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ABSTRACT 

During nutrient limiting conditions budding yeast undergo filamentous growth. One of the pathways 

that regulate filamentous growth is called the filamentous MAPK pathway (fMAPK). In response to 

nutrient limitation, cell surface receptor like proteins Msb2p, Sho1p and Opy2p activate intracellular 

MAP Kinase cascades through the Rho GTPase Cdc42p. For my Ph.D. work, I focused on how the Rho 

GTPase Cdc42p recognizes, and integrates environmental stimuli to regulate the filamentous growth 

pathway (fMAPK). Through my thesis work, I discovered the mechanism through which the spatial 

landmarks (bud-site-selection proteins) regulate the fMAPK pathway. Positional landmarks that direct 

the small monomeric GTPase Rsr1p to bud sites regulate the fMAPK pathway corresponding to their 

roles in bud-site selection through Cdc24p, the guanine nucleotide exchange factor (GEF) for the 

Cdc42p. In line with this conclusion, we find both extrinsic and intrinsic compromise of bud-site-

selection also impacted fMAPK activity. Therefore, a surveillance mechanism monitors spatial position 

of incipient bud site in response to extrinsic and intrinsic stress and modulates the response through the 

fMAPK pathway. For the second part of my thesis, I examined how Rho GTPase Cdc42p and the p21-

activated kinase (PAK) Ste20p regulate MAPK pathways to detect and respond to different stimuli. To 

explore how Cdc42p is directed to the pathways in which it operates, I designed a system to compare 

the Cdc42p-dependent MAPK pathways, the fMAPK, HOG and mating pathways in the same cell. This 

approach identified Cdc42pE100A was defective for interaction with Bem4p, a pathway-specific adaptor 

for the MAPK pathway that controls filamentous growth (fMAPK). Corresponding residues in Bem4p 

were identified that were defective for interaction with Cdc42p. The polarity scaffold Bem1p also 

regulated the fMAPK pathway. Bem4p, Bem1p, and bud-site-selection GTPase Rsr1p, functioned in an 

ordered sequence (Rsr1p -> Bem4p -> Bem1p). Collectively, the study provides a mechanism for how 

a Rho GTPase is activated in a particular pathway. 
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INTRODUCTION 

Cells are the building blocks of all living organisms. The human body is composed of trillions of 

cells. A specialized group of cells with a particular function makes a tissue. The human body 

comprises many different kinds of tissue, such as connective tissue, muscle tissue, nervous tissue, 

and epithelial tissue. Cells originating from one tissue are different from different from cells in 

other tissues other tissues in shape and function. For example, a nerve cell is very different from an 

epithelial skin cell (ARENDT et al. 2016). Cells can differentiate into different types during 

development by the action of signal transduction pathways. During cell differentiation, several 

signalling pathways act in concert, which ultimately leads to changes in the gene expression 

pattern. Cells can receive, interpret, and respond to the changes in the environment in real-time 

through a process called cell signaling, while they can also interact with each other by sending and 

receiving chemical signals, which is a highly regulated process known as cell signaling. Mis-

regulated cell signaling can lead to various pathogenic conditions, including different types of 

cancers; therefore, understanding how cells send and receive signals, and how those signals lead to 

changes in cell shape and cell differentiation are important problems.  

On the surface of cells are proteins known as receptors. Changes in environmental conditions 

stimulate cell surface receptors, thus causing receptor activation. Receptor activation relays the 

environmental cues by activating the downstream components of a signaling pathway through a 

chain reaction. Several signaling pathways act in concert within a cell, which enables the cell to 
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respond to the environmental changes. One type of cell signaling pathway is called a mitogen-

activated protein kinase or MAPK pathway. 

1.1. OVERVIEW OF MAPK PATHWAYS 

Mitogen-activated protein kinase or MAPK pathways are conserved among all eukaryotic 

organisms, including yeast and humans. A MAPK pathway is composed of a membrane-associated 

receptor, an intracellular GTPase, and a set of protein kinases. Activation of the cell surface 

receptor activates the intracellular GTPase, which, in turn, activates the three-tier kinase cascade. 

MAPK pathways induce change in gene expression pattern which then lead to a specific cellular 

response. MAPK pathways regulate gene expression through various different mechanisms, which 

ultimately target the transcriptional complexes bound to the gene promoter. Using this mechanism, 

the MAPK pathway affects DNA binding, protein stability, nucleosome structure, cellular 

localization, and gene expression (WHITMARSH 2007). An overview of a typical MAPK pathway is 

shown in Figure 1.1.MAPK pathways are named for to their MAP Kinase. There are six different 

classes of MAP Kinase proteins in humans: ERK1/2, ERK3/ 4, ERK5, ERK7/8, Jun N-terminal 

kinase JNK 1/2/3, and p38. For my Ph.D., I examined the phosphorylation status of MAP Kinase 

in budding yeast: Kss1p (homologous to Erk1 in higher eukaryotes), Fus3p (homologous to Erk2 

in higher eukaryotes), and Hog1 (homologous to p38) (PELECH 1996) as a read out of pathway 

activity. 

How is an environmental stimulus transduced to the intracellular kinase cascades? The cell 

membrane creates a boundary between the outer cellular environment and the intracellular milieu. 
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The cell membrane receptor or sensor-like proteins sense subtle changes in the environment. 

Environmental stimuli can be classified into various groups, such as changes in temperature, 

changes in pH or ionic state, changes in osmolality etc. The cell can also differentiate between 

favorable and unfavorable biological conditions regarding glucose availability or nitrogen 

limitation. Additionally, the cell can also recognize a more specific set of stimuli, such as growth 

factors, hormones, and drugs. To sense such a diverse set of stimuli, a cell utilizes a various class 

of cell surface receptors or receptor-like proteins. In higher eukaryotes, receptor tyrosine kinases 

recognize various kinds of hormones, cytokines, and polypeptide growth factors. Once induced by 

the ligand, the receptor tyrosine kinase undergoes dimerization and phosphorylation. Receptor 

dimerization induces the tyrosine kinase activity of the receptor, which then activates an 

intracellular Ras GTPase (O'CONNOR 2010). There are several kinds of receptor tyrosine kinase in 

higher eukaryotes, such as the epidermal growth factor receptor, nerve growth factor receptor, etc. 

(LEMMON and SCHLESSINGER 2010). Yeast does not have receptor tyrosine kinases. 

In yeast, changes in nutrient availability or osmolality are sensed by cell surface receptor-like 

proteins Msb2p, Sho1p, and Hkr1p which activate an intracellular GTPase (CULLEN et al. 2000; 

CULLEN and SPRAGUE 2000b; TATEBAYASHI et al. 2007). Mucins do not function as a cell surface 

receptor for MAPK pathways in higher eukaryotes. Thus mucins will be discussed in the section 

entitled “Components of filamentous growth MAPK (fMAPK) pathway”. Msb2p and Sho1p 

regulate the filamentous growth MAPK (fMAPK) pathway. How exactly Msb2p, Sho1p and 

Hkr1p transduce the signal to the intracellular GTPase is not clear. Hkr1p is a mucin-like cell 

surface receptor protein. Hkr1p is activated by osmotic/salt stress and regulates the HOG pathway 
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in yeast. The G protein-coupled alpha-factor receptor senses the presence of the mating factor. G-

protein coupled receptors exist in both higher eukaryotes and in budding yeast. I will discuss G 

protein and G protein coupled receptor next. 

In between the kinase cascade and cell surface receptor-like proteins is another class of protein 

that acts as a mediator. These mediators are often the GTPase class of proteins or G proteins, 

which are activated by GTP hydrolysis. GTPases can be classified into two groups: 1) a 

heterotrimeric G protein associated with a particular type of seven transmembrane-type of receptor 

called a G-protein coupled receptors (GPCRs), and 2) monomeric small G-proteins of the Ras 

superfamily of GTPases (which includes Cdc42). Heterotrimeric G-proteins are composed of α, β, 

and γ subunits. Upon receptor activation, the GTPase within the α subunit hydrolyzes GTP, which 

then induces a conformational change, releasing the α subunit from the β/γ complex. Depending on 

the pathway, the signal can be transduced downstream through the α subunit or through the β/γ 

complex (RITTER and HALL 2009). 

The other class of signaling GTPases are monomeric GTPases. Monomeric GTPases can be further 

classified into several groups, with a few examples being Ras, which is similar to Rsr1p, or Rho, 

which is similar to Cdc42p or cell division control protein 42 (DO HEO and MEYER 2003; HEIDER 

et al. 2010). During the first part of my Ph.D. research, I explored how Rsr1p regulates the 

filamentous growth MAPK pathway. In the second part of my thesis, I focused on Cdc42p and 

how it generates signaling specificity. 
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Figure 1.1 Overview of MAP kinase pathway. Sequence of MAPK activation is shown in a 
generic diagram. 

Cdc42 is a small GTPase of ~200 amino acids and a molecular weight of ~21 kDa. Cdc42 is 

conserved among many eukaryotic organisms, including in humans and yeast (JOHNSON 1999). 

Here, I am discussing the main differences between Cdc42 and other Ras GTPases. I will discuss 

the Cdc42p function in yeast in detail in a later section entitled, “Cdc42p”. Cdc42 belongs to the 

Rho subfamily within the Ras superfamily of GTPases (HEIDER et al. 2010). In higher eukaryotes, 

two other GTPases of this Rho subfamily are RhoA and Rac1. Like other Rho family GTPases, 

Cdc42 contains a 13 amino acid long alpha helical Rho-insert domain, which is required for its 

interaction with various downstream proteins (MCCALLUM et al. 1996; WU et al. 1997). The 

signature sequence for Ras GTPases, which starts at amino acid 115, is asparagine-lysine-X-

aspartate (N-K-X-D), where X can be any amino acid. In Cdc42 amino acid at the 115th position is 
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threonine followed by glutamine (T-Q-X-D). Cdc42p and Ras GTPases differ by only amino acids 

within this four amino acid motif. Studies indicate that this relatively small change in the amino 

acid sequence motif has a much high impact on GTPase enzyme activity of Cdc42 than other Ras 

GTPase (HART et al. 1991b). Cdc42 is also prenylated at its C terminal end at a CXXL motif, 

which is required for the membrane anchoring of the Cdc42p protein. Polylysine residues just 

before the prenylation motif also play some role in the membrane anchoring (FINEGOLD et al. 

1991; ZIMAN et al. 1993). 

Activation of intracellular GTPase activates the intracellular kinase cascade. By definition, kinases 

are the class of protein that phosphorylates a substrate using ATP as a phosphate group donor 

(HAMILTON 1998). Thus, every kinase has an ATP binding site (HANKS et al. 1988) and a substrate 

binding site (KENNELLY and KREBS 1991). Based on the substrate binding specificity, kinases can 

be categorized into histidine kinase, serine/threonine kinase, arginine kinase, and tyrosine kinase. 

In addition to the categories mentioned above, there are some kinases that can phosphorylate 

serine/threonine and histidine residues; these are called dual specificity kinases. MAPKK type 

kinases are dual specificity kinases. MAPK pathway kinases (MAPK) are mostly from the 

serine/threonine group of kinases. 

1.2. MIS-REGULATED MAPK PATHWAYS LEAD TO CANCER 

MAPK pathways are highly conserved among many eukaryotic organisms. MAPK pathways play 

diverse roles in cellular processes, such as cell differentiation, cell proliferation, and the response 

to stress. MAPK pathways act in concert with many other cell signaling pathways to carry out their 
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functions in regulating various cellular processes through a mechanism called crosstalk. Signaling 

crosstalk is required to integrate and respond to multiple signals simultaneously. The mis-

regulation of MAPK signaling by inappropriate crosstalk has been linked to tumor formation, 

metastasis, and anti-tumor drug resistance (KIM and CHOI 2010); therefore, it is relevant to 

understand how MAP kinase pathways are regulated. 

Several sets of criteria must be fulfilled by a cell to make the transition to the cancer cell. Those 

criteria are called cancer hallmarks (HANAHAN and WEINBERG 2000). The criteria are that the cells 

should: 1) be independent of growth factors; 2) become less responsive to anti-growth factors; 3) 

lose their ability to induce programmed cell death (apoptosis); 4) be unable to differentiate; 5) 

acquire an angiogenic character; and finally, 6) should be able to metastasize for invading tissues. 

MAPK pathways regulate all of the above-mentioned cellular processes. In our lab, we study the 

Erk1 dependent MAPK pathway in yeast, which serves as the filamentous growth MAPK pathway. 

First, I will discuss the effect of the mis-regulated Erk pathway on cancer. Role of JNK will be 

discussed next. 

One in every three human cancers results from a mis-regulated ERK pathway. In mammals, Ras 

family GTPase is the mediator in between MAP kinase cascade and cell surface receptors. Ras 

G12V or Q61L mutation locks the Ras GTPase in its constitutively activated form, which thus 

leads to tumorigenesis by constitutive activation of Erk1/2 pathway through MAP3K. Activation 

of MAP3K initiates the activation of a kinase cascade. There are several MAP3Ks in humans; 

namely, A-Raf, B-Raf, c-Raf-1, and Tpl2 (ROUX and BLENIS 2004; DHILLON et al. 2007). 

Mutation in the Raf (MAP3K) regulatory domain has been shown to be associated with several 

types of cancer. Interestingly, these mutations do not block the kinase activity of Raf. The 
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activation of MAP3K activates MAP2K. Mammalian MAP2Ks are Mek1 and Mek2. The 

activation of MAP2K activates the final member of the kinase cascade MAPK, like Erk1 and Erk2. 

Erk1/2 regulates cell proliferation by allowing unchecked G1-S phase transition. Activation of 

Erk1/2 phosphorylates cyclin dependent kinase 4 (Cdk4) and Cdk6. Phosphorylation of Cdk4/6 

destabilizes CyclinD and Cdk4/6 complex. This leads to phosphorylation and degradation of 

Retinoblastoma protein (Rb). Rb is normally bound to transcription factor E2F and restricts 

transcriptional activation of several genes including Cyclin E (CHAMBARD et al. 2007). Cyclin E is 

required for G1-S transition. Thus, MAP kinase pathways lead to cancers by mis-regulating cell 

cycle check points. 

Activation of the another type of MAP kinase-JNK negatively regulates of cell cycle inhibitors p21 

and p27, (KERKHOFF and RAPP 1998), (ABBAS and DUTTA 2009) and promotes tumorigenic 

transformation. Constitutive activation of MAPK (JNK) leads to phosphorylation and degradation 

of p27 (COLLEONI et al. 2017) and desensitizes cell to anti-cancer drugs like tamoxifen 

(ABUKHDEIR et al. 2008; ABBAS and DUTTA 2009; COLLEONI et al. 2017). 

1.3. VARIATION AMONG THE FIVE MAPK PATHWAYS IN YEAST 

The mis-regulation of MAPK pathways causeses several diseases, including cancer, as described 

in section in the section above. Therefore, MAPK pathways are an important field of study; 

however, higher eukaryotes have multiple proteins with redundant functions; therefore, it is harder 

to genetically manipulate those organisms. Simple model systems, such as budding yeast 

(Saccharomyces cerevisiae), provide convenient tools to understand fundamental signal 
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transduction mechanisms. Unlike multicellular metazoa, yeast lacks multicellular organization 

(tissues); thus, they are directly exposed to extracellular stress. 

Figure 1.2. Schematic diagrams of the MAPK signaling pathways in S. cerevisiae. Symbols 
are: protein kinases, ovals; GTP-binding proteins, diamonds; scaffold, adaptor, and 
activating proteins, rectangles; cell surface proteins, trapezoids; activation, arrows; 
inhibition, T-bars; direct action, smooth lines; indirect action (or unknown molecular 
mechanism), squiggly lines. Adapted from (CHEN and THORNER 2007) 

Historically, many of the MAPK pathway components were first identified in budding yeast. 

Moreover, many MAPK components are highly conserved between human and yeast. Together, 

these facts make yeast an excellent model system to study MAPK pathways.  For my Ph.D. study, 

I mainly focused on one MAPK pathway in yeast that is induced by nutrient limitation and is 

called the filamentous growth MAPK pathway or fMAPK pathway. 
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There are five different MAPK pathways in yeast (See Figure 1.2). These are the sporulation 

pathway, the cell wall integrity pathway, the nutrient-dependent filamentous growth pathway, the 

pheromone-induced mating pathway, and the salt sensitive HOG pathway. The activation of the 

HOG pathway in response to osmotic stress leads to glycerol production and retention (BREWSTER 

et al. 1993; ALBERTYN et al. 1994; HOHMANN 2002). The HOG pathway has two redundant 

branches the Sln1p branch and the Sho1p branch. Both branches have a designated MAPKKK 

(Ste7p for Sho1p branch and Ssk2p/Ssk22p for the Sln1p branch). Both branches of the HOG 

pathway converge on the MAPKK Pbs2p. The sporulation pathway is a survival strategy of diploid 

yeast in response to nitrogen and glucose limitation. During sporulation, cells undergo meiosis and 

form an ascus with four spores, each containing one haploid nucleus. Once a spore encounters a 

favorable condition, it germinates into a haploid cell and re-enters the mitotic cycle (KUPIEC and 

STEINLAUF 1997; HUANG et al. 2005; NEIMAN 2005). Cell wall damage due to changes in high 

osmolarity, drugs, or other environmental stimuli induces the cell integrity pathway (LEVIN 2005). 

The cell wall integrity pathway is regulated by the small monomeric GTPase Rho1p. Activation of 

Rho1p be cell wall and other stresses activates a downstream MAP kinase kinase cascade 

composed of Bck1p, Mkkp1/2, and Mpk1p. Pheromone activates the mating pathway, which leads 

to cell cycle arrest and fusion of two haploid cells (BARDWELL 2005; CHEN and THORNER 2007). 

Finally, filamentous growth is induced by glucose limiting conditions in haploid yeast and nitrogen 

limitation in diploid yeast. , Filamentious growth leads to changes in cell shape and polarity. Thus, 

diploids can either undergo sporulation or filamentous growth depending on the type of starvation. 

During filamentous growth, the cells are more tightly connected to each other and form a bead-on-

a-string-like structure called a pseudohypha. Pseudohyphal growth allows yeast to invade the 
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surrounding matrix, thus generating a scavenger response (BENDER 1993; CULLEN et al. 2004). In 

other fungal species, the fMAPK pathway induces a variety of morphological transitions. (Perez-

Nadales and Di Pietro 2011). 

1.4. COMPONENTS OF FILAMENTOUS GROWTH MAPK (fMAPK) PATHWAY 

Many pathways (CHAVEL et al. 2010a) and proteins have been identified (CHAVEL et al. 2014), 

one of the most critical signaling pathways is a MAP kinase pathway called the filamentous 

growth or fMAPK pathway. This pathway is typical of most MAPK pathways; however, it is 

regulated by cell-surface proteins and induces a specific set of target genes. Remarkably, the 

fMAPK pathway shares components with a subset of other MAP kinase pathways in the same cell 

see components colored in grey in Figure 1.3. Thus, understanding how the pathway is activated 

and leads to a specific response are important questions addressed in my PhD thesis.  

1.4.A Membrane Receptors Msb2p, Sho1p, and Opy2p 

Msb2p is a single pass transmembrane glycoprotein that resides at the plasma membrane. Msb2p 

regulates the fMAPK pathway (CULLEN et al. 2004)(see figure 1.3) and the HOG pathway 

(TATEBAYASHI et al. 2007) (see figure 1.2). Msb2p or Multicopy Suppressor of Budding defect 

was first identified in a screen designed to identify proteins that interact with Cdc24p (BENDER and 

PRINGLE 1989). Cdc24p exchanges the GDP with the GTP on Cdc42 and activates the GTPase 

Cdc42. Cdc24p and Cdc42p will be discussed in the section entitled as “Cdc42p”. 
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Msb2p has a large extracellular domain (~1000 amino acids), a transmembrane domain, and a 

cytoplasmic tail.Msb2p is a member of the mucin family of transmembrane proteins. Mucin 

proteins regulate cell adhession. Mucins are heavily glycosylated and viscous proteins which are 

hygroscopic in nature. In higher eukaryotic organisms, mucins are expressed on the membrane 

epithelia and form a chemical barrier to protect and lubricate internal organs (PFLUGFELDER et al. 

2000) (BAFNA et al. 2010). The overexpression of mucins is associated with many forms of cancer 

(KUDUK et al. 1998; HINODA et al. 2003; KUFE 2009; MUKHOPADHYAY et al. 2011). The 

extracellular N-terminal domains of mucins are rich in serine, threonine, and proline residues, and 

they contain repeated residues of these sequences, which are heavily glycosylated. The 

hygroscopic property of Msb2p might lead to its minor role in sensing osmolarity and activating 

the HOG pathway. 
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Figure 1.3. Schematic representation of the filamentous growth MAPK pathway. Msb2p, 
Sho1p, and Opy2p are cell surface receptors. Ste11p, Ste7p and Kss1p are the components of 
the MAPK cascade. Cdc42p is activated by Cdc24. Activation of Cdc42 activates Ste20p. 

How does Msb2p regulate the fMAPK pathway in budding yeast? During glucose-limiting 

conditions, underglycosylation of the extracellular domain of Msb2p exposes a cleavage site. 

Underglycosylated Msb2p in glucose-limiting conditions is cleaved by an aspartic protease Yps1p 

at the plasma membrane (VADAIE et al. 2008a). The expression of a truncated version of the 

Msb2p protein lacking its extracellular domain hyperactivates the fMAPK pathway. This 

observation indicates that Msb2p’s extracellular domain negatively regulates the fMAPK pathway. 

The cleavage of Msb2p activates the fMAPK pathway through Sho1p (CULLEN et al. 2004; 

VADAIE et al. 2008a). 
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Sho1p is a transmembrane protein with a four-pass hydrophobic domain at the N terminus and a 

cytoplasmic tail. The cytoplasmic tail of Sho1p contains a Src homology3 (SH3) domain. SH3 

domains are small, evolutionarily-conserved protein interaction domains. SH3 domains are about 

60 amino acids long and bind to proline-rich motifs (BUTTY et al. 1998; TATEBAYASHI et al. 2006; 

TATEBAYASHI et al. 2007). Sho1p is shared between the fMAPK pathway and HOG pathway. 

Several lines of evidence (as detailed below) suggest that Sho1p functions below Msb2p and above 

Cdc42p. However, the exact mechanism by which Sho1p is activated is still unknown. Pioneering 

studies in the HOG pathway first established Sho1p function in the late 1990s (YAMOCHI et al. 

1994; MAEDA et al. 1995). Similar functions of Sho1p were later validated in the fMAPK pathway 

(see below). 

In the HOG pathway, Sho1p interacts with multiple proteins. Sho1p interacts with the proline-rich 

motif of Pbs2p (MAEDA et al. 1995). Pbs2p is the MAPKK of the HOG pathway. Sho1p also 

associates with Ste11p in a multiprotein complex (ZARRINPAR et al. 2004; TATEBAYASHI et al. 

2006). Ste11p is the MAPKKK shared between all three Cdc42p dependent MAPK pathways. The 

three Cdc42p dependent MAPK pathways are the filamentous growth MAPK pathway, the mating 

pathway and the HOG pathway (also see Figure 1.5). Sho1p also interacts with Ste50p 

(TATEBAYASHI et al. 2006). Ste50p is an adaptor that recruits Ste11p to the membrane. Thus, in the 

HOG pathway, Sho1p might serve a scaffolding function that generates signal specificity by 

differentiating between the pheromone-induced Fus3p dependent MAPK pathway and the salt-

induced Hog1p dependent MAPK pathway. The specificity mechanisms will be discussed in more 

detail below, and it remains unclear how exactly specificity is generated. Several versions of 

Sho1p were identified that induce Hog1p phosphorylation in a Ste11p-dependent manner and the 
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absence of Msb2p, thus indicating that Msb2p is the stress sensor and Sho1p acts downstream to 

Msb2p (BUTTY et al. 1998; TATEBAYASHI et al. 2006; TATEBAYASHI et al. 2007). A similar result 

came from our laboratory (VADAIE et al. 2008a). Taken together, Sho1p is a membrane-associated 

receptor-like protein with some scaffolding function. Later on, genetic evidence suggested that 

Sho1p might regulate the fMAPK pathway (O'ROURKE and HERSKOWITZ 1998). In line with this 

investigation, Sho1p was shown to interact with Msb2p and Cdc42p, thereby indicating that Sho1p 

also regulates the fMAPK pathway (CULLEN et al. 2000; CULLEN et al. 2004). It is also known that 

the cytoplasmic domain of Msb2p is required for Sho1p-mediated pathway activation (VADAIE et 

al. 2008b). One such constitutively-activated allele, Sho1pP120L 
, been used in this study for genetic 

epistasis analysis.  

