgd1p as 

CRU fusions against the master Nub-array (Figure 4.30). F-BAR domain of Rgd1p 

alone abolished the interaction signals with Nub-Hof1p  and Nub-Hof198-669, whereas it 

kept interacting not only with Kel1p and Spa2p which were involved in polarized 

growth, but also with Bud5p and Bud14p (Figure 4.30). Of interest, membrane 

proteins Sso1p and Vesicle membrane receptor protein Snc1p were found as novel 

interaction partners of Rgd1p (Figure 4.30). It makes sense because the F-BAR 

domain has been shown to interact with membrane phospholipids and is thought to 

induce or sense membrane curvature. A strain with impaired PtdIns(4)P biosynthesis 

at Golgi membranes altered the distribution of Rgd1p, which suggests that Rgd1p 

may also be recruited to the Golgi apparatus via the F-BAR domain, leading to 

Rgd1p delivery to the plasma membrane via the secretory pathway (Prouzet et al., 

2010). Moreover, Rgd1F-BAR could no longer bound to Ent2p which is Epsin-like 

protein required for endocytosis and actin patch assembly (Figure 4.30). The shown 

slightly interaction signal between the linking region and Rho GTPase activating 
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protein (Rho GAP) domain with Hof1p might restrict the binding site of  F-BAR 

domain of Hof1p to this C-terminal half of Rgd1p (Figure 4.30). This C-terminal 

fragment of Rgd1p containing the Rho GAP domain did not interact any longer with 

Nub-Spa2p and Nub-Kel1p (Figure 4.30), which is consistent with the previous finding 

that Rgd1p activates hydrolysis by the Rho3p and Rho4p GTPases, thereby 

negatively regulating the action of these enzymes in polarized growth. 

 

Figure 4.29 Split-Ub interaction assay of Rgd1CRU. (A) Rgd1CRU was tested against 383 Nub-

fusions. Shown are the mated Nub- and Cub-fusion protein expressing yeast strains after three days of 

growth on a plate containing 5-FOA, 50 µM Cu and 70 µM methionine. Growths of the yeast strains 

which are marked by red rectangles indicate interactions between the fusion proteins. Potentially false 

positive interactions are indicated by white rectangles according to Hruby et al. (Hruby et al., 2011). (B) 

Split-Ub spot assay of Rgd1CRU tested against certain Nub-fusions of proteins involved in cytokinesis, 

polarization, endocytosis and bud-site selection and vesicle secretion and fusion. Shown is the growth 

of serial dilutions of the Nub- and CRU-fusion co-expressing yeast strains on media containing 5-FOA, 

100 µM Cu and 70 µM methionine. Growth indicates interaction between the co-expressed fusion 

proteins. 

 

Table 4.4 Rgd1p interaction partners detected by the Split-Ubiquitin system. 
Potentially false positive preys are excluded from the table. 

 

Protein Color  Description adapted from Saccharomyces Genome Database (SGD) 

Hof1p red1 

SH3 domain-containing protein required for cytokinesis; localized to bud neck; 
phosphorylated by Dbf2p; regulates actomyosin ring dynamics and septin 
localization; interacts with the formins, Bni1p and Bnr1p, and with Cyk3p, 
Vrp1p, and Bni5p 

Kel1p red2 

Protein required for proper cell fusion and cell morphology; functions in a 
complex with Kel2p to negatively regulate mitotic exit, interacts with Tem1p and 
Lte1p; localizes to regions of polarized growth; potential Cdc28p substrate; has 
a paralog, KEL2, that arose from the whole genome duplication 

Spa2p red3 

Component of the polarisome; functions in actin cytoskeletal organization during 
polarized growth; acts as a scaffold for Mkk1p and Mpk1p cell wall integrity 
signaling components; potential Cdc28p substrate; coding sequence contains 
length polymorphisms in different strains; SPA2 has a paralog, SPH1, that 
arose from the whole genome duplication 
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Ent2p red4 Epsin-like protein required for endocytosis and actin patch assembly; 
functionally redundant with Ent1p; contains clathrin-binding motif at C-terminus 

Bud5p red5 GTP/GDP exchange factor for Rsr1p (Bud1p); required for both axial and 
bipolar budding patterns; mutants exhibit random budding in all cell types 

Bud14p red6 

Protein involved in bud-site selection; Bud14p-Glc7p complex is a cortical 
regulator of dynein; inhibitor of the actin assembly factor Bnr1p (formin); diploid 
mutants display a random budding pattern instead of the wild-type bipolar 
pattern; relative distribution to the nucleus increases upon DNA replication 
stress; contains one SH3 domain 