Another transmembrane protein that regulates the fMAPK pathway is Opy2p. Like Msb2p, Opy2p 

is a single-pass transmembrane domain. Opy2p was discovered in a screen designed to identify a 

regulator of cell cycle progression (EDWARDS et al. 1997). Opy2p interacts with the adaptor 

protein Ste50p and recruits the Ste50p-Ste11p complex to the membrane. Opy2p contains 360 

amino acids. The extracellular domain of Opy2p contains two serine-rich motifs and the 

intracellular domain of Opy2p contains four conserved regions A to E (YAMAMOTO et al. 2010). 

Ste50p can bind to all of these conserved regions; however, functionally, these conserved regions 

are not equivalent. These regions show different affinities for Ste50p. Additionally, the Ste50p and 

Opy2p interaction depends on the nutrient state. The interaction of Opy2p and Ste50p through 

conserved region A activates both the fMAPK and the HOG pathways. In constrast, interaction 

with conserved region B, preferentially activates the HOG pathway (YAMAMOTO et al. 2016). The 

extracellular domain of Opy2p contains a cystein-rich domain flanked by two heavily 
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glycosylated, serine-rich domains. The extracellular serine-rich domain of Opy2p is not required 

for its function. However, the cysteine-rich domain is important for its interaction with Msb2p and 

positively regulates filamentous growth (KARUNANITHI and CULLEN 2012). 

1.4.B Cdc42p functions in between cell surface and the kinase cascade 

The monomeric GTPase Cdc42p is essential for cell survival (JOHNSON and PRINGLE 1990; 

JOHNSON 1999). Cdc42p was first identified in yeast in a search designed to identify proteins that 

regulate cytokinesis but do not affect nuclear division (ADAMS et al. 1990). Cells carrying 

temperature-sensitive versions of Cdc42p were arrested at the G1 phase of the cell cycle with large 

unbudded cells and multiple nuclei. The above findings indicate that Cdc42p might not play a role 

in nuclear division but does play an important 
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Figure 1.4. Schematic of cyclic activity between active [GTP-bound] Cdc42 and inactive 
[GDP-bound] Cdc42. Interactions involving: Guanine nucleotide exchange factor [GEF] 
[Gray-shaded], GTPase-activating effector protein [GAP] [Orange-shaded], and Guanine 
dissociation inhibitor [GDI] [Light Blue-shaded] are highlighted. Effector interactions 
leading to other intracellular signaling effects are also shaded [Dark Blue-shaded]. Adapted 
from (MUHOZA and ADAMS 2017) 

role in cytoskeletal reorganization during cell division. Further investigation in this direction using 

actin-phalloidin staining showed that cells carrying the cdc42-1 allele have a disorganized actin 

structure (ADAMS et al. 1990). A similar phenotype was also observed in higher eukaryotes.  

Like all small GTPases, Cdc42p acts as a molecular switch, cycling between the GTP- associated 

active form and the GDP-associated inactive form (see Figure 1.4). The interaction of Cdc42p and 

its canonical Guanine nucleotide Exchange Factor (GEF) (as shown by the grey box in Figure 1.4), 

Cdc24p, leads to its activation (HART et al. 1991a). In contrast, the interaction of Cdc42p and 
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GTPase Activating Proteins (GAPs), Bem3p (ZHENG et al. 1994), Rga1p (STEVENSON et al. 1992; 

STEVENSON et al. 1995; CHEN et al. 1996), and Rga2p, stimulate GTP hydrolysis, leading to an 

inactive conformation of Cdc42p (SMITH et al. 2002) (as shown by the orange box in Figure 1.4). 

To gain insights as to how different nucleotide-bound states alter the overall structure of Cdc42p at 

the molecular level, the three-dimensional structure of Cdc42p has been elucidated using NMR 

spectroscopy and X-ray crystallography (FELTHAM et al. 1997; HOFFMAN et al. 2000). Later on, 

several point mutations were mapped onto the three-dimensional structure of Cdc42p (JOHNSON 

1999). 

Together, the three-dimensional structure of Cdc42p and extensive functional and biochemical 

analysis has elucidated the regulatory mechanism for this GTPase. Distinct domains of Cdc42p 

have been characterized that are involved in GTP hydrolysis, effector binding, and GEF 

interaction. Mutations at the N terminal P-loop region, such as G12V and T17N, lead to defects in 

nucleotide exchange. By comparison, mutations in another region of the protein, like Q61L, are 

defective for GTP hydrolysis, which results in a dminant-lethal phenotype. Furthermore, the 

phosphate group associated with GTP interacts with the P Loop region in the N-terminus of the 

protein. Mutations in D118A and I117S lead to Cdc24p sequestration or defects in Cdc24p 

interaction, respectively (HART et al. 1991b; ZIMAN et al. 1991; DAVIS et al. 1998). This data 

suggests that the major Cdc24p binding region lies around amino acid residue 118. 

The Cdc42p effector binding domains, also called switch I and switch II, lie between amino acid 

residues 26 and 50 and undergo a conformational switch upon nucleotide binding. The 

conformational change in Cdc42p allows it to interact effector proteins, including Ste20p 

(described below). Evidence indicates there is an additional switch region that lies at the alpha-3 
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helix region of Cdc42p, which may also be involved in regulating Cdc42p and Cdc24p interaction 

(FELTHAM et al. 1997); however, the functional significance of the alpha-3 mediated Cdc24p 

interaction is unknown. Evidences that indicate that alpha-3 helix is a switch is listed below. 

Mutation in a loop region between the Cdc42p alpha-3 helix and the β4 sheet interferes with 

Cdc24p and Cdc42p interaction (DAVIS et al. 1998). NMR studies using the non-hydrolyzable 

GTP analog show changes in the chemical shift in the alpha-3 helix on activation. Studies using 

Cdc42p (W97R) within the alpha-3 helix region show a phenotype similar to cdc42-1 mutation 

with a large unbudded cell with multiple nuclei. In Chapter 3 of my thesis, I showed that a version 

of Cdc42p, Cdc42pE100A , is defective for interaction with the scaffold-like protein Bem4p. I will 

discuss this discovery in the results section in Chapter 3. Unlike W97R, E100A does not have a 

polarity defect, thus indicating that E100A is not defective for Cdc24p binding. However, it is 

defective for the activation of the fMAPK pathway. Interestingly, adjacent to the alpha-3 helix 

domain is the Rho-GDI interaction domain. In yeast there is only one Rho-GDI called Rdi1p. Rho-

GDI binds to the prenylated moiety of Cdc42p and locks Cdc42p at the nucleotide-bound state by 

inducing a conformational change at the GDI insertion domain (HOFFMAN et al. 2000). Thus, 

Bem4p may antagonize the Cdc42p-Rdi1p interaction and promote the localized concentration of 

Cdc42p required for the activation of the fMAPK pathway (Figure 1.4). 

1.4.C PAK Kinases Ste20p and Cla4p 
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The activation of Cdc42p leads to the activation of Ste20p (LEBERER et al. 1992; LEBERER et al. 

1997), which is commonly referred to as a p21-activated kinase (PAK) (DAN et al. 2001). The 

PAK kinases are serine threonine class of kinases activated by small GTPases (RANE and MINDEN 

2018). Ste20p homologs have been found in several other organisms, including humans. Ste20p 

has a 16 amino acid long Cdc42p/Rac interactive binding (CRIB) domain in its N terminus, a 

kinase domain at its C terminus. The N-terminal CRIB domain is an autoinhibitory domain. The 

CRIB domain binds to the kinase domain and restricts Ste20p kinase activity (LAMSON et al. 2002; 

ASH et al. 2003). The interaction between Cdc42p and Ste20p relieves autoinhibition, thus leading 

to the autophosphorylation and activation of Ste20p, which then phosphorylates and activates 

Ste11p (WU et al. 1999). The plasma membrane localization of Ste20p depends on its interaction 

with Cdc42p (LEBERER et al. 1997). Ste20p functions in all Cdc42p-dependent MAPK pathways, 

which include mating (LEBERER et al. 1992), HOG (CVRCKOVA et al. 1995) and filamentous 

growth (LEBERER et al. 1992). Additionally, Ste20p is also involved in actin organization and 

polarized growth (CVRCKOVA et al. 1995). Ste20p has some functional redundancy with Cla4p. 

Cla4p negatively regulates polarized growth by phosphorylating Cdc24p (GULLI et al. 2000) (WAI 

et al. 2009). However; our study showed that Cla4p does not regulate the fMAPK pathway. We 

also found that a nonphosphorylatable version of Cdc24p does not affect the fMAPK pathway. 

In addition to its role in regulating cell signaling, Ste20p also regulates chromatin condensation. In 

one particular study, when cells were treated with hydrogen peroxide, Ste20p translocated to the 

nucleus. Ste20p induced the DNA damage response and chromatin condensation, which is a 

hallmark of apoptosis in higher eukaryotes. In yeast, Ste20p initiates cellular apoptosis by 

phosphorylating serine ten at the N terminal tail of Histone2A. Cells bearing point mutation S10A 
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show increased cell survival and a loss of chromatin condensation, whereas phospho mimic 

mutation S10E shows opposing effects (AHN et al. 2005). 

1.4.D Adaptor proteins Ste50p and Ste11p 

Ste20p phosphorylates Ste11p, the MAPKKK of all three Cdc42p-dependent MAPK pathways 

(BENDER 1993; PETER et al. 1996; RAITT et al. 2000; REISER et al. 2000). Ste11p was first 

identified in a screen for genes required for pheromone-induced cell cycle arrest at G1 phase 

(HARTWELL 1980). Later on, Wu et al. showed that Ste11p was phosphorylated by Ste20p (WU et 

al. 1995). Ste11p is composed of approximately 700 amino acids, with a SAM (sterile alpha motif) 

domain, an autoinhibitory domain, and a catalytic domain. The N terminal SAM domain interacts 

with Ste50p. Ste50p recruits Ste11p to the plasma membrane site of polarized growth where it is 

phosphorylated and activated by Ste20p (PRYCIAK and HUNTRESS 1998; LAMSON et al. 2002). 

Ste50p constitutively interacts with Ste11p to relieve auto-inhibition between Ste11p’s N-terminus 

and C-terminus (WU et al. 1999; JANSEN et al. 2001; WU et al. 2006). As my former colleague 

Sheila previously showed (KARUNANITHI and CULLEN 2012), Ste50p is required for invasive 

growth. Ste50p was also required for growth on salt but played a minor role in mating (BARDWELL 

2005) and chapter 3 Fig. S5A, Ste50p this study), which is consistent with published results 

indicating that Ste50p plays a variable role in mating depending on its strain background 

(BARDWELL 2005). In addition to Ste50p, many other proteins, such as Sho1p, Cdc42p, and 
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Opy2p, play important roles in recruiting Ste11p to the site of polarized growth (WU et al. 1995; 

WESTFALL et al. 2004; KWAN et al. 2006; TRUCKSES et al. 2006). 

1.4.E MAPK cascade and downstream components of fMAPK pathway 

The fMAPK pathway is a typical MAPK pathway that is composed of three kinases in a tandem 

series, Ste11p, Ste7p, and Kss1p. Recruitment and activation of Ste11p to the cell membrane is 

described above. Ste11p is required to activate three different Cdc42p-dependent MAPK pathways 

(the mating, the HOG and the fMAPK pathway). Ste11p is colored in grey in Figure 1.6. 

Activation of Ste11p phosphorylates and activates Ste7p, for the mating and fMAPK pathways, 

and Pbs2p, for the HOG pathway. Ste7p is shared between mating and fMAPK pathways. Ste7p in 

turn activates Kss1p. Kss1p is the MAPK of the fMAPK pathway (see Figure 1.6). Once activated 

Kss1p activates transcription factor Ste12p and Tec1p. Ste12p and Tec1p co-operatively bind to 

the filamentous response element (or FRE) (MADHANI et al. 1997; MADHANI et al. 1999), which 

ultimately alters the gene expression pattern leading to filamentous growth (CHAVEL et al. 2010b; 

ADHIKARI and CULLEN 2014).  

1.4.F Scaffold like adaptor protein Bem4p regulates fMAPK pathway 
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Bem4p is a scaffold like adaptor protein. Bem4p regulates fMAPK pathway through its interaction 

with several fMAPK components including Cdc42p, Cdc24p and Ste11p (PITONIAK et al. 2015). 

Bem4p was first identified in the 1990s as a multicopy suppressor of polarity GTPase Cdc42p. 

Indicating Bem4p genetically interact with Cdc42p. Cells lacking Bem4p phenocopy the 

morphological defect of the Cdc42p temperature-sensitive allele (MACK et al. 1996). Cells lacking 

Bem4p are unusually large compared to wild-type and show aberrant actin polarization. The 

overexpression of Cdc42p suppressed the morphological defects of the bem4∆ mutant cells (MACK 

et al. 1996). Bem4p also interacts with Rho1p (HIRANO et al. 1996). Like Cdc42p, Rho1p is also 

GTPase. Rho1 regulates various actin-dependent cellular processes, such as cell polarization and 

morphogenesis. Bem4p preferentially interacts with nucleotide-free Rho1p in vitro. Bem4p does 

not play any role in the GDP/GTP exchange of Rho1p (HIRANO et al. 1996). Taken together this 

indicates that the adaptor Bem4p might regulate two GTPases Rho1p and Cdc42p through a 

similar mechanism. 

1.5. MECHANISMS TO GENERATE SIGNAL SPECIFICITY 

The fMAPK pathway shares components with two other Cdc42p-dependent MAPK pathways. 

Therefore, it is important to undesrstand how shared components are specified to activate fMAPK 

pathway in response to nutrient limitation. Four mechanisms have been uncovered in various 

systems that insulate signaling pathways and prevent unwanted crosstalk (Figure 1.5). The 

specificity mechanisms as described in Figure 1.5 include the following: 1) cross pathway 
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inhibition, 2) combinatorial signalling, 3) scaffolding 4) compartmentalization. Cross-pathway 

inhibition is a condition where one pathway output inhibits another pathway (X2 inhibits Y2). 

Combinatorial signalling is when two pathway branches converge to genarate same output (Z0 and 

X0 both converge on X0). Scaffold proteins favor one pathway(X) over the other (Y) and recruits 

shared components to facilitate the pathway in which it operates (X). Components of the pathway 

(X) and (Y) are separated in two different cellular compartments. 

In my dissertation, I compared activation kinetics of three Cdc42p-dependent MAPK pathways as 

described in Chapter 3. Although it remains unclear how the fMAPK pathway induces a specific 

signal, I have shown that bud-site selection proteins, Bem4p, and Bem1p appear to play a more 

prominent role in regulating the fMAPK pathway than other pathways that share components 

(mating and HOG). 

Figure 1.5. Networks and insulating mechanisms. (A) Schematic of a network with crosstalk. 
This network has no insulating mechanisms. However the connections between x1 and x2 
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and between x1 and y2 are allowed to be hyperbolic or ultrasensitive, denoted by . (B-E) 
Networks embellished with various insulating mechanisms (B) Cross Pathway Inhibition 
(CPI) from x2 to y2. (C) Combinatorial Signaling (CS) in the X pathway. (D) Scaffolding. (E) 
Compartmentalization. The ultrasentive signalling pathway is activated in switch like 
fashion which amplifies small input and generates higher output and quickly shuts the 
signalling back off through negative feedback regulation.   

1.6. NOVEL FINDINGS IN REGULATING fMAPK PATHWAY 

Altogether, My Thesis explores evolutionarily conserved sensory signaling proteins that regulate 

MAPK pathways. In particular, I have focused on proteins that regulate monomeric GTPases, 

which operate atop the MAP kinase module. I have shown that polarity regulators or bud-site-

selection proteins regulate the Cdc42p-dependent fMAPK pathway (Chapter 2). In particular, in 

the first part of my dissertation I explored the connection between fMAPK pathway and cell 

polarity. I showed that polar landmarks regulate the fMAPK pathway through the bud-site GTPase 

Rsr1p. This will be discussed in detail in Chapter 2. Rsr1p interacts with Bem4p which is a 

scaffold type adaptor protein that regulates fMAPK pathway, and in the discussion of my thesis 

(Chapter 4), I suggest that this interaction may be important for fMAPK pathway signaling. 

I have also explored how Bem protein scaffolds regulate the fMAPK pathway (Bem1p and 

Bem4p). In the second part of my Ph.D work (Chapter 3), I focussed on how the polarity GTPase 

Cdc42p is specified to the fMAPK pathway. Rsr1p, Bem4p and polarity scaffold Bem1p interact 

with Cdc42p. I established a mechanism which involves specific and sequential input from two 

scaffold like proteins Bem1p and Bem4p, which is required for appropriate fMAPK activation. 

This discovery is discussed in detail in Chapter 3 of my dissertation. Chapter 3 is a manuscript in 
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preparation. Collectively, these findings further the understanding of how polarity proteins 

contribute to MAPK signaling via monomeric GTPases. 
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Chapter 2 

Spatial Landmarks Regulate a Cdc42-Dependent MAPK Pathway to 

Control Differentiation and the Response to Positional Compromise 

by Sukanya Basu *, Nadia Vadaie *, Aditi Prabhakar, Boyang Li, Hema Adhikari, Andrew 

Pitoniak, Jacky Chow, Colin A. Chavel, and Paul J. Cullen† 

* The authors contributed equally to the work. 

This chapter has been published in 

PNAS April 5, 2016. 113 (14) E2019-E2028; published ahead of print March 21, 2016. 

Author contribution 
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Aditi Prabhakar Fig. 3D 
Jacky Chow Fig. 6C 
Graphics were generated by Paul Cullen 

28 



  

     

  
 

   

  
 

  
 

 

      

       

      

  

2.1 HIGHLIGHTS 

Bud-Site GTPase Rsr1p Regulates the fMAPK Pathway Through the GEF for the polarity 
establishment GTPase Cdc42p 

Positional Landmarks Conditionally Regulate the fMAPK Pathway Corresponding to their Roles 
in Regulating Bud-Site Selection 

Yeast Cells Dynamically Orient Their Growth Site Based on Glucose Levels, Which Has a Direct 
Impact on fMAPK Activity 

 Integration Between the Bud-Site-Selection and fMAPK Pathways Optimizes Cell Polarization 
During Filamentous Growth 

 Surveillance Mechanism for Sensing Positional Information Allows the Cell to Respond to 
Compromised Spatial Integrity 

SIGNIFICANCE 

We identify a new role for bud-site-selection proteins outside of their established roles in 

regulating growth site determination, as components of a surveillance pathway that monitors 

spatial position during intrinsic and extrinsic morphogenetic stress and regulates a Cdc42p- and 

MAPK-dependent response. 
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2.2 ABSTRACT 

A fundamental problem in cell biology is to understand how spatial information is recognized and 

integrated into morphogenetic responses. Budding yeast undergoes differentiation to filamentous 

growth, which involves changes in cell polarity through mechanisms that remain obscure. Here we 

define a regulatory input where spatial landmarks (bud-site-selection proteins) regulate the MAPK 

pathway that controls filamentous growth (fMAPK pathway). The bud-site GTPase Rsr1p 

regulated the fMAPK pathway through Cdc24p, the guanine nucleotide exchange factor (GEF) for 

the polarity establishment GTPase Cdc42p. Positional landmarks that direct Rsr1p to bud sites 

conditionally regulated the fMAPK pathway corresponding to their roles in regulating bud-site 

selection. Therefore, cell differentiation is achieved in part by the reorganization of polarity at bud 

sites. In line with this conclusion, dynamic changes in budding pattern during filamentous growth 

induced corresponding changes in fMAPK activity. Intrinsic compromise of bud-site-selection also 

impacted fMAPK activity. Therefore, a surveillance mechanism monitors spatial position in 

response to extrinsic and intrinsic stress and modulates the response through a differentiation 

MAPK pathway. 

2.3INTRODUCTION 

Positional information is critical for the establishment of polarity and the regulation of cell 

division. Spatial context is also important for many biological processes including development, 

neuronal organization and guidance, directional motility and cell differentiation. Positional 

information comes from proteins that mark the cell-surface and gradients of diffusible receptors, 
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peptide ligands, and transcription factors (TAUTZ 1988; GREGOR et al. 2007; MOLOFSKY et al. 

2014; PARE et al. 2014). Evolutionarily conserved protein modules control cell polarity in 

eukaryotes (LI and BOWERMAN 2010; KOHWI and DOE 2013). In yeast, polarity is determined by 

cell type. Positional cues mark the poles of haploid and diploid cells, which are recognized by a 

core module composed of the bud-site GTPase Rsr1p (PARK et al. 1997), its guanine nucleotide 

exchange factor (GEF) Bud5p (CHANT et al. 1991; BENDER 1993), and its GTPase activating 

protein (GAP) Bud2p (PARK et al. 1993). Rsr1p in turn regulates the ubiquitous polarity 

establishment GTPase Cdc42p (BI and PARK 2012). Active (GTP-bound) Cdc42p associates with 

multiple effector proteins to initiate and maintain polarized growth at specific sites. 

Cell polarity can be reorganized in response to extrinsic cues. Yeast cells can orient their axis of 

growth along pheromone gradients (SEGALL 1993) and to the site of a wound (KONO et al. 2012). 

Cell polarity is also reorganized during filamentous/invasive/pseudohyphal growth, which occurs 

in response to nutrient limitation (glucose or nitrogen), and which results in the formation of 

branched chains of interconnected cells (GIMENO et al. 1992; ROBERTS and FINK 1994; PAN et al. 

2000). Many fungal species undergo filamentous growth, and in some species of pathogenic 

microorganisms, filamentous growth is required for virulence (POLVI et al. 2015). In yeast, the 

change in polarity during filamentous growth is striking in haploid cells, which switch from axial 

to distal-unipolar budding (ROBERTS and FINK 1994; CULLEN and SPRAGUE 2000b). It is not clear 

how polarity is reorganized during filamentous growth, except that signal transduction pathways 

are involved and the same positional cues that regulate bud-site selection in diploid cells are also 

required for filamentous growth (TAHERI et al. 2000; CULLEN and SPRAGUE 2002). 
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Among the signaling pathways that regulate filamentous growth is an ERK-type mitogen activated 

protein kinase (MAPK) pathway called the filamentous growth (fMAPK) pathway. MAPK 

pathways are evolutionarily conserved protein modules that regulate cell differentiation and stress 

responses in eukaryotes. The fMAPK pathway is regulated by the signaling mucin Msb2p 

(CULLEN et al. 2004), a cell-surface glycoprotein that is proteolytically processed and activated in 

glucose-limiting conditions (VADAIE et al. 2008a; ADHIKARI et al. 2015d). At the plasma 

membrane (PM), Msb2p functions with transmembrane (TM) proteins Sho1p (O'ROURKE and 

HERSKOWITZ 1998; CULLEN et al. 2004; TATEBAYASHI et al. 2015) and Opy2p (WU et al. 2006; 

EKIEL et al. 2009; YANG et al. 2009; YAMAMOTO et al. 2010; CAPPELL and DOHLMAN 2011; 

KARUNANITHI and CULLEN 2012; HERRERO DE DIOS et al. 2013; ADHIKARI et al. 2015a). The TM 

regulators connect (in some manner) to a cytosolic scaffold-type adaptor Bem4p that also regulates 

the fMAPK pathway (HIRANO et al. 1996; MACK et al. 1996; PITONIAK et al. 2015). Msb2p and 

Bem4p associate with Cdc42p (CULLEN et al. 2004; PITONIAK et al. 2015), which also regulates 

the fMAPK pathway (PETER et al. 1996; LEBERER et al. 1997). Like many Rho GTPases (HANNA 

and EL-SIBAI 2013; MCCORMACK et al. 2013; RATHEESH et al. 2013; WILSON et al. 2013), Cdc42p 

has multiple roles in regulating cell polarity and signaling. In the fMAPK pathway, Cdc42p 

regulates a protein kinase cascade composed of Ste20p (p21 activated or PAK), Ste11p 

(MAPKKK), Ste7p (MAPKK) and the MAP kinase Kss1p (COOK et al. 1997; MADHANI et al. 

1997). Kss1p regulates a suite of transcription factors (COOK et al. 1996; MADHANI and FINK 

1997; VAN DER FELDEN et al. 2014) that control the expression of target genes, whose products, 

together with other proteins and pathways, generates the filamentous cell type. 
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Here we report a new regulatory connection between bud-site-selection proteins and the fMAPK 

pathway. We show that the bud-site GTPase Rsr1p, together with positional landmarks, regulate 

the fMAPK pathway through the shared GTPase Cdc42p. This is a new role for bud-site-selection 

proteins in regulating MAPK signaling. Following up on this discovery led to the identification of 

a surveillance mechanism, where positional cues provide information about spatial context to 

regulate the cellular response to extrinsic and intrinsic morphogenetic stress. In this way, cells 

monitor positional integrity before engaging in MAPK-dependent differentiation and other 

responses. 

2.4 RESULTS 

Bud-Site GTPase Rsr1p Regulates the fMAPK pathway Rsr1p is an established regulator of bud-

site selection that functions through Cdc42p (BENDER and PRINGLE 1989; PARK et al. 1993; PARK 

et al. 1997). Rsr1p was also uncovered in a screen for Cdc42p interacting proteins that impact 

fMAPK activity (PITONIAK et al. 2015). To determine whether Rsr1p regulates the fMAPK 

pathway, the rsr1 mutant was examined in a strain background that undergoes 

filamentous/invasive growth [∑1278b (GIMENO et al. 1992; LIU et al. 1996)], a fungal behavioral 

response that is controlled by the fMAPK pathway. In this background, the rsr1 mutant was 

defective for phosphorylation of the MAP kinase Kss1p [P~Kss1p (Fig. 1A)] and showed the same 

defect as a null mutant in the fMAPK pathway (ste11),ste11 ste12 and ste20 mutants have 

equivalent phenotypes in filamentous growth assays and were used interchangeably. The rsr1 

mutant was defective for invasive growth (Fig. 1B) by the plate-washing assay (ROBERTS and FINK 
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1994). The rsr1 mutant was also defective for expression of transcriptional targets of the fMAPK 

pathway, including FRE-lacZ [Fig. 1C; SI Appendix, Fig. S1A (MADHANI et al. 1997)], FLO11 

(see below), and FUS1-HIS3 (SI Appendix, Fig. S1B), which in ∑1278b cells lacking an intact 

mating pathway (ste4) shows dependency on fMAPK regulators (CULLEN et al. 2004; PITONIAK et 

al. 2015). 

Fig. 1. 1 Rsr1p regulates the fMAPK pathway. (A) Immunoblot analysis of P∼Kss1p levels in wild-type cells and the rsr1Δ 
and ste11Δ mutants. Cells were grown to midlog phase in SD+AA (glucose-rich media). Cell extracts were examined by 
immnoblot analysis using p42/p44 antibodies (to detect P∼Kss1p), Kss1p antibodies, and Pgk1p antibodies as a control for 
protein levels. Numbers indicate relative band intensity for P~Kss1p to total Kss1p (Ratio). Asterisk refers to a background 
band (102). (B) Plate-washing assay. Cells were grown for 96 h on YEPD medium. The plate was photographed, washed, 
and photographed again. (C) Expression of the FRE-lacZ reporter. Cells were grown to midlog phase in SD-URA medium 
to maintain selection for the plasmid and evaluated by β-galactosidase assays. β-Galactosidase assays were performed from 
independent cultures and are expressed in Miller Units. Error bars show differences between samples. *P < 0.05. (D) Strains 
harboring the pmi40-101 mutation alone and with the indicated deletions were grown to midlog phase in YEPD or YEPD + 
50 mM mannose. P~Kss1p levels were examined as in A. 

The fMAPK pathway also regulates the response to defects in protein glycosylation (LEE and 

ELION 1999; CULLEN et al. 2000; YANG et al. 2009). To determine whether Rsr1p is involved in 

this aspect of fMAPK regulation, a conditional glycosylation mutant, pmi40-101, whose 

glycosylation defect is suppressed by mannose (CULLEN et al. 2000), was examined. Rsr1p was 

required for fMAPK activity in the pmi40-101 mutant experiencing glycosylation deficiency (Fig. 

1D; SI Appendix, Fig. S1C). In this blot and other blots, total Kss1p levels can vary due to positive 
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feedback, because KSS1 is a transcriptional target of the fMAPK pathway (ROBERTS et al. 2000). 

Together the results show that Rsr1p positively regulates the fMAPK pathway. 

Rsr1p Controls the fMAPK Pathway by Nucleotide Cycling and Interaction with the GEF 

Cdc24p Rsr1p regulates bud-site-selection through the Cdc42p module (PARK et al. 1997). To 

determine whether Rsr1p regulates the fMAPK pathway through Cdc42p, the amount of active 

Cdc42p (Cdc42p-GTP) in the cell was increased by disrupting RGA1, which encodes the main 

GTPase activating protein (GAP) for Cdc42p in the fMAPK pathway (STEVENSON et al. 1992; 

SMITH et al. 2002). The rga1 rsr1 double mutant bypassed the fMAPK signaling defect of the 

rsr1 single mutant (Fig. 2A), which indicates that Rsr1p functions at or above the level of 

Cdc42p in the fMAPK pathway. The rga1 mutant did not rescue the bud-site-selection defect of 

the rsr1 mutant (SI Appendix, Table S3). Thus, bypass occurs by raising Cdc42p-GTP levels not 

restoring the bud-site-selection defect of rsr1. 

Rsr1p is a Ras-type GTPase that cycles between active (GTP-bound) and inactive (GDP-bound) 

conformations. In the GTP-bound conformation, Rsr1p interacts with effector proteins. A version 

of Rsr1p that fails to interact with effectors [T35A (RUGGIERI et al. 1992; PARK et al. 2002; 

KOZMINSKI et al. 2003)] or versions that mimic the GDP- (K16N) or GTP-locked states (G12V) 

were defective for fMAPK activity (Fig. 2B). A GTP-locked version of Rsr1p might be expected 

to constitutively activate the fMAPK pathway. However, cells containing Rsr1pG12V have a bud-

site-selection defect (SI Appendix, Table S3) that results from sequestering Cdc24p in the inactive 

state (PARK et al. 1997) and from its failure to concentrate at polarized sites (PARK et al. 2002). 

Thus, as for many GTPases, nucleotide cycling of Rsr1p is necessary for its function in the 
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fMAPK pathway. The G12V, K16N, and T35A versions of Rsr1p have a dominant-negative 

phenotype, which induces a bud-site-selection defect in wild-type cells (RUGGIERI et al. 1992). The 

G12V, K16N, and T35A versions of Rsr1p also caused a defect in fMAPK activity in wild-type 

cells (Fig. 2C). 

During bud-site selection, Rsr1p recruits Cdc24p to the PM (ZHENG et al. 1994; PARK et al. 2002; 

SHIMADA et al. 2004b). A version of Cdc24p that is constitutively anchored to the PM by 

myristoylation [Myr-Cdc24p (PITONIAK et al. 2015)] bypassed the fMAPK signaling defect of the 

rsr1 mutant (Fig. 2D). Myr-Cdc24p also bypassed the signaling defect of the bud4 mutant (SI 

Appendix, Fig. S1D). Together these results indicate that one function for bud-site-selection 

proteins in fMAPK regulation is PM recruitment of Cdc24p. Rsr1p also interacts with Cdc24p at 

bud sites (ZHENG et al. 1995; PARK et al. 1997; SHIMADA et al. 2004b; PARK and BI 2007). To 

determine whether Rsr1p regulates the fMAPK pathway through interaction with Cdc24p, a 

version of Cdc24p was examined that at permissive temperatures cannot interact with Rsr1p 

[cdc24-4 or G168D (SHIMADA et al. 2004b)]. Cells harboring the cdc24-4 allele showed reduced 

fMAPK pathway [Fig. 2D, pcdc24-4 (30˚C)]. Thus, Rsr1p interacts with and recruits Cdc24p to 

the PM to regulate the fMAPK pathway. 

All of the versions of Rsr1p tested that were defective for bud-site selection were defective for 

fMAPK activity, which may indicate that bud-site selection itself is tied to fMAPK regulation. To 

test this possibility, a version of Rsr1p was examined that lacked the poly-basic domain, which 

mediates homotypic interactions (PARK et al. 2002; KOZMINSKI et al. 2003; KANG et al. 2010), and 

that was defective for fMAPK activity (Fig. 2B, rsr1-7K260-264S). The rsr1-7 mutant has a 

conditional bud-site-selection defect (KANG et al. 2010). In our hands, the defect was less severe 
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than reported (KANG et al. 2010), which might result from differences in growth conditions or 

strain backgrounds. The partial bud-site-selection defect of the rsr1-7K260-264S mutant (Fig. 2E, 

yellow bars) showed a corresponding defect in fMAPK activity (Fig. 2E, blue bars). These results, 

and results presented below, show a correspondence between bud-site selection and fMAPK 

activity. 

Fig. 1.2 Rsr1p regulates the fMAPK pathway through GTPase cycling and interaction with Cdc24p. (A) P~Kss1p levels 
were examined as in Fig. 1A for the strains indicated. Cells were grown to midlog phase in SD+AA. (B) P~Kss1p levels were 
examined as in Fig. 1A, except that cells were grown in SD-URA or SD-LEU 
media to maintain selection for plasmids harboring alleles of RSR1. (C) P∼Kss1p levels were examined as in Fig. 1A in wild-
type cells harboring the indicated RSR1 alleles. Cells were grown to midlog phase in YEPD media. (D) P∼Kss1p levels were 
examined as in Fig. 1A in the cdc24::NAT and cdc24::NAT rsr1Δ strains carrying YEp351-Cdc24p-GFP (wild-type), 
pRS425-CDC24-4 (cdc24-4), and YEp351-MYR-Cdc24p-GFP (Myr-Cdc24p) plasmids. (E, Left axis) β-Galactosidase assays 
were performed as described in Fig. 1C. Wild-type values were set to 1. Other values were adjusted accordingly. The 
experiment was performed in triplicate. Error bars show the SD between trials. (Right axis) Axial budding expressed as a 
percentage was determined for wild-type cells, rsr1Δ, and rsr1-7K260-264S mutants grown to midlog phase in SD-URA 
medium. Budding pattern was determined by CFWstaining. More than 200 cells were counted in independent trials. Error 
bars show the SD between trials. *P < 0.01. 
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Axial Cues Regulate the fMAPK Pathway in Glucose-Rich Conditions During bud-site-selection, 

Rsr1p is recruited by positional landmarks to bud sites (BI and PARK 2012). We asked whether 

positional landmarks also regulate the fMAPK pathway. In glucose-rich conditions (2% glucose), 

haploids bud in an axial pattern [Fig. 3A, (CHANT and PRINGLE 1995)]. A mutant lacking axial 

cues showed a defect in fMAPK activity in glucose-rich conditions (Fig. 3B, axl2 , blue bars), 

based on the expression of the , fMAPK pathway target FLO11 (RUPP et al. 1999) The 

axl2mutat showed the same defect as the core module (Fig. 3B, rsr1blue bars) and the same 

genetic suppression pattern as the rsr1 rga1 double mutant (Fig. 3C, compare with Fig. 2A and 

SI Appendix, Table S3). Like axl2∆, other axial mutants were also defective for fMAPK activity, 

based on P~Kss1p analysis and FUS1 reporter activity (SI Appendix, Fig. S2A-C). 

Two additional experiments support the idea that axial cues regulate the fMAPK pathway. First, 

restoring axial budding to axial mutants by loss of multigenerational cortical marks [Rax proteins 

(CHEN et al. 2000; FUJITA et al. 2004; KANG et al. 2004)] restored MAPK signaling (SI Appendix, 

Fig. S3A-D, Table S4). The Rax proteins might impact fMAPK through multiple mechanisms, as 

these proteins localize to the division site as well as the distal pole (CHEN et al. 2000; FUJITA et al. 

2004; KANG et al. 2004). Rax proteins have not been extensively studied in haploid cells. 

Consistent with their roles in regulating distal-pole budding in diploid cells, Rax1p and Rax2p 

regulated invasive growth (SI Appendix, Fig. S3E) and distal-pole budding of filamentous haploid 

cells (SI Appendix, Fig. S3F). 
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Fig. 1.3 Bud-site–selection proteins conditionally regulate the fMAPK pathway depending on glucose availability. (A) 
Budding pattern of haploid cells in glucoserich and glucose-limiting conditions (Glu, glucose). Proteins required for axial 
budding, distal-unipolar budding, and the core module are shown. (B) Quantitative 
PCR (qPCR) analysis of FLO11 expression (relative to ACT1 levels) in the indicated mutants in glucose-rich (YEPD) and 
glucose-limiting (YEP-Gal) conditions. Assays were performed from independent cultures. Average values are shown. Error 
bars show the SD between trials. *P < 0.01. (C) P∼Kss1p levels were examined as in Fig. 1A for the indicated strains. Cells 
were grown to midlog phase in YEPD medium. NS, not significant. (D) Ratio of the long-to-short axis in the indicated 
mutants. More than 50 cells were counted for each mutant. Cells were incubated in glucose-limiting media (YEP + 0.2% 
glucose). *P < 0.001. 

A second experiment supporting a role for axial cues in regulating fMAPK comes from analysis of 

separate functional domains on the Axl2p protein. In addition to its role in regulating bud-site 

selection, Axl2p also interacts with Cdc42p and plays a role in regulating septin organization. This 

role for Axl2p was uncovered by its ability to suppress the septin organization defects of an allele 

of CDC42 called cdc42V36G (GAO et al. 2007). A version of Axl2p that is specifically defective for 
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septin organization functioned in the fMAPK pathway [SI Appendix, Fig. S4A-B, p1-544, 641-725 

(CAVISTON et al. 2003; GAO et al. 2007)]. By comparison, a version of Axl2p that is specifically 

defective for axial budding did not (SI Appendix, Fig. S4A-B, p1-544, 641-685). This version of 

Axl2p (p1-544, 641-685) lacks an interaction site for Bud4p but retains the ability to localize to the 

mother-bud neck (GAO et al. 2007). Therefore, the bud-site-selection function of Axl2p underlies 

its role in regulating the fMAPK pathway. These results reinforce the idea that axial cues regulate 

the fMAPK pathway. 

Why do axial cues regulate fMAPK in an environment where cells do not normally undergo 

filamentous growth (Fig. 3A)? Basal activity of the fMAPK pathway in glucose-rich conditions 

prepares cells for invasive growth (PITONIAK et al. 2009). Specifically, at high and moderate 

glucose levels, cells express FLO11, which promotes adhesion during biofilm/mat formation 

(REYNOLDS and FINK 2001) and contributes to the initiation of filamentous growth. As glucose 

levels decrease, cells become elongated through a mechanism that involves the polarisome 

(CULLEN and SPRAGUE 2002) and a delay in the cell cycle (KRON et al. 1994; LOEB et al. 1999), 

although cells continue to bud axially (PITONIAK et al. 2009). Axial cues (bud3) and the core 

module (rsr1) were required for cell elongation (Fig. 3D), which occurs in an fMAPK-dependent 

manner during filamentous growth [Fig. 3D, ste12 (KRON et al. 1994; MADHANI et al. 1999)]. 

Axial cues were also required for the fMAPK response to protein glycosylation deficiency (SI 

Appendix, Fig. S4C). Therefore, axial cues regulate basal fMAPK activity in glucose-rich 

conditions to prepare cells for invasive growth and contribute to the diversity of MAPK-dependent 

responses, like the response to protein glycosylation deficiency. 
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Bud8p Regulates the fMAPK pathway In Glucose-Limiting Conditions Glucose depletion 

triggers invasive growth (CULLEN and SPRAGUE 2000b) and activates the fMAPK pathway [Fig. 

3B, compare blue bar to red bar for Wild Type (KARUNANITHI and CULLEN 2012)]. In glucose-

limiting conditions, haploid cells switch from axial to distal-unipolar budding by utilization of the 

distal-pole marker Bud8p [Fig. 3A, (CULLEN and SPRAGUE 2002)]. Bud8p was required for FLO11 

expression in glucose-limiting conditions (Fig. 3B, compare Wild Type to bud8, red bars). Bud8p 

was also required for P~Kss1p activity (SI Appendix, Fig. S4D). Therefore, Bud8p regulates the 

fMAPK pathway in glucose-limiting conditions. 

In glucose-rich conditions, Bud8p is not required for budding in haploid cells (CHANT and 

PRINGLE 1995). Under this condition, Bud8p did not regulate the fMAPK pathway (Fig. 3B, 

bud8 blue bars; SI Appendix, Fig. S2A-C). Likewise, axial cues, which do not regulate distal-pole 

budding under nutrient-limiting conditions (CHANT and PRINGLE 1995), did not regulate FLO11 

expression in glucose-limiting conditions (Fig. 3B, axl2 red bars). The core module is required 

for bud-site selection under all conditions (CHANT and PRINGLE 1995) and regulated fMAPK 

signaling under all conditions tested (Fig. 3B, rsr1blue and red bars). Therefore, different 

positional landmarks regulate the fMAPK pathway in different nutrient states corresponding to 

their roles in regulating bud-site selection. 

A Specific Input from the Rsr1p Branch Regulates the fMAPK Pathway Msb2p and other 

proteins regulate Cdc42p in the fMAPK pathway [see Fig. 7 below (CULLEN et al. 2004; VADAIE 

et al. 2008a; PITONIAK et al. 2015)]. To define how inputs from the Msb2p and Rsr1p branches 

impact the fMAPK pathway, the msb2 and rsr1 single mutants were compared to an msb2 
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rsr1double mutant and MAPK null mutant (ste11). In glucose-rich conditions, Msb2p and 

Rsr1p both regulated the fMAPK pathway (Fig. 4A; SI Appendix, Fig. S5A). In glucose-limiting 

conditions, rsr1 played a more minor role (Fig. 4B). This observation supports the data presented 

in Fig. 3B, which shows that axial and core mutants have a 5-fold decrease in MAPK activity in 

glucose-rich conditions (blue bars, compare Wild Type to rsr1 and axl2 [although the pathway 

is activated to a lower overall level]), compared to a ~1.8-fold decrease seen in distal and core 

mutants under glucose-limiting conditions (red bars, compare Wild Type to rsr1 and bud8). 

Thus, bud-site-selection proteins play quantitatively different roles in regulating the fMAPK 

pathway under different conditions.  

Msb2p is activated in glucose-limiting conditions by proteolytic processing (ADHIKARI et al. 

2015d), which may partially obviate the requirement for the Rsr1p branch. In support of this 

possibility, a hyperactive allele of MSB2, MSB2100-818 (CULLEN et al. 2004), bypassed the fMAPK 

signaling defect of the rsr1 mutant (Fig. 4C; SI Appendix, Fig. S5B). Similarly, a hyperactive 

version of Sho1p, Sho1pP120L (VADAIE et al. 2008a) also bypassed the fMAPK signaling defects of 

the rsr1 mutant (SI Appendix, Fig. S5C). Hyperactive versions of Msb2p and Sho1p also 

bypassed the signaling (SI Appendix, Fig. S5D) and invasive growth (SI Appendix, Fig. S5E) 

defects of the axl2 mutant. Therefore, the Rsr1p branch can be bypassed by activation of the 

Msb2p branch. 
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Fig. 1. 4 Roles of the Rsr1p and Msb2p branches in regulating the fMAPK pathway and other MAPK pathways that share 
components. (A) P~Kss1p levels were examined as in Fig. 1A for the strains indicated. Cells were grown in SD+AA medium 
to midlog phase. (B) P~Kss1p levels were examined as in Fig. 1A for the strains indicated. Cells were induced in YEP-GAL 
medium to midlog phase. (C) P~Kss1p analysis of Msb2Δ100–818 signaling in wild-type cells and the rsr1Δ mutant. 
P~Kss1p levels were examined as in Fig. 1A. Cells were grown in SD+AA medium to midlog phase. (D) Halo assays. 
Approximately equal concentrations of the indicated strains were spread onto YEPD media. Next, 5 μm of α-factor was 
spotted onto plates, which were incubated for 48 h at 30 °C. The experiment was performed four times and a typical 
example is shown. (E) P~Hog1p levels in the indicated mutants. Cells were grown to midlog phase in YEPD. KCl was added 
to a final concentration of 0.4 M for 10 min. Cell extracts were evaluated by immunoblot analysis using antibodies that 
recognize P~38, Hog1p, and Pgk1p proteins. Ratio refers to P~Hog1p to Hog1p levels. (F) Serial dilutions were spotted onto 
YEPD and YEPD + 1 M KCl for 3 d at 30 °C. 

Like other signaling pathways, the fMAPK pathway shares components with other MAPK 

pathways, including the mating and high osmolarity glycerol response (HOG) pathways 

(SCHWARTZ and MADHANI 2004; BARDWELL 2006; CHEN and THORNER 2007; SAITO 2010). 

Despite utilizing common components, each MAPK pathway induces a specific response 

(ROBERTS et al. 2000). In the mating pathway, Rsr1p does not regulate MAPK signaling but 

contributes to cell polarization [e.g. the formation of cells with mating projections or shmoos 

(NERN and ARKOWITZ 2000a)]. Rsr1p and Gβγ-Far1p-Cdc24p have a redundant function in cell 
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polarization during mating (NERN and ARKOWITZ 1999; NERN and ARKOWITZ 2000a; DYER et al. 

2013), and Rsr1p becomes essential for shmoo formation in cells with defective Gβγ-mediated 

chemotropism (NERN and ARKOWITZ 1999). We also found that Rsr1p did not regulate the mating 

pathway, based on sensitivity of cells to the mating pheromone  factor (Fig. 4D) and P~MAPK 

analysis (SI Appendix, Fig. S6A). To determine whether Rsr1p regulates the HOG pathway, the 

RSR1 gene was disrupted in cells lacking the redundant Sln1p branch [ssk1, (POSAS et al. 1996)]. 

The rsr1ssk1 double mutant showed normal phosphorylation of the MAPK Hog1p in response 

to salt [P~Hog1p, Fig. 4E, compare rsr1ssk1 to ste11ssk1 and pbs2, which lacks the 

HOG MAPKK]. Moreover, the rsr1ssk1 did not show a growth defect in high-salt medium 

(Fig. 4F). Thus, Rsr1p does not regulate the HOG pathway. In fact, basal crosstalk to the fMAPK 

pathway that occurs in the pbs2 mutant (O'ROURKE and HERSKOWITZ 1998; WESTFALL and 

THORNER 2006), which requires fMAPK components, was also dependent on Rsr1p (SI Appendix, 

Fig. S6B). We also tested whether general defects in cell polarity might influence fMAPK activity. 

Mutants defective for polarized growth [e.g polarisome mutants bud6, pea2, spa2 and bni1 

(EVANGELISTA et al. 1997)] or that exhibit hyperpolarized growth [hsl1 and hsl7 (MA et al. 

1996)] did not impact fMAPK (SI Appendix, Fig. S6C). Therefore, bud-site-selection proteins play 

a specific role in regulating the fMAPK pathway. 

Yeast Cells Dynamically Orient Their Growth Site Based on Glucose Levels, Which Has a 

Corresponding Impact on fMAPK Activity The fact that bud-site-selection proteins regulate the 

fMAPK pathway indicates that spatial/positional information itself may control aspects of the 
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differentiation response. Except for the observation that prolonged nutrient starvation leads to loss 

of axial budding in haploids (CHANT and PRINGLE 1995), the dynamics of nutrient-dependent 

changes in polarity in haploid cells has not been explored. To define the rate of polarity 

reorganization during filamentous growth, a two-fluorescent staining technique was employed 

(CHAVEL et al. 2014). Mid-log phase cells shifted from glucose-rich (YEPD) to glucose-limiting 

[YEP-Galactose (Gal)] conditions switched from axial (>99%) to distal-unipolar budding (~50%) 

after 2.5 hours (Fig. 5A, ; SI Appendix, Fig. S7). Cells shifted from YEP-Gal back to YEPD 

switched back to axial budding in a similar timespan (Fig. 5A, ). Cells shifted from YEPD to 

YEPD in a mock experiment remained axial (Fig. 5A, ). Examples of the two fluorescent 

staining technique are shown in Fig. 5B. Given that doubling time is ~2.5 hours, these results 

indicate that yeast cells survey glucose availability and orient their axis of growth within a growth 

cycle. 