Sec4p red7 
Rab family GTPase; essential for vesicle-mediated exocytic secretion and 
autophagy; associates with the exocyst component Sec15p and may regulate 
polarized delivery of transport vesicles to the exocyst at the plasma membrane 

Sso1p red8 

Plasma membrane t-SNARE; involved in fusion of secretory vesicles at the 
plasma membrane and in vesicle fusion during sporulation; forms a complex 
with Sec9p that binds v-SNARE Snc2p; syntaxin homolog; functionally 
redundant with Sso2p 

Snc1p red9 

Vesicle membrane receptor protein (v-SNARE); involved in the fusion between 
Golgi-derived secretory vesicles with the plasma membrane; proposed to be 
involved in endocytosis; member of the synaptobrevin/VAMP family of R-type v-
SNARE proteins 

Scp1p red10 
Component of yeast cortical actin cytoskeleton; binds and cross links actin 
filaments; originally identified by its homology to calponin (contains a calponin-
like repeat) but the Scp1p domain structure is more similar to transgelin 

App1p red11 
Protein of unknown function, interacts with Rvs161p and Rvs167p; 
computational analysis of protein-protein interactions in large-scale studies 
suggests a possible role in actin filament organization 

 

 

Figure 4.30 Results of Split-Ub interaction assays of Rgd1CRU and different fragments of 

Rgd1p tested against a panel of 383 Nub-fusions. Shown are the cutouts of the Nub- and CRU-

expressing yeast strains in media containing 5-FOA after 4 days. Growth of a quadruplet of yeast cells 

on plates containing 5-FOA indicates interaction of the co-expressed fusion proteins. 

 
 
4.9.2 Rgd1p co-localizes with Hof1p at bud division site 

 

It is known that Rgd1p localizes to the bud tip and bud cortex during polarized growth 

and to a ring at the site of cytokinesis (Figure 4.31) and all the essential information 

for targeting Rgd1p is located in the F-BAR-containing region at the N-terminus. To 

further prove the Rgd1p-Hof1p interaction data I measured the cellular distribution of 

a GFP fusion to Rgd1p co-expressing with Hof1-CHERRY in the same cell. Indeed, 

Hof1p and Rgd1p co-localize at the AMR during its contraction (Figure 4.31B). To 

further test whether Rgd1p is co-localized with actin patches during polarized growth, 
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I measured the cells co-expressing Abp1-CHERRY together with Rgd1-GFP. Live cell 

imaging showed that Rgd1-GFP stained randomly at the cortex of the cells instead of 

the actin patches (Figure 4.31C). 

                                
Figure 4.31 Fluorescence microscopy study of Rgd1. (A) Rgd1-CHERRY localizes to the bud tip. 

(B) Time-lapse analysis of cells co-expressing Hof1-GFP and Rgd1-CHERRY. Shown from top to 

bottom: GFP channel, CHERRY channel and merged channel. Red arrow marks the time of Hof1p 

merging to the central AMR. (C) Co-localization of Rgd1-GFP and Abp1-CHERRY. Scale bars 5 µm. 

 

To determined whether the polarity proteins would affact the bud neck localization of 

Rgd1p, I tested the Rgd1-GFP in Spa2 null cells. The absence of Spa2p made the 

cells much rounder than wide type cells and Rgd1-GFP could localize to bud neck 

independently of Spa2p (Figure 4.32). 

 

Figure 4.32 Rgd1-GFP localizes to bud neck independently of Spa2p. Shown are the localization 

of GFP-labeled Rgd1p in spa2-cells (right panel) contrasted with wide type cells (left panel). Scale 

bars 5 µm. 
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5. Discussion 
 
5.1 The identification of novel interaction partner of Iqg1p 

 

Starting with a systematic Split-Ubiquitin screen I first identified a novel interaction 

between Hof1p, a member of the F-BAR-protein family, and the yeast IQGAP, Iqg1p. 

I could locate the binding site in Iqg1p onto the three C-terminal IQ repeats and the 

binding site in Hof1p onto the central region of the molecule (Hof1283-592) (Figure 4.4). 