Time-lapse microscopy showed that cells transferred from YEPD to YEP-GAL switched from 

axial to distal-unipolar budding in a single cycle (Movies S1 and S2). Most haploid cells bud 

distally in glucose-limited media, as evident by the single cell invasive growth assay [Fig. 5C, top 

panels (CULLEN and SPRAGUE 2000b)]. Filamentous cells exposed to glucose switched to axial 

budding (Fig. 5C, bottom panel, D1 produced D1-1; SI Appendix, Fig. S8). Not all cells switched 

(Fig. 5C, bottom panel, D2 produced D2-1; SI Appendix, Fig. S8), but produced daughters that 

budded axially in the following cycle (Fig. 5C, D2-1 produced D2-1-1). Large cells typically 

retained the distal pattern, which may indicate that commitment to bud distally occurs at a specific 

point in the cell cycle. The switch in polarity is not due to changes in the marks themselves, which 
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are present under all conditions (SI Appendix, Fig. S9) but may be controlled by Axl1p, a cell-type 

specific protein that is required for axial budding (FUJITA et al. 1994; ADAMES et al. 1995) whose 

levels are regulated by glucose availability (CULLEN and SPRAGUE 2002). 

Fig. 1. 5. Extrinsic changes in spatial position regulate changes in fMAPK activity. (A) Distal-unipolar budding (%) was 
determined in cells grown in different conditions. At time 0, midlog phase cells in YEPD were harvested, washed, and 
transferred to YEPD (yellow circle) or YEP-Gal (red square) medium. At the indicated times, cell aliquots were evaluated 
for distal-unipolar buds by two-fluorescent staining. For the switchback experiment, cells grown in YEP-Gal for 3 h were 
transferred to YEPD medium and evaluated for distal-pole budding (green triangle). At least 50 cells were counted for each 
experiment. Error bars show SD between separate trials. (B) Examples of FITC-ConA/TRITC-ConA double-labeling 
(Upper) and CFW/FITC-ConA double-labeling (Lower) of cells from the 5-h time point. Distal buds are marked with black 
arrows. The axial bud in the lower panel is marked with a white arrow. (Scale bar, 5 μm.) (C, Upper) Example of the 
budding pattern of filamentous cells by the single cell assay. (Scale bar, 10 μm). (Lower) Time course of budding pattern of 
filamentous cells exposed to glucose. Cell D1 budded at the proximal pole, D1-1. Cell D2 budded at the distal pole (D2-1). 
D2-1 budded at the proximal pole D2-1-1. Diagram at right illustrates the budding pattern. Red, distal-unipolar; green, 
axial. Pattern was confirmed by serial images taken in the plane of the z axis. (D) P∼Kss1p levels were examined as in Fig. 
1A for the strains indicated. Wild-type cells were grown in YEPD (Glu) or YEP-Gal (Gal). ↑AXL1 refers to pGal-AXL1. 
Cells were also evaluated for FRE-lacZ activity. β-Galactosidase assays were performed as described in Fig. 1C. Differences 
in FRE-lacZ activity are expressed as a ratio (wild-type set to 1), and differences between trials were <10%. More than 200 
cells were counted for each strain to determine percent axial. 
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Because budding pattern impacts fMAPK activity (Figs. 1-4), the switch in polarity in response to 

glucose availability may have a corresponding impact on MAPK signaling. In support of this 

possibility, cells forced to bud axially in glucose-limiting conditions (by overexpressing AXL1 Fig. 

5D, % Axial) showed reduced P~Kss1p levels (Fig. 5D) and FRE-lacZ activity (Fig. 5D, FRE-

lacZ). These results suggest the possibility that the switch to axial budding by filamentous cells 

encountering a glucose-rich environment provides a mechanism for attenuation of the fMAPK 

pathway. Cell polarity reorganization can therefore dictate MAPK activity in response to an 

extrinsic cue. 

Intrinsic Compromise of Bud-Site-Selection Impacts fMAPK Activity The above data indicate 

that bud-site-selection proteins may monitor the spatial position of the cell and regulate a MAPK-

dependent response. In addition to extrinsic cues like glucose, budding pattern is tied to intrinsic 

processes such as transcription, cell cycle progression, cytoskeletal organization, PIP signaling, 

cytokinesis, and protein trafficking (NI and SNYDER 2001; SCHENKMAN et al. 2002). The above 

findings predict that mutants in these processes that confer bud-site-selection defects would show 

reduced fMAPK activity. This prediction is based on the correspondence between budding pattern 

and fMAPK activity in cells compromised for Rsr1p, Bud2p, Bud3p, Bud4p, Bud5p, Bud7p, 

Bud8p, Axl1p, Axl2p, and Rax function (Figs. 1-4; SI Appendix, Figs. S2 and 3). To further test 

this possibility, a mutant was examined in which bud-site selection was compromised, in a process 

not otherwise connected to fMAPK regulation. At permissive temperatures, the septin mutant 

(cdc12-6) displays normal cytokinesis but has a bud-site-selection defect (Fig. 6A, % Axial), 

which may result from mis-localization of axial cues at the mother-bud neck (CHANT et al. 1995). 
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The bud-site-selection defect of the cdc12-6 mutant corresponded to a defect in fMAPK activity 

(Fig. 6A). Defects in phosphatidylinositol phosphate (PIP) signaling, which also compromises 

bud-site selection, likewise compromised fMAPK signaling, which can account for a previous 

result from our laboratory (ADHIKARI and CULLEN 2015). Therefore, intrinsic compromise of bud-

site-selection attenuates fMAPK activity. 

Fig. 1. 6. Intrinsic compromise of spatial position impacts fMAPK activity. (A) P∼Kss1p levels were examined as in Fig. 1A 
for the strains indicated. Budding pattern was determined by bud-scar staining and visual inspection. More than 200 cells 
were counted for the experiment. (B) Scanning electron micrographs of wild-type cells (Left) and cells with an activated 
fMAPK pathway (Right). (Scale bar, 5 μm.) (C) Localization of GFP-Bud8p and Cdc12p-GFP (103) in cells expressing 
MSB2Δ100–818. (Scale bar, 5 μm.) (D) Growth defect of the indicated yeast strains spotted onto YEP-GAL for the times 
shown overexpressing MSB2 over multiple passages. 

What if the regulatory input by bud-site-selection proteins is ignored? To test this possibility, 

bypass of the signaling defect of bud-site-selection mutants was examined. Cells expressing 
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100-818 MSB2 , which signals independent of the Rsr1p branch (Fig. 4C; SI Appendix, Fig. S5B), 

had irregular morphologies including growth at multiple sites (Fig. 6B). This phenotype does not 

occur in wild-type cells due to singularity in budding (CAVISTON et al. 2002; HOWELL et al. 2009) 

but has been reported in cells expressing activated versions of Cdc42p (WEDLICH-SOLDNER et al. 

2003; HOWELL et al. 2009). Such cells showed localization of GFP-Bud8p at multiple sites (Fig. 

6C) and had multiple septin rings (Fig. 6C), indicative of multiple mother-bud necks. Cells with 

100-818 elevated fMAPK activity, like MSB2 or cells that overexpress MSB2 gene (GAL-MSB2), 

which also bypasses rsr1, showed growth defects over multiple passages (Fig. 6D), which 

indicates that this growth pattern is not optimal for viability. Therefore, bypassing the regulatory 

input of the Rsr1p branch leads to growth and polarity defects. 

2.5 DISCUSSION 

Bud-site-selection proteins are among the most intensively studied positional landmarks in 

eukaryotes, and the molecular basis for how they function is well understood (BI and PARK 2012). 

Bud-site-selection proteins are not known to function outside the budding pathway. Here we define 

a new role for bud-site-selection proteins as regulators of an ERK-type MAPK pathway. To our 

knowledge, this is the first connection between positional landmarks and MAPK regulation in 

yeast and may extend broadly to other systems. This connection does not arise from a 

moonlighting function of a particular bud-site selection protein but involves the entire bud-site-

selection machinery. We further identify a surveillance mechanism that allows cells to sense 

spatial information and control a Cdc42p- and MAPK-dependent response. 
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Spatial Cues Regulate the fMAPK Pathway The discovery that bud-site-selection proteins 

regulate the fMAPK pathway builds on the understanding of how the fMAPK is regulated. Two 

regulatory branches converge on Cdc42p to regulate the fMAPK pathway: the Msb2p branch, 

which also contains Sho1p, Opy2p and Bem4p (O'ROURKE and HERSKOWITZ 1998; CULLEN et al. 

2004; WU et al. 2006; EKIEL et al. 2009; YANG et al. 2009; YAMAMOTO et al. 2010; CAPPELL and 

DOHLMAN 2011; KARUNANITHI and CULLEN 2012; HERRERO DE DIOS et al. 2013; ADHIKARI et al. 

2015a; PITONIAK et al. 2015), and the Rsr1p branch, whose activity is governed by positional 

landmarks (Fig. 7). 
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Fig. 1. 7. Model of the fMAPK pathway with inputs from bud-site–selection proteins. In glucose-rich conditions, axial cues 
(Bud3p, Bud4p, Axl1p, and Axl2p; Axl2p is shown) regulate Cdc24p in the filamentous growth pathway through Rsr1p. 
Msb2p, Sho1p, Opy2p, and Bem4p also regulate the fMAPK pathway through Cdc42p. In glucose-limiting conditions, 
Bud8p regulates Rsr1p-dependent activation of the filamentous growth pathway. Glucose limitation also induces processing 
of Msb2p by Yps1p, which leads to Cdc24p activation through Sho1p and Bem4p.Msb2p, Bud8p, and Axl2p are 
glycosylated proteins; CA, cadherin-like repeats; MR, mucin repeats; UPR, unfolded protein response. 

A potentially trivial explanation is that bud-site-selection proteins elevate the levels of Cdc42p-

GTP in the fMAPK pathway. Indeed, Rsr1p interacts with Cdc24p and functions at the level of 

Cdc42p. Two observations, however, indicate that Rsr1p plays a specific role in fMAPK 

regulation. One is that Rsr1p exhibits a non-additive input to the fMAPK pathway (Fig. 4A). Thus, 

51 



 

        

          

     

       

          

      

       

      

       

           

        

 

     

        

     

        

    

         

     

the Rsr1p and Msb2p branches cooperate to transmit a signal to fMAPK. The second observation 

is that Rsr1p regulates the fMAPK pathway but not other MAPK pathways that share components 

(Fig. 4D-F; SI Appendix, Fig S6A). Bud-site-selection proteins may selectively regulate Cdc42p in 

the fMAPK pathway through Bem4p. Bem4p and Rsr1p interact, based on a two-hybrid screen for 

cell polarity regulators [Fig. 7, dashed line between Rsr1p and Bem4p (DREES et al. 2001)], and 

both proteins bind to Cdc24p. Rsr1p interacts with the CH domain of Cdc24p, which has an auto-

inhibitory function (SHIMADA et al. 2004b), and Bem4p binds to the auto-regulatory PH-like 

domain of Cdc24p (PITONIAK et al. 2015). Thus, Bem4p and Rsr1p may cooperatively regulate 

Cdc42p by binding separate auto-regulatory domains in Cdc24p. Alternatively, Rsr1p may initiate 

Cdc24p activation at bud sites early in the cell cycle that is sustained by Bem4p. The salient 

finding from this study is that spatial information is integrated into the fMAPK pathway through a 

shared GTPase module. 

Bud-Site-Selection Proteins As Coincidence Detectors of Nutrient Status We also show that 

positional landmarks conditionally regulate the fMAPK pathway in a manner that corresponds to 

their nutrient-dependent functions in bud-site selection. Glucose levels feed into the fMAPK 

pathway in two ways (Fig. 7). One is by changes in the glycosylation of Msb2p that occur under 

nutrient-limiting conditions, resulting in elevated processing of under-glycosylated Msb2p and 

fMAPK pathway activation (ADHIKARI et al. 2015d). The other is by differential recognition of 

positional landmarks in different nutrient states. Axial position is an indicator of nutrient surplus, 

whereas distal-pole budding is an indicator of starvation.  
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At the distal pole, signaling and position-dependent budding are coordinated. Sho1p interacts with 

Bud8p [Fig. 7, dashed line between Bud8p and Sho1p (VADAIE et al. 2008a)], and the proteins 

localize to the distal pole (HARKINS et al. 2001; PITONIAK et al. 2009). The fMAPK pathway and 

other pathways regulate Bud8p-dependent bud-site selection (CULLEN and SPRAGUE 2002). The 

interaction between signaling and polarity proteins at the distal pole may cluster signaling 

machinery at the site where polarity reorganization occurs. It is plausible that other bud-site-

selection proteins make specific contacts with fMAPK regulators to modulate the signaling 

response. Such interactions may contribute to a pathway-specific response. 

Regulation of Spatial Integrity by a Surveillance Pathway We show that a surveillance 

mechanism monitors spatial position and executes a MAPK-dependent response to extrinsic and 

intrinsic cues. As discussed above, extrinsic changes in glucose levels lead to quantitatively 

different signaling from axial and distal cues. We also show that intrinsic problems with bud-site-

selection, such as in mutants where bud-site-selection is compromised, lead to attenuation of the 

fMAPK pathway. In this way, cells compromised for spatial integrity dampen MAPK signaling 

until the cell gets its bearings. The regulatory mechanism defined here may extend to other 

systems. Positional marks have been identified in filamentous fungal species (BAUER et al. 2004) 

and have been shown to influence cell polarity and virulence in human (HAUSAUER et al. 2005; 

TAKESHITA et al. 2013) and plant fungal pathogens (VALINLUCK et al. 2014). It may be interesting 

to define how such cues impact regulatory pathways to control pathogenic differentiation 

programs. Spatial cues may generally impact signaling pathways to remodel cell fate and mount 

responses to compromised positional integrity. 
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ABBREVIATIONS 

ConA, concanavalin A; fMAPK, filamentous growth MAPK; gal, galactose; GAP, GTPase 

activating protein; GEF, guanine nucleotide exchange factor; glu, glucose; HOG, high osmolarity 

glycerol response; PM, plasma membrane; and WT, wild type. 
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3.1. HIGHLIGHTS 

The activities of Cdc42p-dependent MAPK pathways were compared. 
Each pathway showed unique kinetic profiles 
the fMAPK pathway had slow activation kinetics 

A collection of cdc42 alleles was tested for MAPK pathway-specific defects. 
A previously characterized allele (cdc42 E100A) was specifically defective for fMAPK signaling. 
Cdc42pE100A was defective for interaction with the filamentation adaptor Bem4p. 
Modeling the predicted structures of the Bem4p – Cdc42p interaction identified residues in Bem4p that 
were required for interaction with Cdc42p. 

The polarity scaffold Bem1p regulates the fMAPK pathway. 
Bem1p regulated the fMAPK pathway by effector recruitment and plasma-membrane localization.

 Genetic suppression analysis showed that Bem4p functions upstream of Bem1p in the fMAPK
 pathway.

 Bem1p regulates different pathways in different ways. 
The conditional-essential function of Bem1p in the filamentous background and its role in regulating the 
HOG pathway did not require effector recruitment or plasma-membrane localization. 
Bem1p may act as a ‘passive scaffold’ in a subset of the pathways it regulates. 
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3.2. ABSTRACT 

Rho GTPases regulate cell polarity and signaling pathways to control morphogenetic events in 

different settings. In yeast, the Rho GTPase Cdc42p and the p21-activated kinase (PAK) Ste20p 

regulate MAPK pathways that detect and respond to different stimuli. The role of Cdc42p in the 

mating pathway has been well established, but how that protein regulates the HOG and 

filamentous growth (fMAPK) pathways is less clear. To address this problem, we compared 

Cdc42p-dependent MAPK pathways in the filamentous (∑1278b) strain background. This 

approach identified unique kinetic profiles for Cdc42p-dependent MAPK pathways and identified 

versions of Cdc42p with pathway-specific defects. One of these, cdc42E100A , has been previously 

characterized as being specifically defective for the fMAPK pathway. The Cdc42pE100A protein 

was defective for interaction with Bem4p, a pathway-specific adaptor for the fMAPK pathway. 

Modeling the predicted structures of these proteins identified residues in Bem4p that were required 

for interaction with Cdc42p. We also show that the polarity scaffold Bem1p regulated the fMAPK 

pathway. Bem1p regulated the fMAPK pathway by effector recruitment and plasma-membrane 

localization. Thus, two adaptors, Bem1p and Bem4p, regulate the Cdc42p module in the fMAPK 

pathway. Genetic suppression tests showed that Bem4p functioned above Bem1p in the fMAPK 

pathway. Bem1p regulated different pathways in different ways. The conditional-essential function 

of Bem1p in the filamentous background and its role in regulating the HOG pathway did not 

require effector recruitment or plasma-membrane localization. Thus, Bem1p may act as a ‘passive 

scaffold’ in some of the pathways that it regulates. Collectively, the study provides insight into 

how Bem adaptors regulate a Rho GTPase in a MAPK pathway. 
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3.3. INTRODUCTION 

Cdc42p is a monomeric Rho-type GTPase that regulates cell polarity and signal transduction to 

control morphogenetic responses (PARK and BI 2007). Like other Rho GTPases, the core Cdc42p 

module is composed of a Guanine Nucleotide Exchange Factor, or GEF (Cdc24p is the GEF for 

Cdc42p), which stimulates exchange of GDP for GTP, and GTPase Activating Proteins, or GAPs 

(Rga1p, Rga2p, and Bem3p are GAPs for Cdc42p), which stimulate the intrinsic GTP hydrolysis 

of the GTPase. In the GTP-bound (and active) form, Cdc42p and other monomeric GTPases adopt 

a conformation that permits interaction with effector proteins (JOHNSON 1999; ERICKSON and 

CERIONE 2001; ETIENNE-MANNEVILLE 2004). Effector proteins for Cdc42p include the formin 

Bni1p, which stimulates the nucleation of actin monomers into filaments (CHEN et al. 2012), 

protein kinases Ste20p and Cla4p, which regulate cell-type differentiation and cell cycle 

progression respectively (MELENDEZ et al. 2011), and Gic1p and Gic2p, which regulate septin 

function during bud emergence. Cdc42p by interacting with Ste20p can regulate mitogen-activated 

protein kinase (MAPK) pathways, which are evolutionarily conserved pathways that play diverse 

roles in cellular processes such as cell differentiation, cell proliferation, and the response to stress 

(KESHET and SEGER 2010). A remarkable property of Rho GTPases is that the same protein can 

function in different pathways in different biological contexts. Thus, an important biological 

problem has been to understand how Cdc42p activates the correct downstream pathway based on 

the signaling input (SCHWARTZ and MADHANI 2004). One basic answer to this question has been 

the identification of scaffold-type adaptors that connect GTPases to different regulatory and 
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effector proteins (GOOD et al. 2011; PAN et al. 2012; WITZEL et al. 2012; MEISTER et al. 2013; 

NUSSINOV et al. 2013). Whether such adaptors influence GTPase specification continues to remain 

an important and unresolved question in the field of Rho GTPase biology. This question is 

particularly relevant because mis-regulation of signaling GTPases, like Ras and Cdc42p, and their 

cognate pathways, leads to cross-talk among signaling pathways, which can result in diseases such 

as cancer and developmental abnormalities (GIEHL 2005; DHILLON et al. 2007; MAIK-RACHLINE 

and SEGER 2016; RAUCH et al. 2016). 

In response to nutrient limitation, the budding yeast Saccharomyces cerevisiae undergoes 

filamentous growth (also called invasive or pseudohyphal growth) (CULLEN and SPRAGUE 2012). 

Filamentous growth involves the construction of a new cell type, which is characterized by 

elongated cells that bud away from mother cells and remain connected in chains. Multiple 

signaling pathways regulate filamentous growth including a Cdc42p-dependent Mitogen Activated 

Protein Kinase (MAPK) pathway called the filamentous growth (or fMAPK) pathway (ROBERTS 

and FINK 1994; CULLEN et al. 2004; CULLEN and SPRAGUE 2012). 

The Cdc42p-dependent fMAPK pathway is a typical MAPK pathway that is composed of the 

direct effector of Cdc42p, the p21-activated protein kinase Ste20p (PETER et al. 1996; LEBERER et 

al. 1997), and three protein kinases that operate in an ordered sequence (fMAPK, HOG and 

mating; Fig. S1). The MAPKKK (Ste11p) phosphorylates and activates the MAPKK (Ste7p), 

which in turn phosphorylates and activates the MAP kinase (Kss1p). Phosphorylation of the ERK-

type MAP kinase Kss1p activates the protein, which results in the activation of transcription 

factors (Ste12p and Tec1p) and the inactivation of transcriptional repressors (Dig1p and Dig2p), 

ultimately leading to the expression of target genes that are required to produce the filamentous 
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cell type (COOK et al. 1996; COOK et al. 1997; MADHANI and FINK 1997; MADHANI et al. 1997; 

BARDWELL et al. 1998a; BARDWELL et al. 1998b; CULLEN and SPRAGUE 2000b).  

The fMAPK pathway shares components with other MAPK pathways in the same cell. For 

example, Cdc42p, Ste20p, and Ste11p regulate at least three different MAP kinase pathways 

including the fMAPK pathway (PETER et al. 1996; LEBERER et al. 1997; LAMSON et al. 2002; 

CULLEN and SPRAGUE 2012), the mating or pheromone response pathway (BARDWELL 2005), and 

the HOG pathway (BREWSTER et al. 1993; CHEN and THORNER 2007). These pathways are 

triggered by different stimuli and induce different responses (ROBERTS et al. 2000). Although it 

remains unclear how the Cdc42p-Ste20p-Ste11p module is specified to the fMAPK pathway, it is 

known that the fMAPK pathway has a unique MAP kinase (Kss1p) and transcription factor 

(Tec1p). Furthermore, several proteins have been identified that work through Cdc42p yet only 

control a subset of MAPK pathways. 

One of these proteins is Msb2p, a single-pass transmembrane glycoprotein that interacts with 

Cdc42p and regulates the fMAPK and HOG pathways but not the mating pathway (CULLEN et al. 

2004). Msb2p is a member of the ‘mucin’ family of proteins. In the fMAPK pathway, Msb2p 

interacts with Cdc42p. A second way in which Cdc42p may be directed to the fMAPK pathway is 

through interactions with a recently identified adaptor for the fMAPK pathway called Bem4p 

(PITONIAK et al. 2015). Bem4p interacts with Cdc42p (MACK et al. 1996) and other Rho-type 

GTPases (HIRANO et al. 1996). Bem4p also interacts with Cdc24p and Ste11p and does not 

regulate the mating or HOG pathways (PITONIAK et al. 2015). The third way in which Cdc42p 

might be directed to the fMAPK pathway is by bud-site-selection proteins. Bud-site-selection 

proteins utilize the Ras-type GTPase Rsr1p to regulate budding, and we hve shown that these 
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proteins can also regulate the fMAPK pathway (BASU et al. 2016). Bud-site-selection proteins 

regulate the fMAPK pathway in the same way that they regulate the polarity pathway, by 

recruitment and activation of Cdc24p, the GEF for Cdc42p. Bud-site-selection proteins do not 

regulate the mating or HOG pathways. How bud-site-selection proteins regulate Cdc42p - Ste20p 

preferentially in the fMAPK pathway is not clear. 

To further explore how Cdc42p may be activated in the context of a specific MAP kinase pathway, 

a collection of alleles of Cdc42p were examined. Versions of Cdc42p were identified that were 

required for activation of the fMAPK pathway, including one that had previously been identified 

as being specifically required for filamentous growth, Cdc42pE100A . Cdc42pE100A was defective for 

interaction with Bem4p. Amino acid residues in Bem4p were also identified that were defective for 

interaction with Cdc42p. We also show that Bem1p, which is the major polarity adaptor for 

Cdc42p that also regulates the mating and HOG pathways, also regulated the fMAPK pathway. 

Genetic tests showed that the Bem adaptors functioned in an ordered sequence, with Bem4p 

functioning upstream of Bem1p, to regulate the fMAPK pathway. Finally, we show that Bem1p 

regulates different pathways in different ways. Collectively the study provides a more complete 

picture of how Cdc42p regulates the fMAPK pathway. Multiple scaffold-type adaptors may 

regulate GTPases in effector pathways. 

3.4. RESULTS 
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Comparing Cdc42p-Dependent MAPK Pathways Shows a Unique Activation Profile for the 

fMAPK Pathway 

The fMAPK pathway is induced many hours after cells are transferred to glucose-limiting medium 

(PITONIAK et al. 2009; KARUNANITHI and CULLEN 2012). By comparison, the mating and HOG 

pathways are activated rapidly. The three Cdc42p-dependent MAP kinase pathways have not been 

directly compared by MAPK activation kinetics or by transcriptional reporter activity because the 

HOG pathway has two redundant branches (Cdc42p-dependent and Cdc42p-independent) (POSAS 

et al. 1996), and because filamentous growth does not typically occur in laboratory strain 

backgrounds (like S288c), which have lost the ability to undergo filamentous growth. To directly 

compare Cdc42p-dependent MAP kinase pathways, a strain was constructed in the filamentous 

background (∑1278b) that lacked the Sln1p- branch of the HOG pathway [ssk1 mutant (POSAS et 

al. 1996; POSAS and SAITO 1998)], which makes HOG pathway activity activity solely under the 

control of the Cdc42p branch. Transcriptional (lacZ) reporters on CEN-based plasmids were 

transformed into the strain to evaluate each MAPK pathway. Evaluating reporter activity in 

isogenic strains allowed direct comparison of pathway activities. The pathways were also 

examined for phosphorylation of their cognate MAP kinases, which provides a readout of pathway 

activity. Growth of cells in the non-preferred carbon source galactose induced filamentous growth 

(Fig. 1A, top left). This corresponded with the phosphorylation of Kss1p (Fig. 1A, bottom left) 

and expression of the fMAPK pathway reporter pFRE-lacZ (Fig. 1B, red, Fig. S3B). Growth of the 

same strain in mating pheromone (α-factor) induced mating projections or shmoos (Fig. 1A, top 

middle). This corresponded to the phosphorylation of Fus3p and Kss1p (Fig. 1A, bottom middle) 

and induction of the mating pathway reporter pFUS1-lacZ (Fig. 1B, blue). Phosphorylation of 
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Kss1p has been previously shown to modulate the mating response (MA et al. 1995; SABBAGH et 

al. 2001a). Salt (0.4 M KCl) did not induce a morphogenetic response (Fig. 1A top right) but 

induced phosphorylation of Hog1p (Fig. 1A, bottom right) and expression of the HOG reporter 

p8XCRE-lacZ [Fig. 1B, green]. 

The pathways showed differences in activation kinetics. The mating and HOG pathways were 

maximally activated by 5 min of the addition of pheromone or salt, whereas the fMAPK pathway 

was maximally active (as defined by transcriptional activation of FRE-LacZ) by 8 hrs. These 

differences were apparent by examining transcriptional reporter activity, which was directly 

comparable (Fig. 1B), and by side-by-side comparison of P~MAPK for the mating (Fus3p) and 

fMAPK (Kss1p) pathways, which are detected by the same antibodies (Fig 1A; Fig. S2C). The 

antibody recognizes a phosphorylated tyrosine motif that is present in ERK-type MAP kinases, 

including Kss1p (runs at 44 kDa) and Fus3p (runs at 42 kDa). Intriguingly, although Kss1p levels 

were lower than Fus3p and Hog1p levels (Fig. S1I, Fig. S4D), basal P~Kss1p levels were higher 

than basal P~Fus3p levels [Fig. S4E (SABBAGH et al. 2001a)]. Therefore, the fMAPK pathway 

operates at high basal levels with delayed activation kinetics compared to the mating and HOG 

pathways. 

The degree of cross talk between MAPK pathways was also examined. Each pathway is known to 

operate in an insulated manner, based on induction of a specific set of target genes and a 

distinctive morphogenetic response (ROBERTS et al. 2000; MALERI et al. 2004; BHATTACHARYYA 

et al. 2006). Galactose weakly induced phosphorylation of Fus3p (Fig. S2C, p44/42 blot) and 

expression of the FUS1-lacZ reporter (Fig. S3 and Fig. S4, which focused on early time points). 

Galactose did induce the phosphorylation of Hog1p (Fig. S2C, p38 blot) and to a minor degree 
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expression of the 8XCRE-lacZ reporter (Fig. S3 and S4), which is part of the normal filamentation 

response (ADHIKARI and CULLEN 2014). Pheromone induced the phosphorylation of Hog1p (Fig. 

S2D, p38 blot), which was unexpected, but did not activate the fMAPK or HOG pathway reporters 

(Fig. S3 and S4). Salt did not induce phosphorylation of Fus3p or Kss1p, except at late time points 

(Fig. S2C, p42/44 blot) and did not induce the mating or filamentation reporters (Fig. S3 and S4). 

Therefore, the Cdc42p-dependent pathways (for the most part) functioned in a highly insulated 

manner. 

Pathway-Specific Features of fMAPK Include Alleles of CDC42 

Pathway-general (Fig. S1, black) and pathway-specific proteins (Fig. S1, red, blue, green) regulate 

Cdc42p-dependent MAPK pathways (RAITT et al. 2000). Biological assays (described below) were 

used to distinguish between general and pathway-specific features of the fMAPK pathway (Fig. 

1C, Fig. S5). The plate-washing assay measures agar invasion by filamentous cells and was used 

as a read out of fMAPK activity (ROBERTS and FINK 1994). Survival of cells in high-osmolarity 

medium (e.g. 1.0 M KCl) was used to evaluate the HOG pathway (BREWSTER et al. 1993), and 

halo assays that measure growth arrest of cells in response to alpha factor were used to evaluate the 

mating pathway. As published, loss of general factors resulted in a defect in all three pathways 

[ste20 and ste11, (ROBERTS and FINK 1994; POSAS and SAITO 1997)] or two of the pathways 

[sho1 and opy2, and ste50 (MAEDA et al. 1995; YAMAMOTO et al. 2010)]. Ste50p functions in 

the mating pathway in some strain backgrounds (BARDWELL 2005). Ste50p played a minor role in 

the 1278b background in mating pathway (see Fig S5). As has been reported (PITONIAK et al. 
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2015), the scaffold-type adaptor Bem4p was a pathway-specific regulator of the fMAPK pathway 

(Fig S5). 

We were able to rule out several factors as having a role in the fMAPK pathway. A recently 

identified adaptor of the HOG pathway (Ahk1p) did not regulate the fMAPK pathway [ahk1, Fig. 

1C, Fig. S6, (NISHIMURA et al. 2016)]. The PAK kinase Cla4p does not regulate the fMAPK 

pathway [cla4, Fig. 1C, Fig. S7, (TATEBAYASHI et al. 2006)]. Cla4p phosphorylates Cdc24p to 

promote the transition from apical to isotropic growth (GULLI et al. 2000; BOSE et al. 2001; 

RAPALI et al. 2017). Alleles of CDC24 that cannot be phosphorylated [provided by Rong Li (WAI 

et al. 2009)] did not impact fMAPK activity (Fig. S8A). Expression of CDC24 in the major human 

fungal pathogen Candida albicans is induced by the Cek1p (Kss1p equivalent) pathway to 

generate positive feedback (BASSILANA et al. 2005). A CDC24-lacZ fusion did not show 

dependency on the fMAPK pathway (Fig. S8B), consistent with the fact that the transcriptional 

regulators of the fMAPK pathway, Ste12p and Tec1p, do not regulate the CDC24 promoter 

(ZEITLINGER et al. 2003; MACISAAC et al. 2006). Therefore, Ahk1p, Cla4p, and changes in the 

abundance or phosphorylation of Cdc24p are not major regulatory features of the fMAPK 

pathway. 

Examination of a Collection of Alleles of CDC42 for fMAPK Pathway-Specific Defects  

Alleles of cdc42 (cdc42E100G , cdc42I146M) have been identified that show pathway-specific defects 

in MAPK signaling (MOSCH et al. 2001; TATEBAYASHI et al. 2006; TRUCKSES et al. 2006). To 

further explore this question, a collection of cdc42 alleles containing point mutations in 

evolutionarily conserved residues and functional domains was examined (KOZMINSKI et al. 2000). 
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The cdc42 alleles marked with LEU2 were integrated into a ∑1278b ssk1 strain that contained 

cdc42::NAT deletion at the CDC42 locus that also contained a plasmid carrying the CDC42 gene. 

LEU2+/NAT- strains that contained each allele were grown on 5-FOA to force out the pCDC42 

plasmid. Twenty-four alleles that complemented the viability defect of the ∑1278b ssk1 cdc42 

deletion strain were obtained by this method (Table S3). The alleles were examined by functional 

tests for MAPK activity (Fig. S11 and S12). Introduction of wild-type CDC42 linked to selection 

marker (LEU2) at its genomic locus resulted in a defect in invasive growth compared to wild type 

that was taken into account when examining other alleles. Five alleles of cdc42 showed a specific 

defect in invasive growth (Fig. 1D, K5A, E100A, D170A E171A, H102A H103A H104A, and 

F37Y), and one showed an osmolarity defect (R144A). These alleles were tested for Kss1p~P 

levels by immunoblot analysis. All of the versions of Cdc42p that were defective for invasive 

growth showed a defect in fMAPK pathway activity by Kss1p phosphorylation. An N-terminal 

GFP fusion to Cdc42p (provided by D. Lew), also showed a pathway-specific defect in 

filamentous growth (GFP-Cdc42, Fig. S9A-B; Fig. S10). An N-terminal fusion to Cdc42p, which 

introduces an epitope tag containing fewer amino acids (HIS-Cdc42p), was also defective for 

fMAPK pathway activity by examining P~Kss1p levels (Fig. S9C). The identification of pathway-

selective versions of Cdc42p is an important step towards understanding how Cdc42p is directed 

into the different MAPK pathways in which it operates. 

Most of the alleles that were defective for fMAPK pathway activity also showed a defect in the 

HOG pathway, based on P~Hog1p immunoblot analysis (Fig. S11-S12). Although the strains were 

not sensitive to growth on salt, the alleles might show defects in HOG MAPK pathway kinetics 

that were not detected in the single time point over which the alleles were investigated by 
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immunoblot analysis. Alternatively, alleles of cdc42 impact might both pathways to some degree, 

but cells can survive with lower HOG activity. 

Bem4p Associates with the α3 Helix of Cdc42p To Regulate the fMAPK Pathway 

Versions of Cdc42p that are defective for fMAPK activity might fail to interact with regulatory 

proteins of that pathway. Bem4p is a Cdc42p-interacting protein and pathway-specific regulator of 

the fMAPK pathway [Fig. 1C, (PITONIAK et al. 2015)]. Two-hybrid analysis using constructs 

provided by S. Fields (UETZ et al. 2000) showed that Bem4p failed to interact with Cdc42pE100A 

(Fig. 2A). Bem4p was partially defective for interaction with Cdc42pK5A but not other versions of 

Cdc42p (D170A E171A; V36T; H102 H103 H104; or R144A) (data not shown). Bem4p can also 

interact with versions of Cdc42p containing N-terminal fusions in the two-hybrid assay (this study) 

and an in vitro pull down experiment [HIS-Cdc42p (PITONIAK et al. 2015)]. Therefore, the 

signaling defect seen in GFP-Cdc42p probably does not result from a defect in the interaction 

between Cdc42p and Bem4p.  

The two-hybrid interaction assay discussed above indicates Cdc42p carrying an N-terminal epitope 

fusion and Cdc42pE100A are defective in distinct molecular functions. The former can interact with 

Bem4p but the latter cannot. Closer inspection of the GFP-Cdc42p and Cdc42pE100A by measuring 

Kss1p~P levels (Fig. S10A, S10D and agar invasion (Fig. 1D, Fig. 2B) suggest that GFP-Cdc42p 

has comparatively more severe defect. A closer inspection of agar invasion revealed that the 

bem4∆ mutant had a more severe defect in fMAPK signaling than Cdc42pE100A (Fig. 2B), which 

might occur because Bem4p interacts with other proteins that regulate the fMAPK pathway 

[Cdc24p and Ste11p (PITONIAK et al. 2015)]. In conclusion different Cdc42p domains and Bem4p 
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interaction domain is distinct from Cdc42p N terminal domain and these two domains have 

different function. 

Next we wanted to explore the interaction between Bem4p and Cdc42p. The glutamic acid at 

position 100 of Cdc42p is in the third alpha helix of the protein on the opposite side of the protein 

from the effector-binding domain (Fig. 2C). The fact that Bem4p interacts with this region of 

Cdc42p is consistent with its ability to associate with the GTP- and GDP-bound conformations of 

Cdc42p (DREES et al. 2001; PITONIAK et al. 2015). The region of Bem4p from amino acids (aa) 

300 to 400 interacts with Cdc42p (PITONIAK et al. 2015). This region exhibits sequence similarity 

to SmgGDS proteins (PITONIAK et al. 2015), which contain Armadillo–type (ARM) repeats 

(SHIMIZU et al. 2017). ARM repeats are alpha helical motifs (PEIFER et al. 1994), which in 

SmgGDS proteins mediate interactions with GTPases through electrostatic interactions 

(VITHALANI et al. 1998; VIKIS et al. 2002; HAMEL et al. 2011; SHIMIZU et al. 2017). Basic residues 

in the 300-400aa region of Bem4p might promote interaction with the acidic glutamic acid at 

position 100 of Cdc42p. To test this hypothesis, we replaced combinations of the basic residues in 

the Cdc42p-interacting region in Bem4p with alanines by site directed mutagenesis. Bem4pK323A 

K328A K351A R352A , Bem4pK323A, K328A , and Bem4p K351A R352A were defective for interaction with 

Cdc42p (Fig. 3A data not shown). Thus, residues in Bem4p were identified that were required for 

interaction with Cdc42p. 

The alleles of Cdc42p (Figure 1D) were also evaluated by microscopy for morphological changes 

that occur during filamentous growth (Fig. S14, Single Cell). These experiments confirmed that 

Cdc42pE100A was defective for filamentous growth. Another cell type produced by Cdc42p 
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activation is the ‘shmoo’ which promotes mating of haploid cells. Cdc42pE100A was defective for 

filamentous growth by the single cell invasive growth assay but not for shmoo formation. 

In addition to its role in MAPK pathways, Cdc42p regulates polarity establishment and is critical 

for the initial event of bud emergence known as symmetry breaking (JOHNSON et al. 2011). A 

defect in polarity establishment was observed for Cdc42pV36T and Cdc42pF37Y , which contains a 

mutation in the effector-binding domain of the protein. Specifically, these cells displayed multiple 

sites of growth (Fig. 2D). High-copy plasmids carrying BEM4 (pTEF2-BEM4) suppressed the 

morphological defect (Fig. 2E, F). This suppression might result from a direct interaction between 

Bem4p and Cdc42p, because a version of Cdc42pV36T that was also unable to interact with Bem4p, 

Cdc42p V36T, E100A was not viable (Fig. 2G). Unlike Cdc42pV36T , Cdc42pE100A do not have any 

budding defect (Fig. S14, Single Cell). Bem4p might suppress the growth and morphological 

defects of Cdc42pV36T in several ways. Bem4p might promote plasma-membrane localization of 

Cdc42p (PITONIAK et al. 2015), or stimulate its interaction with Cdc24p, or stimulate its 

interactions with effectors, like Gic1p (CHEN et al. 1997). Alternatively, Bem4p might suppress 

Cdc42pV36T by regulating the fMAPK pathway, which can suppress polarity defects of cdc24 

function (Prabhakar et al., IN PREPARATION). In any event, these findings strengthen the idea 

that Bem4p interacts with Cdc42p to regulate aspects of fMAPK signaling and cell polarity 

regulation.  

Plasma Membrane Localization of Cdc42p Is Critical for fMAPK Pathway Activity 

Like other monomeric GTPases, Cdc42p is post-translationally modified by a lipid moiety (ZIMAN 

et al. 1993) (FINEGOLD et al. 1991). This hydrophobic modification becomes inserted into the lipid 
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bilayer of membranes (DAS et al. 2012). Cdc42p is specifically modified by geranylgeranylation, 

which promotes its association with membrane components of the secretory pathway including the 

plasma membrane (ZIMAN et al. 1993; IRAZOQUI et al. 2003). Increased localized concentration of 

active Cdc42p at the plasma membrane is important for symmetry breaking during budding 

(SMITH et al. 2013; WU and LEW 2013) and shmoo formation (SLAUGHTER et al. 2009; KLÜNDER 

et al. 2013). We previously showed that Bem4p promotes localization of GFP-Cdc42p to the 

plasma membrane [Fig. S15A, (PITONIAK et al. 2015)]. The plasma membrane localization defect 

of Cdc42p in the Bem4p mutant was not due to a general defect in the plasma membrane, because 

a protein probe that recognizes PI3,4,5P3 was properly localized in the mutant (Fig. S15A). The 

membrane localization defect was not seen in other plasma membrane proteins like GFP-Bud8p 

(Fig. S15A). Moreover, GFP-Cdc42p was capable of localizing to the PM upon pheromone 

addition (Fig. S15A), which occurs due to a distinct mechanism known as clustering (RICHMAN et 

al. 2002). Like Cdc42p, Bem4p also associates with membranes, based on its subcellular 

fractionation profile (PITONIAK et al. 2015). Density–gradient centrifugation showed that Bem4p 

migrated higher than its predicted molecular weight (Fig. S15B-C). GFP-Cdc42p also migrated 

higher than its predicted molecular weight (Fig. S15B-C) and shifted to a more rapidly migrating 

pattern in cells lacking Bem4p (Fig. S15B-C). These experiments suggest that Bem4p promotes 

plasma-membrane localization of Cdc42p or (equally likely) that Bem4p promotes Cdc42p 

association in a multi-protein complex. 
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Figure 1. Comparing MAP kinase pathways that share Cdc42p and other proteins. 
Cell morphology of wild-type cells (PC6603) during growth in YEP-GAL for 3 hours 
(Gal), 0.4 M KCl (Salt), or 1.2 micromolar α-factor for 3 hours is shown above the 
corresponding immunoblot. Bar, 10 microns. Immunoblot A left Panel) The fMAPK 
activity was determined by measuring P~Kss1p levels over time using p42/44 
antibodies, which also detects P~Fus3p. Total protein levels were assessed by 
immunoblot analysis using antibodies against Pgk1p. The levels of phosphorylated 
MAPK were compared to Pgk1. Quantitation of band intensity by BIO-RAD image 
analysis (http://www.bio-rad.com/en-
us/product/image-lab-
software?ID=KRE6P5E8Z). For 
normalization, WT Kss1p~P/Pgk1p was set to 
For the Kss1p blot, the asterisk indicates, a 
background band seen in some blots. Cells 
were grown in YEPD for 3 h to mid-log phase 
(Glu). Equivalently grown cells were washed 
with water three times and resuspended in 
YEP-Gal for the indicated times (Gal). 
Immunoblot A Middle Panel) Mating 
pathway activity. Cells were grown to mid-log 
phase in YEPD (Glu), washed and induced with YEPD with 1.2 micromolar α-factor 
for the indicated times. Immunoblot A Right panel) HOG pathway immunoblot 
activity and analysis was performed as in Figure 1A. Induction by salt, pre-warmed 
YEPD + 0.4 M KCl, was performed for the indicated times. B) Relative activity of 
transcriptional reporters was determined. Basal activity was set to 1 for each reporter, 

1. 
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and other values were compared against basal values. The fMAPK activity was 
assessed by growth of wild-type cells in galactose. Data represent average of three 
independent trials. Cells were were grown as described in Figure 1A. Fold differences 
for the three pathways are directly comparable. Asterisk refers to p-value of <0.05 for 
values of the mating or HOG pathways compared to the fMAPK pathway. C) 
Evaluation of MAPK pathway activity in several gene knock outs as indicated using 
functional assays. D) Activity of CDC42 alleles defective for invasive growth assessed 
by the fMAPK pathway. Agar scars were quantified using Image J (see Fig. 2B for 
examples of an agar scar). WT=1. Colors correspond to the degree of the agar invasion 
defect.  
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What is the relationship between plasma-membrane localization of Cdc42p and its role in 

signaling? This question was addressed by examining Rho GTPase inhibitor (RhoGDI). RhoGDI 

family members (Rdi1p in yeast) extract Rho GTPases from membranes. Overproduction of Rdi1p 

(pGAL-RDI1) stimulates extraction of Cdc42p from the plasma membrane (COLE et al. 2007). 

Overproduction of Rdi1p caused a reduction in fMAPK pathway activity (Fig. S15D, 3.2-fold) but 

only negligibly impacted the mating and HOG pathways. Interestingly, the Rdi1p interaction 

domain in Cdc42p is adjacent to E100, where the interaction between Cdc42p and Bem4p occurs 

(HOFFMAN et al. 2000). Overexpression of RDI1 interfered with the interaction between Bem4p 

and Cdc42p by two-hybrid analysis (Fig. S15G). Therefore, Bem4p and Rdi1p may compete for 

Cdc42p. We have previously shown that Bem4p exists in the cytosol and well as in association 

with membranes (e.g. P13 fraction; (PITONIAK et al. 2015). Thus, it is plausible that Bem4p and 

Rdi1p compete for the cytosolic pool of Cdc42p. Collectively, these results support the idea that 

Bem4p functions to activate Cdc42p in the fMAPK pathway and participates in localizing Cdc42p 

to the plasma membrane. Consistent with this idea, there was less active Ste20p, and less Ste20p at 

the plasma membrane, in the bem4 mutant. 
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Figure 2. Bem4p is unable to interact with Cdc42pE100A and intragenically lethal with 
Cdc42V36T . A) Two-hybrid analysis between Cdc42pD57Y,C188S and Bem4p. Cells (PC4988) 
carrying the indicated plasmid-borne alleles of Cdc42 and Bem4 were spotted on synthetic 
medium lacking histidine to evaluate histidine reporter activity. B) Cell biological assays 
comparing Cdc42E100A and bem4∆ defects. Equal amounts of wild-type cells (PC6810) or 
cells with indicated genotype were re-suspended in 200 μl water. A 10 μl suspension was 
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spotted on YEPD, or YEPD + 1M KCl media. Plates were incubated for 2d and 
photographed. To evaluate invasive growth, YEPD plates were washed in a stream of 
water and photographed again. For halo assays, 200 μl of cell suspension was top spread 
on YEPD followed by addition of 10 μl 1mg/ml α-factor. C) Ribbon diagram of GDP 
associated version of human Cdc42p structure (PDB ID#2wmn). For clarity structure was 
restricted to Cdc42p polypeptide only. Switch one (highlighted in red) and switch two 
(highlighted in green). The third helix of Cdc42p carrying E100A allele is highlighted in 
golden yellow. Glutamate at 100th position is highlighted using ball and stick structures in 
blue. Nucleotide associated with Cdc42p shown in magenta and phosphate groups 
associated with Cdc42p shown in black. D) SEM images of wild-type cells and cells 
carrying CDC42V36T; magnification 3000X. The two large panel at the bottom are cells 
carrying CDC42V36T E) Bem4 overexpression can rescue Cdc42V36T morphological defect. 
WT or cells carrying Cdc42V36T were transformed with the pTEF2 (pCTL), pTEF2-
BEM4. Bar, 10µm. F) Quantitation of over > 100 cells, examples are shown in Figure 1F. 
Circurity index (ratio of vertical length/horizontal length) measured by image J is shown 
in Y Axis. Over 100 cells were measured for each strain. G) Cells carrying pRS316-GFP-
CDC42 cover plasmid with genomic cdc42::NAT and the indicated CDC42 alleles 
integrated at the genomic locus were streaked onto SD-URA (selecting for pRS316-GFP-
CDC42 cover plasmid) and FOA to examine intragenic lethality. 

The Polarity Adaptor Bem1p Regulates the fMAPK Pathway 

A key regulator of Cdc42p in cell polarity and signaling is the adaptor protein Bem1p. Bem1p 

regulates Cdc42p during polarity establishment (BENDER and PRINGLE 1991; ZHENG et al. 1995; 

PARK et al. 1997) and is critical for symmetry breaking in cells lacking the bud-site GTPase Rsr1p 

(BUTTY et al. 1998; BOSE et al. 2001; GLADFELTER et al. 2001; YAMAGUCHI et al. 2007). Bem1p 

also regulates mating, including the MAP kinase (Fus3p) pathway and shmoo morphogenesis 

(LEEUW et al. 1995; LYONS et al. 1996). More recently, Bem1p has been shown to regulate the 

Ste11p branch of the HOG pathway. In the HOG pathway, Bem1p was identified as an Msb2p-

interacting protein (TANAKA et al. 2014b). Bem1p has not been tested for a role in regulating the 

fMAPK pathway, perhaps because Bem1p is one of a few proteins that is essential in the 

filamentous (∑1278b) background (DOWELL et al. 2010) but not the S288c background (IRAZOQUI 
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et al. 2003). To test whether Bem1p might regulate the fMAPK pathway, the BEM1 gene was 

disrupted in filamentous strains containing the BEM1 gene on a plasmid (pBEM1, provided by D. 

Lew). Plasmid-loss experiments showed that the bem1∆ mutant was viable under certain 

conditions [YEP-GAL media (at 30˚C) and synthetic media] but not others [YEPD and YEP-GAL 

(at 25˚C)]. The conditional-lethal phenotype of the Bem1p mutant allowed examination of the role 

of Bem1p in the fMAPK pathway. The bem1∆ mutant was defective for phosphorylation of Kss1p 

(Fig. 3A). The bem1∆ mutant also failed to activate the FUS1-HIS3 reporter, which normally 

provides a readout for the mating pathway, but in strains lacking an intact mating pathway (ste4) 

the reporter provides a readout of fMAPK pathway activity (Fig. 5C, SD-HIS). Therefore, Bem1p 

regulates the fMAPK pathway. 