Attempts to reconstitute the complex revealed that the IQ-repeats have to first bind to 

the myosin light chain (Mlc1p) before a stable ternary complex between Mlc1p, 

Iqg1p, and Hof1p (MIH-complex) can be isolated (Figure 4.10A, B). I was able to 

reconstitute the ternary complex with all three bacterially expressed proteins in vitro 

(Figure 4.10C) and then went on to identify mutations in the IQ-repeats of Iqg1p that 

interfere with the formation/stability of the MIH-complex (Figures 4.11; 4.12). Using 

alleles of IQG1 harboring these MIH-complex-interfering mutations I continued to 

characterize their consequence on Hof1p-targeting to the AMR and on the 

contraction of the AMR. I could show that the kinetics and mode of targeting of Hof1p 

to the AMR are severely altered and that the contraction of the AMR is significantly 

compromised (Figures 4.14; 4.17).  

 

5.2 Hof1p only associates with the AMR once Iqg1p and Mlc1p are 

binding to each other  

 

Iqg1p is synthesized late during the cell cycle when its interaction with Mlc1p targets 

the protein immediately to the bud neck (Figure 4.23A) (Lippincott and Li, 1998b). 

Once attached to the site of cytokinesis the Mlc1p/Iqg1p complex recruits Myo1p to 

then form a scaffold for the subsequent incorporation of Hof1p into the MIH (Figure 

4.23A) (Fang et al., 2010). While the timely transfer of the septin-associated Hof1p to 

the C-terminal IQ-repeats of Iqg1p is initiated by cell cycle-specific phosphorylations 

of Hof1p (Meitinger et al., 2011), the formation of the ternary MIH ensures that Hof1p 

only associates with the AMR once Iqg1p and Mlc1p are already in place. Two 

alternative mechanisms could account for this directionality: Mlc1p and Iqg1p may 

provide a shared interface for the interaction with Hof1p, or Hof1p binding may 

depend on the helical conformation of IQ repeats 9-11 that is only formed upon prior 
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docking to Mlc1p (Terrak et al., 2003). The in vitro assembly of the ternary complex 

showed a nearly stoichiometric binding of Hof1283-592 to IQ9-11. I propose that the 

formation of the Mlc1p/IQ9-11 complex limits the amount of MIH assembly in this 

experiment. Once formed, Mlc1p/IQ9-11 associates tightly and stoichiometrically with 

Hof1283-592. I further learned from my in vitro experiment that the binding of Hof1283-592 

to Mlc1p/IQ9-11 does not require any post-translational modifications. I thus propose 

that the cell cycle specific phosphorylations of Hof1p that initiate its transfer to the 

AMR might instead be needed to either dissolve the connection between Hof1p and 

the septins or to render the otherwise hidden central region of Hof1p accessible for 

binding to Mlc1p/Iqg1p (Meitinger et al., 2011). My experiments could not distinguish 

whether Hof1p binds evenly to both Iqg1p and Mlc1p in the MIH complex or whether 

the binding of Mlc1p to Iqg1p induces the helical conformation of the IQ-repeats that 

then associate with Hof1p to form the ternary complex. It will require more structural 

studies to answer this question. A structural model of the MIH complex might then 

serve as a template to predict the interactions between the IQ repeats of other 

IQGAPs and their targets. Structures of IQ repeats bound to myosin light chains 

already exist for other organisms than yeast (Terrak et al., 2003). 

The deletion of IQ9-11 repeats is more deleterious for the cells than the point 

mutations that disrupt the interaction with Hof1p. This difference is not trivial as both 

mutations should only disrupt the interaction to Hof1p. Although other explanations 

cannot be excluded at this point I favour the interpretation that the altered and thus 

non-optimal distance of the essential GRD/GAP domains in Iqg1∆IQ9-11 to other 

binding partners of the molecule might further impair their essential functions.  

My model of the structure of the cytokinetic core complex, its formation and the 

effects of certain mutations on its structure and function are shown in Figure 5.1. 

 

 

5.3 Hof1p potentially links the membrane with the cytokinesis 

machinery 

 

After the septin-rings have split, the SH3 domain of Hof1p (SH3Hof1) finally interacts 

with Inn1p, Cyk3p, and indirectly Sho1p to form the HICS complex, whereas yet 

undefined regions of Hof1p and Cyk3p and the C2-domain of Inn1p regulate the 

activation of  Chs2p (Figure 4.23A) (Jendretzki et al, 2009; Nishihama et al., 2009; 

Devrekanli et al., 2012; Labedzka et al., 2012; Oh et al., 2013). Cyk3p, Hof1p, and 
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Sho1p are three SH3-domain-containing protein and all three bind with partially 

overlapping specificities to the scaffold protein Inn1p (Figure 4.23A). At the same 

time the membrane between the split septin rings will be exposed to the proteins of 

the central cytokinetic complex. The isolated F-BAR domain of Hof1p might directly 

bind to this region (Figure 4.14). Once the central cytokinetic complex is assembled 

the simultaneous contraction of the AMR and the synthesis of the septum will lead to 

the ingression of the plasma membrane and ultimately to its fusion. My model of the 

cytokinetic core complex stipulates that a physical connection between Myo1p and 

Hof1p through the Mlc1/Iqg1-complex might be especially important in cells with 

impaired septum synthesis (Figure 4.23). The observed growth defect of cyk3 cells 

upon disruption of the MIH-complex seems to support this prediction but may 

alternatively be caused by the failure of Inn1p/Sho1p or other binding partners of 

Hof1p to link to Iqg1p (Figure 5.1). The latter interpretation would predict that a hof1 

allele that disrupts these interactions should be lethal in cyk3 cells. As cyk3-cells 

expressing a hof1 allele lacking its SH3 domain (cyk3; hof1SH3) were already found 

to be viable (Figure 5.1B, complex 7) (Labedzka et al., 2012; Meitinger et al., 2013; 

Oh et al., 2013), I conclude that the ultimate defect in complex 4 and its functional 

difference to complex 7 is due to the failure of Iqg1IQ9,10QS to directly contact Hof1p. 

Accordingly, alleles of hof1 lacking a functional F-BAR domain fail to support growth 

of cyk3-cells (Labedzka et al., 2012) indicating that in the absence of proper septum 

synthesis the connection between the F-BAR domain and Iqg1p/Myo1p becomes 

essential for a productive AMR/membrane constriction. Two further observations 

seem to support this role of Hof1p as a tether between the membrane and the 

cytokinesis machinery (Nishihama et al., 2009; Meitinger et al., 2011): 1. The isolated 

F-BAR domain of Hof1p binds to the area between the split septin rings 

independently of Iqg1p (Figure 4.14B). Whether the F-BAR domain is attached to the 

exposed membrane, and if yes, directly or indirectly through a further protein, is 

presently unknown and deserves further investigation. 2. Deletion of HOF1 and the 

MIH-interfering mutations seem to have quantitatively similar effects on the 

contraction of Myo1-GFP (Figure 4.18). Following a similar mode of argumentation I 

propose that the lethality of complex 6 expressing cells (iqg1IQ9,10QS; myo1) proves 

the functional importance of the physical connection between Iqg1p and Cyk3p/Inn1p 

(Figure 5.1B). This interpretation predicts that a deletion of SH3Hof1 should be 

detrimental in myo1-cells. Indeed it was shown by several groups that complex 8 of 
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myo1; hof1SH3 -cells does not support cell growth (Figure 5.1B) (Labedzka et al., 

2012; Meitinger et al., 2013; Oh et al., 2013). I summarize that the intimate 

connection between Iqg1p and Cyk3p/Inn1p is the essential feature of complex 3 

(Figure 5.1B). The correlation between the extents of genetic interactions and the 

corresponding compositions of the cytokinetic core complexes in the mutated cells 

supports the existence of a complex in which MIH actively promotes septum 

formation through its interaction with Cyk3p/Inn1p and fosters AMR contraction by 

linking Hof1p to Iqg1p/Myo1p (Figure 5.1B). A reported co-precipitation of Iqg1p with 

Inn1p may be seen as independent evidence for the existence of a physical link 

between Iqg1p and Inn1p through Hof1p/Cyk3p (Sanchez-Diaz et al., 2008). 

Together with my protein interaction analysis and microscopic studies, the genetic 

analysis assigns the MIH-bridge the role of linking and coordinating AMR contraction 

with septum synthesis and membrane ingression. My results thus contribute to 

resolve the long-standing issue how IQGAP performs its instructive role in the 

assembly of the cytokinetic machinery. 

                      

Figure 5.1 Genetic interactions of the iqg1IQ9,10 QS allele. (A) Genetic interactions assay of the 

indicated alleles of IQG1 with other selected members of the cytokinesis pathway. (B) Proposed 

architecture of the cytokinetic core complex in the indicated genetic backgrounds. Numbers specify the 

different complexes, open and closed circles indicate growth or non-growth of cells expressing these 

complexes. 
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5.4 Myo1p might function as a scaffold that ties Iqg1p and indirectly 

its binding partner Hof1p to the AMR 

 

Myo1p binds weakly to Hof1p in vitro (Oh et al., 2013). Accordingly, cells lacking 

MYO1 fail to localize the central element of Hof1p to the AMR (Figure 4.20 A, C) (Oh 

et al., 2013). The Myo1p-Hof1p interaction can be incorporated into our model by 

proposing that Iqg1p and Myo1p bind Hof1p simultaneously and that both proteins 

recruit Hof1p synergistically to the AMR. However, a dominant contribution of the 