Given that Bem1p regulates the fMAPK pathway, we explored its role in aspects of filamentous 

growth. The fMAPK pathway controls multiple aspects of filamentous growth, including invasive 

growth, and biofilm/mat formation (REYNOLDS and FINK 2001). The bem1∆ mutant was defective 

for invasive growth by the plate-washing assay (Fig. 3B, washed). Because the bem1∆ mutant had 

a growth defect, the invasive growth defect of the bem1∆ mutant was tested over a longer time. 

Like the ste11∆ mutant, the bem1∆ mutant showed a defect in colony ruffling (Fig. 3B, Close-Up), 

which is a property associated with biofilm/mat growth. The bem1∆ mutant was also defective in 

the production of filamentous chains of cells (Fig. 3C, Scraped, see Fig. S17 for a second 

example). The single-cell invasive growth assay can reveal aspects of filamentous growth, 

including changes in budding pattern and cell length (CULLEN and SPRAGUE 2000b). By the single 

cell assay, the bem1∆ mutant exhibited polarity and bud-site-selection defects (Fig. 3B, Single cell, 

Fig. S16A). The bem1∆ mutant had a more severe invasive growth defect than the ste11∆ mutant, 
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even though the bem1∆ mutant did not have a more severe signaling defect than the ste11∆ mutant 

as defined by the levels of Kss1p~P. This may result from the fact that cells lacking Bem1p exhibit 

signaling and polarity defects. 

Figure 3. Bem1p regulates the fMAPK pathway. A) P~Kss1 levels were measured in the 
indicated strains as described in Figure 1A. Cells grown in SD+AA for 5.5 hours. The 
asterisk indicates, a background band seen in some blots. B) Detailed analysis of 
invasive growth. Colonies were grown for 3d in YEP-GAL. The plate was photographed 
at two magnifications. Colonies are from the same plate. The term Scraped refers to 
cells from the washed plates that were excised from invasive scars with a toothpick and 
examined by DIC microscopy at 100X magnification (Bar, 20 microns). C) P~Kss1 levels 
were measured for several bem1 alleles as indicated. 
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Bem1p Regulates the fMAPK Pathway by Interaction with Effector Proteins at the Plasma 

Membrane 

Bem1p regulates polarity establishment by a specific mechanism (PARK et al. 1997; ENDO et al. 

2003; IRAZOQUI et al. 2003). Prior to bud emergence, the main activator of Cdc42p, Cdc24p, is 

found in the nucleus, where it is sequestered to prevent cells from bud initiation prior to the 

initiation of the cell cycle at START. In the G1 phase of the cell cycle, Cdc24p is released from the 

nucleus, where it interacts with Bem1p in the cytoplasm (TOENJES et al. 1999; ELION 2000; GULLI 

et al. 2000; NERN and ARKOWITZ 2000b; SHIMADA et al. 2000). Cdc24p binding to Bem1p alters 

the conformation of the protein, allowing the protein to associate with Cdc42p-GTP and effector 

proteins (PETERSON et al. 1994; ZHENG et al. 1995; ITO et al. 2001; BUTTY et al. 2002) including 

Ste20p (LEEUW et al. 1995; WINTERS and PRYCIAK 2005), Cla4p (BOSE et al. 2001), and others. 

Bem1p is also directed to the plasma membrane by a PX domain (AGO et al. 2001; YU and 

LEMMON 2001; IRAZOQUI et al. 2003). Therefore, the ‘activation cycle’ of Bem1p promotes 

polarity establishment by the successive recruitment of GTP-Cdc42p and effector proteins at the 

plasma membrane. 

We sought to investigate what aspects of Bem1p’s activation cycle were required for regulation of 

the fMAPK pathway. The Cdc42p module in the fMAPK pathway is regulated by two regulatory 

inputs, the Rsr1p branch (BASU et al. 2016) and the Msb2p branch (CULLEN et al. 2004; ADHIKARI 

et al. 2015b). Versions of Bem1p that were impaired for different steps in its regulatory cycle 

[provided by D. Lew, (IRAZOQUI et al. 2003)] were tested for their ability to regulate the fMAPK 

pathway. Bem1pP208L , which is defective for binding effector proteins like Ste20p, was defective 
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for fMAPK pathway signaling (Fig. S16D). Bem1pP355A , which prevents an intramolecular 

interaction that results in a constitutively open conformation of the protein, was also defective 

(Fig. S16D-F). We interpret this result to mean that Bem1p needs to cycle between an open and 

closed conformation to regulate the fMAPK pathway. Bem1pR369A , which is defective for 

localization to the plasma membrane, was also defective (Fig. S16D-F, 5-fold reduction). 

Bem1pK482A , which is defective for interaction with Cdc24p, was not defective for fMAPK 

signaling in the Rsr1p branch (Fig. S16D) but was partially required under conditions that favored 

the Msb2p branch (Fig. S16F). In particular, growth of cells in SD+AA preferentially favors 

signaling through the Rsr1p branch, whereas growth in YEP-GAL media favors signaling through 

the Msb2p branch (Fig. S16F). Bem1p regulated the fMAPK pathway under both conditions (Fig. 

S16). Collectively, these data indicate that Bem1p interacts with effector proteins, principally 

Ste20p, and must localize to the plasma membrane to regulate the fMAPK pathway (Fig. S16F). 

Rsr1p, Bem4p, and Bem1p Regulate the fMAPK Pathway in an Ordered Sequence 

Two Bem adaptors (Bem1p and Bem4p) regulate the fMAPK pathway. Bem1p and Bem4p are not 

homologs, and the proteins have different amino acid sequences and protein-interaction domains 

(Fig. 4A). As their names indicate (Bud emergence defect), the proteins were identified as high-

copy suppressors of the growth defects of conditional alleles of cdc24 and/or cdc42 (HIRANO et al. 

1996; MACK et al. 1996). We sought to examine whether Bem1p and Bem4p have distinct or 

overlapping roles in regulating the fMAPK pathway. As expected from the above data, loss of 

either protein resulted in a defect in fMAPK activity (Fig. 4B) as defined by FUS1-HIS3 reporter 

activity. In ∑1278b, the FUS1-HIS3 reporter in cells lacking an intact mating pathway (ste4∆) 
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provides read out for fMAPK pathway (CULLEN et al. 2004). A high-copy plasmid containing 

Bem1p (provided by D. Lew), which rescued the signaling defect of the bem1∆ mutant, did not 

rescue the fMAPK signaling defect of the bem4 mutant (Fig. 4B). Likewise, a high-copy plasmid 

containing Bem4p, which rescued the signaling defect of the bem4 mutant, did not rescue the 

growth or signaling defects of the bem1 mutant (Fig. 4B). Therefore, Bem1p and Bem4p play 

non-redundant roles in regulating the fMAPK pathway. 

As adaptor proteins, both Bem1p and Bem4p interact with Rsr1p, Cdc24p and Cdc42p (Fig. 4C). 

Rsr1p is the Ras-type bud-site-selection GTPase (PARK et al. 1997) that regulates Cdc24p in the 

fMAPK pathway (BASU et al. 2016). Rsr1p can also interact with Cdc42p (KOZMINSKI et al. 

2003). To begin to dissect how Rsr1p, Bem4p, and Bem1p regulate the Cdc42p module in the 

fMAPK pathway, we turned to genetic epistasis analysis. Genetic epistasis analysis allows the 

ordering of components into a pathway by gain- and loss-of-function alleles. GFP-Msb2p 

(ADHIKARI et al. 2015c), Sho1pP120L (VADAIE et al. 2008a), and Ste11-4p (STEVENSON et al. 1992) 

hyper-activate the fMAPK pathway. Msb2p and Sho1p partially bypassed fMAPK signaling defect 

of cells lacking bud-site-selection proteins [Fig. 4D, rsr1∆ mutant, and see (BASU et al. 2016)], 

which indicates that Msb2p, Sho1p, and Ste11p function ‘below’ bud site selection proteins. One 

interpretation of these results is that bud-site-selection proteins function in a separate branch from 

the Msb2p branch. GFP-Msb2p did not bypass the signaling defect of the bem4∆ mutant, but 

Sho1pP120L and Ste11p-4 did (Fig. 4E; Fig. S14C). By this test, Bem4p functions between Msb2p 

and Sho1p in the fMAPK pathway (Fig. 4F). By comparison, GFP-Msb2p and Sho1pP120L failed to 

bypass the signaling defect of the bem1∆ mutant, whereas ste11-4 did (Fig. 4E). This result 

indicates that Bem1p functions between Sho1p and Ste11p in the fMAPK pathway (Fig. 4F). 
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Thus, the genetic suppression analysis indicates that the fMAPK pathway operates in an Rsr1p to 

Bem4p to Bem1p sequence (Fig. 5D). Obviously, the proteins exist in a complex and are not likely 

to function in a strictly linear manner. Nevertheless, this order is supported by the fact that Rsr1p 

and Bem4p can interact with the GDP-locked conformation of Cdc42p (DREES et al. 2001; 

PITONIAK et al. 2015), whereas Bem1p preferentially associates with the GTP-bound conformation 

of Cdc42p (BUTTY et al. 1998; KOZMINSKI et al. 2003). In fact, a two-hybrid interaction between 

Bem1p and GDP-Cdc42p was found to require Rsr1p (Fig. S18A). However, the interaction 

between Bem4p and GDP-Cdc42p did not require Rsr1p or Bem1p (Fig. S18B). Collectively, 

these results allow us to functionally separate the proteins that regulate a Cdc42p module into an 

ordered sequence. 
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Figure 4. Bem1p and Bem4p regulate the fMAPK pathway at different points in the signaling 
cascade. A) Schematic showing different interaction domains on Bem4p and Bem1p proteins. 
SD, stability domain. B) Quantitation of FUS1-HIS3 growth reporter for fMAPK activity in 
wild type (PC538), bem1∆ (PC6509), bem4∆ (PC2738), and ste11∆ (PC3861) strains. Spot 
intensity measured by imageJ. WT=1. Cells were transformed with plasmids (p) carrying the 
BEM1 or BEM4 genes as indicated. C) A protein interaction network of the Cdc42p module 
(PETERSON et al. 1994; ZHENG et al. 1995; MACK et al. 1996; PARK et al. 1997; KOZMINSKI et 
al. 2003). Cdc42p-interacting proteins that regulate the fMAPK pathway include Rsr1p 
(BASU et al. 2016), Bem4p (PITONIAK et al. 2015), Bem1p (this study)]. D-F) The levels of 
P~Kss1 in wild-type cells and the indicated mutants carrying plasmid borne hyperactive 
versions of Msb2p, Sho1p, or Ste11p. Cells were grown in selective medium for 5.5 hours. D) 
rsr1∆ (PC4256) E) bem4∆ (PC2738) F) bem1∆ (PC6509) mutant G) Kss1p~P levels in the 
indicated mutants. The ratio of P~Kss1p to Pgk1p is plotted in Y axis. WT=1. 
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Bem1p Regulates Effector Pathways by Different Mechanisms 

In addition to regulating the fMAPK pathway (Fig. S16 B, D-F), Bem1p also regulates the mating 

pathway [Fig. 5A and B, Fig. S16C (LEEUW et al. 1995; LYONS et al. 1996)] and the Ste11p 

branch of the HOG pathway [Fig. S16D, (TANAKA et al. 2014b)]. Therefore, one can view Bem1p 

as a general regulator of Cdc42p in the MAP kinase pathways in which it regulates. There were 

some discrepancy between blots. In the (ssk1∆) strain, there is only a moderate decrease in P~Kss1 

levels for the bem1∆ mutant (1.8-fold, Fig S16C) compared to 3.3-fold for wild-type cells (Fig. 

5D). This may be because the ssk1∆ mutant shows elevated fMAPK signaling (ADHIKARI and 

CULLEN 2014) and may partly suppress the signaling defect of the bem1∆ mutant. A second 

discrepancy was that the Bem1p was required for growth on high-osmolarity medium (Fig. S16A) 

but played a relatively minor role in regulating P~Hog1 levels under the conditions tested (Fig. 

S16C). 

We next asked what role versions of Bem1p (defective for aspects of its regulatory cycle) play in 

regulating Cdc42p-dependent MAPK pathways. The cycling of Bem1p between its open and 

closed conformation, its association with the plasma membrane, and its interaction with Cdc24p 

were dispensable for mating as shown by Bem1pR369A and Bem1pK482A (Fig. 5, A and B). 

Therefore, Bem1p appears to regulate the fMAPK pathway and mating pathways in different ways. 

The bem1∆ mutant is also required for viability of filamentous (∑1278b) strains under certain 

conditions [YEP-GAL compare 30˚C to 25˚C; Fig. 5C (DOWELL et al. 2010)]. The viability defect 

of the bem1∆ mutant was rescued by all versions of Bem1p tested (Fig. 5C). Similarly, the bud-

site-selection defect of the bem1∆ mutant was rescued by all versions of Bem1p tested (data not 

shown). Versions of Bem1p that rescued the bud-site-selection defect still failed to function in the 
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fMAPK pathway (see Fig. 5C), which addresses the potential concern that Bem1p regulates the 

fMAPK pathway by its role in regulating bud-site selection. Like Cdc42p (MENON 2007), Bem1p 

regulates the polarized delivery of vesicles to the plasma membrane in a process called exocytosis 

(ZAJAC et al. 2005; FRANCE et al. 2006b). Bem1p and other exocytosis proteins were required for 

delivery of Sho1p to the plasma membrane (Fig. S17A-B). All versions of Bem1p tested 

suppressed the defect in delivery of Sho1p-GFP to the plasma membrane (Fig. S17C). Although 

not tested here, it has been established that the viability defect of the bem1∆ rsr1∆ double mutant 

is rescued by wild type Bem1p and by P355A [intramolecular locked in closed conformation Fig. 

5C (IRAZOQUI et al. 2003)]. Therefore, Bem1p plays different roles in the different pathways in 

which it operates. 
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Figure 5. Comparing Bem1p function in regulating mating and HOG pathways. A) 
Immunoblot analysis of P~Kss1 levels in wild-type cells and the bem1∆ mutant carrying 
either a control plasmid (pRS315), pBEM1, or plasmids containing the indicated point 
mutations in BEM1. Cells were grown in synthetic media for plasmid selection for 5.5 hrs 
and harvested for protein extraction. The asterisk indicates, a background band seen in some 
blots. B) Comparison of phosphorylated MAPK levels of wild type (WT), and the bem1 
mutant harboring the indicated alleles in response to indicated stimulus. Blue shows 
quantification of Fig. S16D, Magenta shows quantification of Fig. 5A. Wild type levels have 
been set to 1. The data was normalized as described in Fig. 1A. C) Examining bem1 allele 
(PC6805) for Sho1p localization (pSHO1-GFP) and symmetry breaking D) Schematic for 
how Rsr1p, Bem4p, and Bem1p regulate the fMAPK pathway. E) Schematics of known 
Bem1 function in mating pathway. Arrow indicates sequence of regulatory input from three 
different proteins Rsr1p, Bem4p and Bem1p. Solid line indicates interaction that are 
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required for fMAPK activation. Dotted line indicates Bem1p and Cdc24p interaction is not 
essential for fMAPK function. 

3.5. DISCUSSION 

Monomeric signaling GTPases, like Ras and Rho, are evolutionarily conserved regulators of cell 

polarity and signal transduction, and these proteins control morphogenetic responses during 

development and in response to extrinsic cues (PARK and BI 2007). The Rho GTPase Cdc42p is a 

‘master regulator’ of morphogenetic responses and plays a critical role in polarity establishment 

(IRAZOQUI and LEW 2004) and the reorganization of cell shape (JOHNSON 1999). The diversity of 

Cdc42 functions during morphogenesis raises an important question: how does Cdc42 (and Rho 

GTPases in general) perform different functions in different settings? This question is particularly 

significant from the standpoint of human health, given the prevalence of disease states surrounding 

Rho GTPase cross-talk and mis-regulation. The best example is the that mutations that elevate the 

activity of the Ras-MEK-ERK pathways occur in ~25-30% of all human cancers (ZEBISCH et al. 

2007). Therefore, understanding how monomeric signaling GTPases are regulated and how they 

might be specified to particular pathways is a persistent question that remains unanswered. 

Direct Comparison of Cdc42p-dependent MAPK pathways Highlights Different Kinetics of 

Activation 

In this study, compared Cdc42p-dependent MAPK pathways in a single isogenic strain (PC 6603) 

background. Most studies of MAP kinase pathways in yeast focus on a single pathway. The HOG 

pathway has redundant branches (SAITO 2010). Moreover, the fMAPK pathway may not give an 

accurate readout in laboratory strains, which have lost the ability to undergo filamentous growth 
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(LIU et al. 1996; DOWELL et al. 2010; CHIN et al. 2012). By constructing a stain in the ∑1278b 

background that lacks the redundant branch of the HOG pathway, we were able to examine the 

activity of three Cdc42p-dependent MAPK pathways that share components. We evaluated MAP 

kinase activity by phosphoblot analysis (the most direct yet laborious method), as well as by using 

transcriptional reporters and biological assays. Each pathway gave a readout, when activated by its 

own stimulus, that matched up well with the established pathway responses (BARDWELL 2005). 

One of the things we learned by this approach was that each of the Cdc42p-dependent MAP 

kinase pathways had a unique activation profile. In particular, the mating and HOG pathways were 

‘fast’, being activated to maximal levels within minutes (~5 min) after the addition of stimulus, the 

fMAPK pathway was ‘slow’ being activated maximally on the scale of several hours (3h to 6h) as 

defined by Kss1p phosphorylation. Although the fMAPK pathway might be more rapidly activated 

by an unknown stimulus that has yet to be identified, the conditions used were optimized to 

generate a maximal filamentous growth response. The slow response might mean that 

transcriptional induction of genes is required for activation of the fMAPK pathway. The fMAPK 

pathway is induced by nutrient (specifically glucose) limitation. Perhaps glucose de-repression 

must occur prior to fMAPK signaling. Indeed, as shown above and elsewhere, MAPK pathway 

dynamics can be complex, involving fast and slow responses (ENGLISH et al. 2015), oscillations 

(HILIOTI et al. 2008), and feedback control (MADHANI and FINK 1997; BREITKREUTZ et al. 2001). 

The second thing learned by this approach was pathway-specific features of the fMAPK 

pathway. We confirmed that the adaptor Bem4p was a pathway-specific regulator of the fMAPK 

pathway. We also found that other proteins that regulate the HOG pathway (Ahk1p, Cla4p) did not 

regulate the fMAPK pathway. Finally, we constructed a library of cdc42 alleles generated in 
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(KOZMINSKI et al. 2000) in the ∑1278b strain background. Analysis of the alleles that resulted in a 

viable phenotype (26 alleles) identified several that showed pathway-specific phenotypes. These 

alleles were critical for understanding how Bem4p and Bem1p – two scaffold type adaptors that 

regulate the fMAPK pathway – function in a Cdc42p signaling context, which we discuss below. 

Bem4p interacts with Cdc42p to regulate the fMAPK pathway 

Like other small GTPases, Cdc42p has been extensively studied by genetic, molecular, and 

structural analysis, and much is known about how the conformations of GTPases switch from an 

inactive (GDP) to an active GTP-bound state (FELTHAM et al. 1997; RUDOLPH et al. 1999). The 

change in conformation for Cdc42p is mediated by two regions of the protein called switch I and 

switch II regions (JOHNSON 1999). Furthermore, the interactions between Cdc42p and many 

different effectors proteins and regulators have been established (LECOUR et al. 2016). Here, we 

show that Bem4p interacts with Cdc42p in the third alpha helix (α3) of the protein. The α3 helix is 

a site that is distant from the effector-binding domain and is a hub where multiple proteins such as 

Rdi1p (HOFFMAN et al. 2000), the human formin FNML2 (KUHN et al. 2015) and Cdc24p (DAVIS 

et al. 1998) have been shown to associate with Cdc42p. Bem4p binding in this region of the 

protein is consistent with its ability to associate with the GDP- and GTP-bound conformations, 

because this region of the protein only shows a subtle change in conformation upon GTP binding 

which is evident by X-ray crystallography utilizing non hydrolyzable GTP analog but not visible 

through NMR spectroscopy (FELTHAM et al. 1997). A Cdc42p molecule locked in its GDP bound 

state is lethal and cannot bind to the effector (KOZMINSKI et al. 2003). Thus, Bem4p might 

stabilize the active conformation of Cdc42p by binding to the protein. Mutations at this site have 

89 



 

        

        

        

         

        

           

       

   

           

           

  

            

     

            

       

    

      

        

         

           

 

previously been shown to be specifically defective for filamentous growth (MOSCH et al. 2001). 

Do other proteins that interact with Cdc42p at the α3 helix contribute to fMAPK signaling? The 

third alpha helix of Cdc42p, which includes residue E100, has also been shown to associate with 

formins, such as the human formin FNML2 (KUHN et al. 2015). It is possible that the E100A allele 

is defective for interaction with the yeast formin Bni1p. However, we have previously shown that 

Bni1p is not required for fMAPK signaling (BASU et al. 2016). Thus, a defect in interaction with 

Bni1p cannot explain the fMAPK signaling defect of E100A. Intriguingly, the human formin 

FNML2 - Cdc42p interaction is mediated through ARM repeats (KUHN et al. 2015), which are also 

present in Bem4p. For the above reasons, we speculate the interaction between Bem4p and the α3 

helix of Cdc42p might lead to Cdc42p activity in fMAPK pathway because Bem4p does not 

regulate other Cdc42p dependent pathways. 

The change from E100 to A [or E100 to G in (MOSCH et al. 2001)] is not thought to impact the 

conformation of the third helix, based on bioinformatics (Phyre 2) analysis performed in this study 

(data not shown); however, it would be expected to impact the surface charge and potentially 

electrostatic interactions. The region of Bem4p between 300 and 400 residues is thought to interact 

with Cdc42p. This region contains several pairs of positively charged amino acid residues and is 

also thought to contain ARM-like repeats, as found in SmgGDS proteins. Recent modeling 

indicates that a small positively charged region in an ARM repeat of SmgGDS associates with Rho 

GTPases (SHIMIZU et al. 2017). Given that this region of the Bem4p protein is not important for its 

stability (PITONIAK et al. 2015), we favor the possibility that E100A impacts the surface charge 

distribution of Cdc42p, leading to differences in interactions with other proteins. 
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Bem1p regulates the fMAPK pathway 

Here we also establish Bem1p as a regulator of the fMAPK pathway and we believe that we 

have figured out how it works in the pathway. Our data show that Bem1p that cannot interact with 

effectors, due to a point mutation in its SH3 domain (IRAZOQUI et al. 2003), fails to regulate the 

fMAPK pathway. A straightforward interpretation of this data is that Bem1p functions to recruit 

Ste20p to the fMAPK pathway. However, Bem1p lacking a functional effector-binding domain is 

also expected to be defective for interaction with other proteins, including Cla4p, Gic1p, Gic2p. 

We show here that Cla4p does not regulate the fMAPK pathway, and in another study, we show 

that Gic1p and Gic2p do not regulate the fMAPK pathway (this study and Prabhakar et al. 

unpublished)]. A model where Bem1p brings Ste20p to Cdc42p-GTP at the plasma membrane is 

consistent with structural data showing that Bem1p binds to Cdc42p-GTP and Ste20p to promote 

this interaction (TAKAKU et al. 2010). Bem1p has been shown to interact with Msb2p in the HOG 

pathway (TANAKA et al. 2014b). Bem1p may interact with Msb2p in the context of the fMAPK 

pathway as well, although we have not tested this possibility. 

We also show that versions of Bem1p that are locked in the open conformation are defective for 

fMAPK signaling. This result indicates that Bem1p may need to cycle between open and closed 

states in order to properly activate the fMAPK pathway. A related possibility is that Bem1p locked 

in the open conformation associates with multiple effectors (e.g. Ste20p), which might have the 

effect of sequestering the proteins into a complex that leads to a decrease in the available pool of 

effector proteins thus rendering the signaling complex nonfunctional. Finally, Bem1p has both 

positive and negative effects through its interactions with Cdc24p, by increasing the local 
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concentration of Cdc24p and rendering it refractory by promoting Cla4p-dependent 

phosphorylation (RAPALI et al. 2017). 

Bem1p interacts with Cdc42p in multiple domains (ENDO et al. 2003), preferentially with the 

active GTP-bound conformation (BUTTY et al. 1998). One of these domains is switch I, where 

Ste20p also binds (YAMAGUCHI et al. 2007). Bem1p is also thought to interact with Cdc42p in the 

third helix [E100A helix, specifically with amino acids P99 and P106 (ENDO et al. 2003). Given 

that Bem1p does not require interaction with Cdc24p for fMAPK signaling, yet does require 

interaction with effectors like Ste20p at the PM, Bem1p may act at a later step in fMAPK signaling 

than Rsr1p and Bem4p. 

Mechanistic Significance of an Rsr1p / Bem4p -> Bem1p Order 

We have previously shown that spatial cues that converge on the Cdc42p module regulate the 

fMAPK pathway (BASU et al. 2016). Spatial cues are plasma-membrane proteins that recruit the 

Ras-type GTPase Rsr1p to specific sites on the cell cortex. Rsr1p interacts with Bem1p (PARK et 

al. 1997) and Bem4p (DREES et al. 2001). Given that Rsr1p does not regulate the mating or HOG 

pathways, spatial cues might also reinforce pathway specificity. 

The order of activation of the fMAPK pathway, together with other observations, leads to a 

model for how the fMAPK pathway might operate in its basal and activated states that centers 

around Cdc24p. During basal signaling (glucose replete), bud-site-selection proteins play a more 

prominent role in regulating the fMAPK pathway, where they function to recruit Cdc24p to the 

plasma membrane [by binding of Rsr1p to the CH domain of Cdc24p (SHIMADA et al. 2004a). In 

this setting, Bem1p binding to Cdc24p is not required because Bem4p which is upstream to Bem1p 
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in regulating fMAPK pathway may stabilize the interaction between Cdc24p and Cdc42p (see Fig. 

S15I) and (PITONIAK et al. 2015). However, Bem1p functions to bring Ste20p to Cdc42p-GTP at 

the plasma membrane. As nutrient levels decline, Msb2p is activated, and here Bem1p appears to 

play a second role (TANAKA et al. 2014a) , where it contributes to Cdc24p recruitment into the 

pathway. In this way, there is a two-switch system that matches pace with nutrient levels, which 

may function to initiate and then sustain signaling by recruitment followed by retention of Cdc24p 

at the plasma membrane. 

Bem1p Plays Different Roles in the Different Pathways It Regulates 

By examining versions of Bem1p that perturb different aspects of its regulatory cycle, we found 

that Bem1p plays different roles in the different pathways in which the protein operates. As 

discussed above, to regulate the fMAPK pathway Bem1p must interact with Cdc24p, cycle 

between an open and closed conformation, and interact with Ste20p at the plasma membrane. By 

comparison, none of these features were important for Bem1p’s function in the mating or HOG 

pathways or for Bem1p’s essential function in the ∑1278b background. In these contexts, Bem1p 

acts in a way that fits with the traditional view of scaffolds, which act in a passive manner to 

mediate multiple protein interactions, which can lead to a particular biological function through 

diverse mechanisms, including positive feedback. 

Comparing GEF Regulation in Related MAPK Pathways 

The proteins that regulate filamentous growth at the level of the Cdc42p module characterized 

in this study can be compared to Cdc42p interacting proteins that regulate the mating pathway, 

93 



 

        

        

            

       

      

       

      

             

           

      

               

       

      

  

      

     

    

         

       

         

           

which have been characterized previously. The mating pathway is induced by peptide pheromones 

that are recognized by seven-transmembrane receptors connected to a heterotrimeric G-protein 

[GPCRs (SPRAGUE et al. 1983; SPRAGUE 1991; ERREDE et al. 1995)]. Ste4p is the ß-subunit of the 

heterotrimeric G-protein and serves as a positive regulator of the mating pathway. Following 

receptor activation, Ste4p interacts with Far1p, an adaptor that is required for growth arrest during 

mating and that promotes the interaction between Ste4p and Cdc24p. In the fMAPK pathway, 

Rsr1p and Bem4p may be the functional equivalents of Ste4p and Far1p which regulates the 

mating pathway (SIMON et al. 1995; ZHAO et al. 1995; NERN and ARKOWITZ 1998). Rsr1p 

regulates fMAPK pathway but not the mating or HOG pathways (BASU et al. 2016). Like Rsr1p, 

Ste4p is a membrane-anchored protein that interacts with Cdc24p through its CH domain (ZHAO et 

al. 1995; BUTTY et al. 1998; NERN and ARKOWITZ 1998; NERN and ARKOWITZ 1999; WIGET et al. 

2004);(PRYCIAK and HUNTRESS 1998). Rsr1p interacts with Bem4p (DREES et al. 2001). Bem4p is 

a specific regulator of fMAPK pathway that interacts with multiple fMAPK components, including 

the fMAPK pathway-specific MAP kinase Kss1p (PITONIAK et al. 2015). 

Bem1p regulates the fMAPK and mating pathways in different ways. Bem1p’s interaction with 

membrane phospholipids and Cdc42p effector proteins (like Ste20p) are required for appropriate 

activation of fMAPK pathway (this study). Bem1p also cycles through open and closed states, 

which are thought to increase local concentration of Cdc42p and its effector at the PM (IRAZOQUI 

et al. 2003) which we show here is also required for fMAPK activity. However, Bem1p does not 

need to interact with Cdc24p or perform other aspects of its regulatory cycle during activation of 

the mating pathway [this study and (WOODS et al. 2015)]. Bem1p plays other roles in mating that 
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require its interaction with Cdc24p, such as direction sensing (MOORE et al. 2013), the formation 

of mating projections (BUTTY et al. 2002) and mating (ITO et al. 2001). 

In conclusion, two adaptors interact with Cdc42p and regulate the fMAPK pathway. Bem4p 

interacts with Cdc42p-GDP and functions early in the pathway, perhaps to promote membrane-

localization of the GTPase. Bem1p acts at a subsequent step to promote Cdc42p-GTP interaction 

with an effector PAK at the plasma membrane. The Bem proteins promote the activation of 

Cdc42p in a particular context and may therefore provide specificity cues that insulate Cdc42p 

function or direct its activity to a specific complex. Future experiments will be needed to build a 

complete picture of Rho GTPase specification in the context of pathway signaling and 

morphogenesis. 

ABBREVIATIONS 

5-FOA , 5-fluoroorotic acid; DIC, differential-interference contrast; GAP, GTPase activating 

protein; GEF, guanine nucleotide exchange factor; HOG, high osmolarity glycerol response; 

MAPK, mitogen activated protein kinase; PAK, p21 activated kinase; Rho, Ras homology; PM, 

plasma membrane 
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SUPPLEMENTARY MATERIAL 

for 

Dissecting the Roles of BEM Adaptors that Regulate a 

Cdc42p-Dependent MAPK Pathway 

Sukanya Basu a, Boyang Li a, Heather Dionne a, Garrett Kimble a, Keith Kozminski b, Daniel Lew 

and Paul J. Cullen a † 

MATERIALS AND METHODS 

Media and Growth Conditions 

All experiments were performed at 30˚C unless otherwise indicated. YEPD (2% glucose) and 

YEP-GAL (2% galactose) have been described. For basal conditions, 750 µl of cells grown for 16h 

were inoculated into fresh YEPD media (15 ml) and grown for 3 hours to mid-log phase. For 

inductions, mid-log phase cultures were harvested, washed three times with water resuspended into 

YEP-GAL (15 ml) or YEPD + 0.4 M KCl (15 ml) or YEPD + α factor (15 ml) for the times 

indicated. Synthetic media contain yeast nitrogen base (instead of Bacto Peptone) without amino 

acid contains 2% Glucose (SD) or 2% galactose (SGAL). Amino acids were added to the synthetic 

media as required. 

Strains and Plasmids 

Plasmids carrying BEM1p-BEM1-12XMYC-SWE1t (pDLB2374), BEM1p-bem1P208L-12XMYC-

SWE1t (pDLB2375), BEM1p-bem1P355A-12XMYC-SWE1t (pDLB2377), BEM1p-bem1R369A-
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12XMYC-SWE1t (pDLB2378), BEM1p-bem1K482A-12XMYC-SWE1t (pDLB2379) described in 

(IRAZOQUI et al. 2003) and pRS316-BEM1 were provided by Dr. Daniel Lew at Duke University 

School of Medicine. A strain lacking BEM1 (bem1::NAT) that contained the BEM1 gene on a 

plasmid (pRS316-BEM1/URA3) survived plasmid loss on 5-fluoroorotic acid (5-FOA). 

Introducing CDC42 Alleles in the ∑1278b background 

A library of alleles of CDC42 that was previously generated (KOZMINSKI et al. 2000) was 

introduced into a filamentous (∑1278b) strain lacking SSK1 in the following way. Plasmids from 

E.coli strains harboring CDC42 alleles linked to LEU2 selection marker and flanking sequence 

required for homologous recombination were used. Plasmids were digested with BanII (NEB, 

Catalog Number R0119S) and Xba1 (NEB, Catalog Number R0145S) according to the 

manufacturer’s instructions and transformed into yeast lacking a genomic copy of CDC42 

(cdc42::NAT) that also contained pRS316 GFP-CDC42 (PC6454). Colonies were selected that 

contained alleles of CDC42 integrated at the CDC42 locus (LEU+ NAT-) by replica plating. Strains 

were grown on 5-fluoroorotic acid [5-FOA, (BOEKE et al. 1984)] to encourage loss of the plasmid 

harboring a wild-type copy of CDC42. To confirm each allele, genomic DNA was extracted, and 

the CDC42 gene and flanking region was amplified by polymerase chain reaction (PCR). The PCR 

products were purified and the entire CDC42 gene was evaluated by DNA sequencing analysis 

(Roswell Park Cancer Research Center, Buffalo, NY). In addition to the mutation mentioned in 

Table S3 the library also carries a polymorphic variation at A190T. Twenty-four of forty alleles 

were obtained by this method that were viable without the cover plasmid (pRS316 GFP-CDC42). 
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GFP-Cdc42p was present at the same level as wild-type Cdc42p (WATSON et al. 2014). Bud-

site-selection proteins can regulate the fMAPK pathway (BASU et al. 2016), but the GFP-Cdc42p 

did not show a defect in bud-site-selection (Fig. S13), which indicates it operates by a different 

mechanism. GFP-Cdc42p was not dominant negative, and in fact caused slightly elevated activity 

of ste4 FUS1-HIS3 when expressed in wild-type cells (Fig. S13). 

β-Galactosidase Assays 

Wild-type cells (PC313), or cells lacking the redundant branch of the HOG pathway (ssk1∆ 

PC#6880) were transformed with plasmids pFRE-lacZ/URA3 2µ AMP (PC6012) provided by H. 

Madhani (MADHANI et al. 1997), pRS416 8XCRE-LacZ AMP URA3 (pYM111 or PC6025) 

provided by Haruo Saito (TATEBAYASHI et al. 2006), or pV84-FUS1-lacZ (constructed in plasmid 

V84 by homologous recombination PC4878, this study). Cells harboring plasmids were grown to 

saturation at 30°C in SD-URA media to maintain selection for the plasmids. Half a milliliter of 

saturated culture was added to 5 ml YEPD media, and cells were grown for 3 hrs at 30°C. Cells 

were collected, washed three times in distilled water, and added to YEP-GAL media, YEPD media 

supplemented with 0.4M KCl, or YEPD media supplemented with 1.2 µM alpha-factor [5 µl of 

1mg/ml alpha factor (0.6 µM) in 5 mls, unless otherwise specified]. One milliliter of culture 

aliquots was collected at the indicated time points (2.5 hours for alpha factor, 30 min for KCl, 8 

hours for galactose). 200 µl were used to determine optical density at A600. 800 µl were harvested 

by centrifugation (13,000 rpm for 3 mins) and stored at -80˚C. 

β-galactosidase assays were performed as previously described (CULLEN et al. 2004). No 

background was detected in the absence of plasmids. All signals showed induction by their cognate 
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stimuli and were dependent on Ste11p. Cells were resuspended in 100 µl Z buffer 44.32 ml H2O 

with 5 ml phosphate buffer (0.6 M Na2HPO4 + 0.4 M NaH2PO4), 0.5 ml 1M KCl, 50 µl 1M 

MgSO4, 135 µl ß-mercaptoethanol (BME) containing 2 µl of 5% sarkosyl, and 2 µl toluene. Tubes 

were incubated at 37°C for 30 min. 650 µl of Z buffer containing ONPG was added to each tube. 

Reactions were stopped with 250 µl of 1M Na2CO3, and the time was recorded. Cell extracts were 

removed by centrifugation (13,000 rpm for 3 mins), and 200 µl of the supernatant were used to 

determine optical density at A420. Miller Units were calculated as 1000 X A420/(A600 X time). 

Experiments were performed in at least three independent replicates. The two-tailed paired 

student's t-test was used to measure the statistical significance between samples from multiple 

trials using ProStat (Poly Software International, Inc.). 

Phosphoblot analysis 

Immunoblots were performed as described (BASU et al. 2016) with the following exceptions in 

antibody dilution and blocking buffer. The p42/p44 antibodies (Cell Signaling Technology, 

Danvers, MA; #4370) and Phospho p38 antibodies (Cell Signaling Technologies Danvers MA 

#9211) were used to detect phospho MAP kinase levels were diluted 1:10,000 in 5% BSA. Anti-

Kss1p antibodies (Santa Cruz Biotechnology, Santa Cruz, CA; #6775) and anti-Hog1p antibodies 

(Santa Cruz Biotechnology, Santa Cruz CA; #yC-20) were used at 1:10000 and 1:5000 in 5% milk. 

Anti-Fus3p (Santa Cruz Biotechnology, Santa Cruz, CA; #6773) was used at 1:10000 dilution in 

5% BSA. Anti-Pgk1p (Life Technologies; Camarillo, CA; #459250) was used at 1:10,000. For 

secondary antibodies (goat anti-mouse IgG–HRP, Bio-Rad Laboratories, Hercules, CA; #170-
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6516; goat anti-rabbit IgG-HRP, Jackson ImmunoResearch Laboratories, Inc., West Grove, PA; 

#111-035-144; and donkey anti-goat IgG-HRP Santa Cruz Biotechnology, Santa Cruz, CA; #sc-

2020) were used according to manufacturer’s protocols. Quantitation of band intensities for 

immunoblot analysis was performed with Image Lab Software (Bio-Rad, Inc.) at an exposure with 

no saturated pixel in any lane. Background subtraction was performed according to software user 

guide provided by the manufacturer. Band intensities of phosphoproteins were measured against 

total protein levels based on Pgk1p band intensity. 

DIC and Fluorescent Microscopy 

Differential-interference contrast (DIC) and fluorescence microscopy of cells were performed 

using FITC filter sets using an Axioplan 2 fluorescent microscope (Zeiss) with a PLAN-

APOCHROMAT 100X/1.4 (oil) objective (N.A. 0.17)(Zeiss). For most experiments, proteins were 

visualized by resuspending cells in water at 25˚C. Digital images were obtained with the Axiocam 

MRm camera (Zeiss). Axiovision 4.4 software (Zeiss) was used for image acquisition and analysis. 

Electron Microscopy 

Electron microscopy was based on established protocols (PICCIRILLO and HONIGBERG 2011). 

For electron micrographs, cells were grown overnight in YEPD medium. 2ul of A600=0.02 cells 

were spotted onto 35um microsieves (BioDesign Inc. of New York, Cat#N35S) laid on YEPGal 

and allowed to grow for 16 hrs. Sieves were transferred to petri dishes for fixation (2% 

glutaraldehyde for 4h at 4C) and dehydration (30%, 50%, 70%, 85%, 95% ethanol for 15 mins, 

and twice in 100% ethanol for 15 min). Samples were critical point dried in hexamethyldisilazane 
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for 16 hrs. Samples were carbon coated and imaged on a Hitachi S4000 Field Emission Scanning 

Electron Microscope (FESEM). 

Protein Modeling 

Phyre2 is designed to predict structure based on amino acid sequence (KELLEY et al. 2015) and 

was used to model the structure of yeast Cdc42p and alleles using information from the crystal 

structure of Homo sapiens CDC42 in Protein Data Bank [PDB 

https://www.rcsb.org/pdb/home/home.do]. 
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SUPPLEMENTAL FIGURES 

Figure S1. Pathways that require Cdc42p in yeast. Cdc42p regulates polarity establishment 
(purple) and three MAPK pathways that share a number of components. Common or 
shared proteins (black) and pathway-specific factors are shown for the fMAPK (red), HOG 
(green), and mating (blue) pathways. Cross-signaling between bud-site-selection proteins 
and the fMAPK pathway has been described (BASU et al. 2016) 
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Figure S2. Morphological changes that result from MAPK activation. A) Wild-type 
cells of the filamentous (∑1278b) background (PC313) were grown to mid-log phase 
and induced with the indicated concentrations of alpha factor for the indicated times. 
Shmoo formation was examined by DIC microscopy at 100X. Representative images 
are shown. Red dots denote shmoos. Bar, 10 microns. B) Wild-type cells (PC538) cells 
were grown to mid-log phase in YEPD (3h), harvested by centrifugation, washed with 
water, and resuspended in YEP-GAL for the indicated times. Cells were examined as 
panel S2A. Red dot indicates distal-pole budding pattern. Bar, 10 microns. C) Full 
immunoblot shown in Fig. 1A and C. The asterisk indicates, a background band seen 
in some blots. The asterisk indicates, a background band seen in some blots.   

C 
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Figure S3. Comparison of MAP kinase pathway activity based on transcriptional 
reporter assays. A) Cells (PC6603) were grown in YEPD or YEPD supplemented 
with the indicated concentrations of α factor for the indicated times. β galactosidase 
assays were performed from cells extracts harboring the pFUS1-lacZ reporter in 
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triplicate from three independent inductions. Average values in Miller Units (U) are 
shown. Error bars represent the standard deviation between experiments. Asterisk, 
p-value < 0.01. An optimal concentration (1.2 µM) that showed a rapid increase and 
linear decrease, similar to as has been reported in the literature (HOFFMAN et al. 
2002), was used for subsequent experiments. B) Activity of the pFUS1-lacZ reporter 
in cells induced by 1.2 μM alpha factor (blue), 0.4 M KCl (green) or growth in 2% 
galactose (YEP-GAL, red). Reporter activity was also examined under a control 
condition (YEPD). The experimental procedure and data analysis was performed as 
described in panel A. C) Activity of the HOG pathway was determined by 
measuring the activity of the p8XCRE-lacZ reporter. Colors scheme was as 
described in panel B. D) Activity of the fMAPK was determined by measuring the 
activity of the pFRE-lacZ reporter. Colors scheme was as described in panel B. 
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Figure S4. β-galactosidase assays to examine the activities of transcriptional reporters at early 
time points (as indicated) for the three yeast MAPK pathways that share components. A) Cells 
carrying the mating pathway FUS1-lacZ reporter were grown to mid-log phase in YEPD (grey) 
or induced with 6 μM alpha factor (blue), 0.4 M KCl (green), or transferred to YEP-GAL. 
Reporter activity was examined at the time points indicated. Y-axis indicates fold difference. 
Each data point represents the average of three separate experiments as described in Fig. 1D. 
Data points for the alpha factor inductions at 0.5 h, 1 h, and 2 h were omitted to emphasize the 
levels of activity of the other pathways. Asterisk, p-value < 0.01, with respect to YEPD values. 
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N.S., not significant. B) The activity of the HOG reporter, 8XCRE-lacZ, was examined as 
described in panel S4A. Data points for the salt inductions at 0.5 h, 1 h, and 2 h were omitted to 
emphasize the levels of activity of the other pathways. C) Comparing P~MAPK levels in wild 
type cells with intact HOG pathway. The activity of the fMAPK reporter, FRE-lacZ, was 
evaluated as described in Fig. S3A. D) Anti-GFP immunoblot to determine relative MAPK 
levels. Indicated MAPKs are endogenously tagged with GFP. E) Relative P~MAPK levels. F) 
Quantitation of Figure S4E. 
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Figure S5. Activity of fMAPK pathway regulators in MAPK pathways that share 
components. Equal amounts of wild-type cells (PC6810) or cells with indicated gene 
deletions were re-suspended in 200 μl water. A 10 μl suspension was spotted on YEPD, 
YEP-Gal, or YEPD + 1M KCl media. Plates were incubated for 2d and photographed. To 
evaluate invasive growth, YEPD plates were photographed (YEPD), washed in a stream of 
water then photographed again (washed). For halo assays, 200 μl of cell suspension was top 
spread on YEPD followed by addition of 3 µl and 10 μl 1mg/ml α-factor. Colors represent 
measurement of output phenotypes for MAPK pathways analyzed by ImageJ, grey, no 
effect. 
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Figure S6. Ahk1p does not regulate fMAPK pathway. A) Role of Ahk1p (and the 
controls) on fMAPK and HOG pathway outputs examined by functional assays. B) 
Immunoblot analysis. Cells were grown to mid-log phase in YEPD and transferred 
to YEP-Gal for 3 hrs before protein extraction. Blots were probed with p42/44, 
anti-Kss1p, and anti-Pgk1p antibodies. 
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Figure S7. Cla4p does not regulate fMAPK pathway A) Cell biological assays 
examining agar invasion, growth on salt and halo formation of wild type cells or 
cdc42∆ or cla4∆ or ste11∆ gene knock out carrying indicated plasmids. B) 
Immunoblot analysis of P~Kss1 levels in wild type gene deletion mutants 
described in Fig. 1A. Cells were grown to mid-log phase induced with YEP-Gal 
for 3h and harvested for immunoblot analysis. C) Wild type cells or cells with 
indicated gene knock out were spotted on SD+AA or SD-His media to evaluate 
pFUS1-lacZ reporter activity described in Fig. S5A. D) Indicated strains grown 
in YEPD media to examine cellular morphology. E) Halo formation assay of wild 
type cells or several gene knock outs (as indicated by cla4∆, ste20∆, or ste11∆) as 
described in Fig. S5A. Cla4p and Ste20p function were examined in the mating 
pathway by spotting 3μl and 10μl of 1 mg/ml alpha factor onto YEPD media 
spread with a lawn of the indicated cells.  
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Figure S8. Evaluating aspects Cdc24 function in regulating the fMAPK pathway. 
A) Cells lacking CDC24 (cdc24::NAT) that contained the indicated plasmid borne 
alleles of CDC24 were spotted onto the indicated media and incubated at 30°C for 
2 d to evaluate FUS1-HIS3 reporter activity (WAI et al. 2009). B) Transcriptional 
activation of Cdc24p in wild type and ste12∆ gene knock out was examined by the 
pCDC24-lacZ transcriptional reporter in plasmid V84 (ROBERTS et al. 2000). 
Cells were grown to mid-log phase. ß-galactosidase assays were performed from 
independent isolates. Error bars represent the standard difference between 
isolates. 
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Figure S9. Functional analysis of N-terminally tagged versions of Cdc42p. A) 
Wild-type cells (PC538), cells carrying pGFP-Cdc42p with genomic cdc42::NAT 
(PC6539) or the ste11∆ (PC539) mutant were spotted onto YEPD and examined 
by the PWA. Growth of strains on SD+AA (control) and SD–HIS media allowed 
assessment of the fMAPK dependent FUS1—HIS3 reporter activity (strains are 
ste4). Halo assays were performed on YEPD + 3 µl α-factor (1mg/ml). Colors 
represent estimates of pathway output for fMAPK and mating pathway; grey, no 
effect. Numbers indicate percentage of cells budding axially, which was 
determined by examining cells in mid-log phase. B) Serial dilutions of wild type 
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cells (PC538) or cells with indicated gene knock outs (PC 1558, PC2061, PC6555 
and PC646) were spotted onto YEPD or YEPD + 1M KCl for 2 days. Colors 
indicate growth defect, grey, no defect. C) Immunoblot assays derived from 
extracts of wild type cells (PC6810) or wild type cells carrying pHis-Cdc42p with 
genomic cdc42::NAT or pGFP-Cdc42p, and ste11::NAT (PC 6605) as described 
Fig. 1A. Cells were grown to mid-log phase in YEPD and harvested as a control 
(Glu) or induced with YEP-Gal for 3 hours and harvested (Gal) for protein 
extraction. The asterisk indicates, a background band seen in some blots. D) 
Immunoblot analysis measuring Kss1p~P levels in cells carrying the indicated 
cdc42 alleles integrated at the genomic CDC42 locus. 
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Figure S10. N terminally tagged pGFP-
Cdc42p is specifically defective for 
fMAPK activation. Indicated strains were 
induced with galactose A, α-factor B, and 
salt C. Cell extracts were analyzed by 
immunoblot as described in Figure. 1A. 
The asterisk indicates, a background 
band seen in some blots.   
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Figure S11. Analysis of CDC42 alleles by cell biological assays. Equal amounts of wild-
type cells (PC6810), ste11∆ (PC6605) and cells carrying indicated alleles were spotted 
onto YEPD, YEP-Gal, or YEPD + 1M KCl media. Plates were incubated for 2d and 
photographed. To evaluate invasive growth, YEPD plates were washed in a stream of 
water and photographed again. For halo assays, a 200 μl of suspension was top spread 
on YEPD media followed by addition of 3 µl and 10 μl 1mg/ml α-factor. Colors 
represent estimates of output phenotypes for MAPK pathways; grey, no effect. 