Myo1p-Hof1p interaction in connecting the AMR with septum synthesis is difficult to 

reconcile with the relatively mild growth defects of cells expressing complex 3 and 

with the lethal transition of complex 3 into complex 6 upon introducing MIH interfering 

mutations (Figure 5.1B). The difference in the fitness of cells expressing complex 4 

and 7 is also not compatible with a central role of Myo1p in attaching Hof1p to the 

AMR. Myo1p was previously shown to support the stable assembly of most members 

of the contractile ring during cytokinesis (Wloka et al., 2013). It is therefore equally 

possible that alternatively to a synergistic binding a general scaffolding function of 

Myo1p ties Iqg1p and indirectly its binding partner Hof1p to the AMR (Figure 4.23A).  

 

5.5 Mlc1p might also help to recruit Hof1p to the AMR 

 

The binding to Myo1p and Iqg1p renders Mlc1p essential for cytokinesis (Boyne et 

al., 2000; Shannon and Li, 2000；Luo et al., 2004). I have shown that in addition to 

targeting Iqg1p to the AMR Mlc1p also helps to recruit Hof1p. My MIH interfering 

Iqg1p mutations could clearly distinguish between these two separate functions. 

Iqg1∆IQ9-11 is correctly localized at the AMR although it lacks the binding sites for 

Mlc1p that promote the interaction of Iqg1p with Hof1p (Figure 4.7). Taken together 

my findings on the formation of the MIH may lead to a more general model of the 

interactions of IQ repeats with their targets. It will be therefore important to distinguish 

through future experiments whether Mlc1p contacts Hof1p directly or induces an 

interaction-compatible conformation within the IQ repeats. 

 

5.6 The analogy between the MIH formation in S. cerevisiae and 

modules in S. pombe 
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Schizosacchaomyces pombe (S. pombe) is an other preferred yeast to investigate 

cytokinesis (Barr and Gruneberg, 2007). Although most of the components are 

shared, important mechanistic differences between the cytokinesis of S. pombe and 

S. cerevisiae exist (Balasubramanian et al., 2004; Roberts-Galbraith and Gould, 

2010). S. pombe defines the site of cytokinesis late in the cell cycle and uses Mid1, a 

member of the anillin family of proteins, for recruiting six further core proteins of the 

cytokinesis machinery which can be clearly associated with their functional 

homologues in S. cerevisiae (in parentheses): Rng2 (Iqg1p), Cdc4 (Mlc1p), Rlc1 

(Mlc2p), Cdc12 (Bni1p) Cdc15 (Hof1p), and Myo2 (Myo1p) (Wu and Pollard, 2005). A 

recent study suggests that recruitment occurs through two separable modules that 

fuse into cytokinetic nodes and form the precursors of the contractile ring (Pollard, 

2010). One of the modules includes Mid1, Myo2, Rng2, Cdc12, and the myosin light 

chains, while the second consists of Mid1, Cdc15, and Cdc12 (Wu et al., 2006; 

Laporte et al., 2011).  All studies emphasize the instructive role of Rng2 (Iqg1p) in the 

formation of the nodes (Laporte et al., 2011; Padmanabhan et al., 2011). Rng1 

appears at the division site shortly after Mid1 and might subsequently recruit Cdc15 

during node assembly (Roberts-Galbraith et al., 2010; Padmanabhan et al., 2011). In 

analogy to the formation of the MIH in S. cerevisiae I like to propose that in S.pombe 

a Cdc4-dependent interaction between Rng2 (Iqg1p) and Cdc15 (Hof1p) might drive 

the fusion of the modules into nodes.  

 

The cytokinetic core complex as depicted in Figure 4.23A certainly reflects only a 

subset of all interactions that occur simultaneously or consecutively between the 

depicted proteins during cytokinesis. Many of the interactions will not only occur in 

this large complex but also in isolation or in combination with other binding partners. 

For example Iqg1p recruits Myo1p to the AMR. This interaction is independent of 

Hof1p and occurs before Hof1p arrives at the AMR. However, my genetic data and 

Figure 4.23 suggest that the complex between Iqg1p and Myo1p remains intact also 

at later times when Hof1p binds to Iqg1p. The essential function of Iqg1p during 

cytokinesis is still unknown. This function resides in the region of Iqg1p situated C-

terminally to its IQ repeats. It will be very important to better define this function and 

very interesting to see how it fits into our model of the cytokinetic core complex. 
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7. Appendix 
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