116 



 117 



 

    

   
     

      
  

         
      

     
      

     
     

            
  

Figure S12. Analysis of CDC42 alleles by cell biological assays. Part 2. See Figure S11 

Figure S13. GFP-Cdc42p activity in wild type cells and the rsr1∆ and rga1∆ mutants. A) 
Immunoblot analysis of wild-type cells with indicated gene deletions or corresponding 
cdc42::NAT cells carrying pGFP-Cdc42p. The ste11∆ mutant was included as a control. 
Immunoblot was performed as described in Fig. 1A except cells were grown in synthetic 
media for 5.5 hours. Numbers indicate the ratio of phospho Kss1p to Pgk1p normalized to 
wild type. B) Effect of pRS316 GFP-Cdc42p was examined in wild type cells and in cells 
carrying cdc42::NAT. Wild type cells carrying pRS316 (empty plasmid), cdc42::NAT cells 
carrying pGFP-Cdc42p, and the ste11∆ mutant carrying pRS316 were compared. For 
agar invasion (left two panels), cells were spotted on YEPD media for 3d. Colonies were 
photographed, washed and photographed again. Cells were spotted onto synthetic media 
(control) and media lacking histidine for 3d to examine the activity of the FUS1-HIS3 
growth reporter (right two panel).  
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Figure S14. Analysis of CDC42 alleles by shmoo formation and the single cell invasive 
growth assays. A) Shmoo formation. Wild-type cells (PC6810), ste11∆ (PC6605) and cells 
carrying indicated alleles were grown to mid-log phase in YEPD, washed with water and 
resuspended in YEPD (control) or YEPD with 6 μM alpha factor for three hours to 
examine shmoo formation. Cells were examined by DIC microscopy at 100X. Bar, 10 
microns. Although not shown for 705, ~5% of cells had an irregular morphology in YEPD. 
B) Equal amounts of cells were spotted onto YEPD media and the assay was performed as 
in Fig. S6. For single cell assay (last panel) 1 ml of saturated culture was washed and 
resupended in water. Three microliter of water suspension was diluted in 400 µl water and 
spread on media lacking glucose. A drop of 20μl of 20% galactose was added off-center 
edge to the plate. Bar, 10 microns. 
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Figure S15. Rdi1p regulates fMAPK pathway. A) Cdc42 localization at the plasma 
membrane in WT or bem4∆. P2XPH-GFP is plasma membrane phospholipids marker. 
Bud8-GFP is a distal pole marker. B) Density gradient centrifugation assay C) 
Quantitating S15 A. D-F) Immunoblot measuring P~MAPK levels of cells with indicated 
genotype. Cells were grown as described in Figure 1A. D) P~Kss1 E) P~Hog1 F) P~Fus3 
G) Yeast two hybrid analysis in cells over (control) or selective media lacking histidine 
(reporter). H) Examining localization of Ste20-GFP in WT and bem4∆. I) Kinase assay. 
Wild type or bem4∆ carrying control plasmid or Ste20p-GFP were immuno-precipitated 
using anti GFP antibody. Immuno-precipitated extract was incubated with cocktail 
containing 1 mg of myelin basic protein(MBP) per ml, 50 μM ATP, and 0.8 μM [γ-32P] 
ATP [3,000 Ci/mmol]. Amount of 32P was measured by X-ray scanning. 
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Figure S16. Role of BEM1 alleles in regulating Cdc42p dependent MAPK 
pathways. A) Cells with indicated genotype spotted on YP-Gal plates, and YP-Gal 
with 1M KCl and incubated at 30°C for 2 days. YP-Gal plate was photographed 
washed and photographed again. For halo assays, a 200 μl of suspension was top 
spread on YPGal plates followed by addition of 10 μl 1mg/ml α-factor. Immuno B-
E) Immunoblot analysis of P~MAPK levels of the indicated genotype as described 
in Figure 1A. F) Quantitation of P~Kss1 levels Figure 1E(blue) and Fig S16D 
(yellow). The asterisk indicates, a background band seen in some blots.   
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Figure S17. Sho1p-GFP localization in the indicated mutants. A) Sho1p-GFP 
localization in wild type and bem1∆ cells grown in YEPD examined by DIC and 
fluorescence microscopy. Portion of image marked with white box in the middle 
panel was amplified and shown in third panel to get a closer look. Bar, 10 
microns. B) Sho1p-GFP localization in wild type cells and cells carrying indicated 
temperature sensitive alleles of secretory pathway mutants. Cells grown in YEPD 
at 30°C or 37°C as indicated. Bar, 10 microns. C) Terminal phenotype of bem1∆ 
cells grown on YEPD examined by DIC microscopy. Wild type and ste11∆ out 
were used as controls. Bar, 10 microns. D) Protein extracted from wild type and 
bem1∆ cells carrying plasmid borne Sho1p-GFP or fluorescent lipid-associated 
reporter (FLARE) immunoblotted with anti GFP antibody. Anti Pgk1p 
immunoblot shows total protein loaded in each lane. E) Sho1p localization in WT 
or in bem1∆ cells. pFLARE GFP detects membrane phospholipids. 
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Figure S18. Two-hybrid analysis of Bem4p and Rsr1p with Cdc42p alleles. 
Cdc42p is expressed as a fusion construct with DNA binding domain. Each 
Cdc42p allele carries D57Y and C188S mutation. Bem4p, Rsr1p and Bem1p 
were expressed as a fusion construct with DNA activation domain (bait). A) 
Interaction between Bem1p and Cdc42p. Wild type or cells lacking Rsr1p 
carrying indicated plasmids were spotted in media lacking leucine and 
tryptophan or in media lacking leucine tryptophan and histidine to examine 
histidine reporter activity resulted from protein-protein interaction. B) 
Interaction Cdc42p and Bem4 by yeast two hybrid assay as described in Figure 
S18B. 
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SUPPLEMENTAL TABLES 

Table S1. Yeast Strains 

Name Genotype a Reference 

PC313 MATa ura3-52 (LIU et al. 1993) 

PC344 MATa ura3-52 / MATα ura3-52 
(CULLEN and 
SPRAGUE 2000a) 

PC538 MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 
(CULLEN et al. 
2004) 

PC859 MATα ura3-52 ura3- his3 
(CULLEN and 
SPRAGUE 2002) 

PC2738 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-
52bem4::URA3 

(PITONIAK et al. 
2015) 

PC3861 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 
ste11::NAT 

(KARUNANITHI et al. 
2010) 

PC4256 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 
rsr1::NAT 

(BASU et al. 2016) 

PC4988a ga14A ga18OA LYSZ::GALl-HIS3 GAL2-ADE2 
met2::GAL7-lacZ 

(MCCRAITH et al. 
2000a) 

PC6472 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 cyk3::Kl 
URA 

This study 

PC6509 MATa ura3-52 leu2 ssk1 bem1::NAT pRS316 BEM1 This study 

PC6539 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 
cdc42::NAT pRS316 GFP-CDC42 

This study 

PC6545 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 
cdc42::NAT pRS316 GFP- CDC42  rga1::HYG 

This study 

PC6548 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 
cdc42::NAT pRS316 GFP- CDC42 rsr1::HYG 

This study 

PC6555 
MATa ste4 FUS1-lacZ FUS1-HIS3 ura3-52 ssk1 
cdc42:: HYG pRS316 GFP-CDC42  

This study 

PC6557 MATa ura3-52 cdc42:: HYG pRS316 GFP-CDC42 This study 

PC6591 MATa ura3-5 leu2 This study 

PC6603 MATa ura3-52 leu2 ssk1 This study 

PC6604 MATa ura3-52 leu2 ssk1 ste11::NAT This study 

PC6614 MATa ura3-5 leu2 ahk1::NAT This study 

PC6622 
MATa ura3-52 cdc42:: HYG pRS316 GFP-CDC42 

rdi1::NAT 
This study 
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PC6624 MATa ura3-52 leu2 ssk1 cla4::NAT This study 

PC6630 

PC6632 

PC6634 

PC6636 

PC6680 

PC6701 

MATa ura3-52 GAL rga1::NAT 

MATa ura3-52 cdc42:: HYG pRS316 GFP-
CDC42  rga1::NAT  

MATa ura3-52 GAL rdi1:: KanMX6 

MATa ura3-52 cdc42:: HYG pRS 316 GFP-
CDC42  GAL RDI1:: KanMX6  

MATa ura3-52 ssk1 bem1::NAT pRS316 
BEM1 

MATa ura3-52 leu2 ssk1 GAL RDI1:: 
KanMX6 

This study 

This study 

This study 

This study 

This study 

This study 

PC7064 

PC6883 a 

MATa ura3-52 leu2 ssk1 bem4::klURA 

PJ69-4a MATa trpl-901 leu2-3,112 ura3-52 
his3-200 ga14A ga18OA LYS2::GALl-HIS3 
GAL2-ADE2 met2::GAL7-lacZ bem4::klURA 

This study 

This study 

PC7085 a PJ69-4a MATa trpl-901 leu2-3,112 ura3-52 
his3-200 ga14A ga18OA LYS2::GALl-HIS3 
GAL2-ADE2 met2::GAL7-lacZ rsr1::klURA 

This study 

PC7159 a PJ69-4a MATa trpl-901 leu2-3,112 ura3-52 
his3-200 ga14A ga18OA LYS2::GALl-HIS3 
GAL2-ADE2 met2::GAL7-lacZ bem1::klURA 

This study 

a. All strains are in the ∑1278b background unless otherwise indicated. 

b. Strains designated ura3- were generated by identifying colonies resistant to 5-FOA. 
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Table S2. Plasmids used in the study. 

Name Description Reference 

PC1405 

PC1441 

PC1601 

PC1614 

PC1696 

PC1715 

PC1882 

PC1422 

PC2205 

PC2206 

PC2207 

PC6519 

pFRE-lacZ 

YCp50-STE11-4 

pRS316-SHO1-GFP 

pRS316-SHO1-GFP D16H 

pGFP-MSB2 

pRS316-SHO1D16H P120L-GFP 

pGAL-SHO1D16H-GFP::KanMX6 

pRS315 

pNAT 

pHYG 

pRS316 

pRS316- BEM1 

(MADHANI et al. 
1997) 
(STEVENSON et al. 
1992) 
(MARLES et al. 
2004) 
(MARLES et al. 
2004) 
(VADAIE et al. 
2008b) 
(VADAIE et al. 
2008b) 
(VADAIE et al. 
2008b) 
(SIKORSKI and 
HIETER 1989) 
(GOLDSTEIN and 
MCCUSKER 1999) 
(GOLDSTEIN and 
MCCUSKER 1999) 
(SIKORSKI and 
HIETER 1989) 
Gift from Daniel 
Lew, Duke 

PC6514 

PC6515 

PC6516 

PC6517 

PC6518 

BEM1p-BEM1-12XMYC-SWE1t (pDLB2374 

BEM1 p-bem1P208L-12XMYC-SWE1t 
(pDLB2375) 
BEM1 p-bem1P355A-12XMYC-SWE1t 
(pDLB2377) 
BEM1p-bem1R369A-12XMYC-SWE1t 
(pDLB2378) 
BEM1p-bem1K482A-12XMYC-SWE1t 
(pDLB2379) 

(IRAZOQUI et al. 
2003) 
(IRAZOQUI et al. 
2003) 
(IRAZOQUI et al. 
2003) 
(IRAZOQUI et al. 
2003) 
(IRAZOQUI et al. 
2003) 

PC6454 pRS316-GFP-linker-CDC42 This Study 

PC4205 pOAD plasmid 
(MCCRAITH et al. 
2000b) 

PC4206 pOBD-2 plasmid (MCCRAITH et al. 
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2000b) 

PC4190 pOAD-BEM4 fusion 
(MCCRAITH et al. 
2000b) 

PC4232 pOBD-2 CDC42 D57Y C188S This Study 

PC4878 pV84-FUS1-lacZ This Study 

PC6833 pOBD-2 CDC42C188S This Study 

PC6834 pOBD-2 CDC42C188S, G12V This Study 

PC6835 pOBD-2 CDC42C188S, T17N This Study 

PC6836 pOBD-2 CDC42C188S, D118A This Study 

PC6797 pOBD-2 CDC42 K5A, D57Y, C188S This Study 

PC6798 pOBD-2 CDC42 R144A, D57Y, C188S This Study 

PC6799 pOBD-2 CDC42 E100A, D57Y, C188S This Study 

PC6800 pOBD-2 CDC42 V36T, D57Y, C188S This Study 

PC6802 pOBD-2 CDC42 H102A,H103A, H104A D57Y, C188S This Study 

PC6805 pOBD-CDC42 F37Y, D57Y, C188S This Study 

PC6831 pOAD BEM1 This Study 

PC4590 pOAD RSR1 This Study 

PC 
6892 

2μ SEC4: URA3; pNB142 
(FRANCE et al. 
2006a) 

PC 
6893 

2μ SEC15: URA3; pNB192 
(FRANCE et al. 
2006a) 

PC 
6894 

EXO70, 2u, URA3 
(FRANCE et al. 
2006a) 

PC7025 pRS316 HIS-CDC42 This Study 

PC7096 pOAD-BEM4 K323A K328A K351A R352A This Study 

PC7097 pOAD-BEM4 K351A R352A This Study 

PC7112 pOAD-BEM4 K323A,K328A This Study 

PC7160 pOAD-BEM4 K323A This Study 

PC7161 pOAD-BEM4-AD K328A This Study 

PC7162 pOAD-BEM4-AD K328E This Study 
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PC7163 pOBD-CDC42 E100K, D57Y, C188S This Study 

PC6273 pYEp352-pTEF2-BEM4-GFP 
(PITONIAK et al. 
2015) 

PC7028 pYEp352-pTEF2-RDI1-GFP This Study 
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CHAPTER 4 

DISCUSSION AND FUTURE DIRECTIONS 

One of the most interesting and poorly understood (e.g. mysterious) processes in biology is the 

ability of one cell to develop into an entire organism. During development, one progenitor cell, 

through a process of growth, cell orientation or polarity, cell division, cell differentiation, and cell 

migration organizes into an assembly of different cell types that work together to produce a highly 

specialized organism. This mysterious process necessarily involves cells making decisions about 

whether they should assume one type or another. Cell type can be defined as a cell with a unique 

collection of proteins that typically affect the polarity (e.g. shape) of the cell and that control 

cellular functions. The primary way that cell-type specification occurs therefore is by the 

expression of cell-type specific genes. Unlocking these normally dormant parts of the genome is 

controlled by signal transduction (signaling) pathways, that either by executing an intrinsic 

developmental program, or by rearranging cellular processes in response to a particular stimulus, 

control the activity of transcription factors that induce the expression of gene sets to produce 

different cell types. In this way, stem or vegetative-type cells can differentiate in to kidney, lung, 

bone and other cells in a highly organized manner. In addition to transcriptional changes, even 

more enigmatic changes occur, where cells sense morphogenetic gradients, and migrate (move 

around) in a highly choreographed manner to produce tissues and organs. 

Signal transduction pathways are composed of receptors, second messengers, and a select group of 

proteins that include GTPases (like Cdc42p), protein kinases and phosphatases (like the three 
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tiered MAP kinase pathways), adaptors or scaffolds (like Ste5 and Bem proteins), and other 

regulatory proteins. A typical signaling pathway contains many of these different types of proteins 

that function in a highly organized protein interaction network. What’s more, different signaling 

networks can interact with each other to accomplish different tasks in different settings. In some 

instances, different signaling networks are spatially segregated (e.g. in different cell types), 

whereas in other instances, multiple signaling networks can operate in the same cell. It is not at all 

clear in some cases how a signal in one pathway is prevented from activating another pathway. 

Indeed, more often than not, new points of integration continue to be discovered among pathways 

that share components. The problem of understanding “signaling specificity” is important to solve 

because inappropriate cross talk between pathways is commonly found to be the underlying cause 

of developmental abnormalities and diseases like cancers and other diseases. 

One approach taken by many developmental biologists is the use of model systems to study 

questions that relate to development, cell biology, and signal transduction. The simpler the model, 

the easier it is to gain mechanistic insights about these important biological problems. Even single-

celled microorganisms can differentiate into different cell types, which provides an opportunity to 

use genetics and other specialized approaches to learn detailed mechanistic insights about 

biological processes. In this thesis, I have used the budding yeast Saccharomyces cerevisiae to 

learn about how signaling pathways bring about a new cell type. The cell type I have studied is 

called filamentous growth, which is a fungal-type foraging response, in which cells change their 

shape and polarity, and their interactions with other cells, in response to harsh growth conditions. 

Among the signaling pathways that control filamentous growth is a MAP kinase pathway called 

the filamentous growth MAPK or (fMAPK) pathway. The fMAPK pathway is a cell differentiation 

130 



 

       

        

     

       

     

           

  

          

       

 

       

     

         

      

       

          

       

     

    

          

       

pathway. Activation of the fMAPK pathway causes changes in the gene expression and alterations 

to the cell morphology. The underlying mechanism through which nutrient limitation activates the 

fMAPK pathway has been elucidated. However, a question that remains open is to understand how 

environmental cues are recognized and integrated by the fMAPK pathway to generate a 

morphogenetic response, which leads to changes in the budding pattern, cellular elongation, and 

cell-cell adherence. The focus of my thesis has been to understand the underlying mechanism 

through which the fMAPK pathway alters cell polarity. 

In yeast, changes in budding pattern essentially give a read-out of altered cell polarity. Through a 

serendipitous discovery, a previous member of the lab (Nadia Vadaie) identified that Rsr1p, which 

is homologous to mammalian Rap1p, regulates the fMAPK pathway. Rap1p is involved in cell-cell 

interactions and cellular patterning. I followed up on that initial discovery which led to a new role 

for bud-site-selection proteins in regulating the fMAPK pathway. Rsr1p, together with positional 

landmarks, regulate the fMAPK pathway through the shared GTPase Cdc42p. Hence, I was able to 

identify a new role of spatial marker proteins beyond their established function in regulating the 

growth pattern. Following up on this discovery, I identified a surveillance mechanism whereby 

positional cues provide information about spatial context to regulate the cellular response to 

extrinsic and intrinsic morphogenetic stress. In this way, cells monitor positional integrity before 

engaging in MAPK-dependent differentiation and other responses. This is Chapter 2 of my thesis. 

An important problem surrounding the connection between bud-site selection proteins and MAPK 

signaling is why should bud-site-selection proteins talk to the fMAPK pathway? What biological 

advantage might there be? Haploid yeasts facing nutrient stress undergo a morphological 

transition to filamentous/pseudohyphal/invasive growth. The yeast cell is non-motile. Yeast cannot 
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swim or crawl. Thus when a nutrient is limiting, the transition to filamentous growth helps yeast to 

survive and induce nutritional scavenging. Filamentous growth involves a change in gene 

expression patterns, which ultimately lead to change in cell morphology. Cells undergoing 

filamentous growth are elongated and bud distally. I have shown cells lacking Ste12p are less 

elongated. Ste12p is a transcription factor, which works in concert with Tec1p and functions below 

the fMAPK pathway. I have also shown that cells with the hyperactive allele of Msb2p ignore 

inputs from polarity pathway leading to growth in haphazard direction and often initiate 

budding/growth at a new site before finishing up budding at the last site (BASU et al. 2016). A 

recent observation from our lab shows the fMAPK pathway also regulates Gic2p expression 

(Prabhakar et al. unpublished). Gic2p is a Cdc42p effector which recruits septins and is 

required for bud initiation (BI and PARK 2012). Taken together, the fMAPK pathway functions in 

co-operation with the polarity pathway to regulate cell elongation, help the cell to initiate growth at 

a chosen site (bud site) and to maintain growth at the site until a new bud is formed. When fMAPK 

is pathway is uncoupled from the polarity pathway, then fMAPK activity goes down. Rewiring 

polarity in nutrient-limiting condition by overexpressing on of the axial cues (Axl1p) modulates 

the fMAPK pathway to a lower activity level. Thus, coordinating polarity with fMAPK signaling 

is beneficial for the cell because it helps the cell to choose the direction of growth and maintain 

growth at that site until a new bud is formed. 

For Chapter 3 of my dissertation I studied how MAPK pathways generate a specific output in 

response to a specific environmental stimulus. In mammals, different MAPK pathways (ERK and 

p38) with shared components induce different responses. It is generally assumed that different 

MAPK pathways induce different target genes (CHAVEL et al. 2014);(ADHIKARI et al. 2015d). 
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However, it is not clear whether shared components play any role in inducing pathway-specific 

targets. Since MAPK pathways are highly conserved, we sought to directly compare the three 

MAPK pathways in yeast that share common components (like Cdc42p) to begin to address this 

question. 

I was curious to understand how Cdc42p is specified to the fMAPK pathway; a library containing 

cdc42 point mutations was screened for pathway-specific defects. I found that different Cdc42p 

alleles have different impacts on the shared MAPK pathways. Bem4p is a recently-identified 

adaptor for the fMAPK pathway (PITONIAK et al. 2015). Bem4p interacts with Cdc42p. In the 

fMAPK pathway, Bem4p failed to interact with a version of Cdc42p that was specifically defective 

in the fMAPK pathway. Specifically, the fMAPK pathway-specific allele Cdc42pE100A was 

identified and shown to be defective for interaction with Bem4p. I also showed that another Bem 

protein, called Bem1p, which is also an adaptor for Cdc42p, regulates the fMAPK pathway. Using 

genetic epistasis analysis, I identified an ordered sequence for the two scaffold-like proteins that 

regulate the fMAPK pathway (Bem4p -> Bem1p). This is chapter 3 of my thesis. 

A common question about these pathways is why do different MAPK pathways use the same 

GTPase Cdc42p? Is there a biological advantage? Or is it just how the pathways happened to 

evolve? Three MAPK pathways not only share the GTPase Cdc42p but its effector Ste20p and the 

MAPKKK Ste11p. Ste11p is activated by Ste20p. The cell surface proteins Msb2p, Sho1p and 

Opy2p which functions above Cdc42p are also shared between the fMAPK and the HOG 

pathways. Sharing components between signaling pathways is a mechanism that establishes 

signaling crosstalk. Sometimes cross-talk between pathways occurs and is helpful to the cell. 

Signaling crosstalk is the fundamental guiding principle of development of a multicellular 
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organism. Cells evolved signaling pathways that share components to gain certain biological 

advantages. For the filamentation response, crosstalk mediated by Cdc42p might provide a 

mechanism to coordinate cell polarity and cell signaling. Establishment of cell polarity is 

dependent on the critical concentration of active Cdc42p at a particular site. Activation of the 

fMAPK pathway also requires polarity GTPase Cdc42p. Thus, the spatial concentration of active 

Cdc42p level in the vicinity might facilitate the response through the fMAPK pathway. Underlying 

biochemical interactions [like the interaction between Sho1p and Bud8p (VADAIE et al. 2008b), 

and the interaction between Rsr1p and Bem4p (DREES et al. 2001)] might co-ordinate such 

response.  

The work that I have done during my graduate study identified a surveillance mechanism through 

which the positional information is relayed to the differentiation MAPK pathway. This 

surveillance mechanism involves the activation of two GTPases in an ordered sequence. Spatial 

cues activate the Ras-type GTPase Rsr1p, which then recruits the Cdc42p activator Cdc24p, which 

is required for the local activation of the polarity GTPase Cdc42p (PARK et al. 2002). In addition to 

the polarity pathway and the fMAPK pathway, Cdc42p also regulates other MAPK pathways. I 

have identified an activation mechanism that directs Cdc42p to the fMAPK pathway through its 

interaction with two pathway-specific scaffolds. Aspects of Cdc42p-dependent MAPK signaling 

might extend to Rho GTPase regulation in higher eukaryotes. 

The conceptual advance from the first part of my Ph.D. work is the discovery of a surveillance 

mechanism through which bud-site proteins regulate a differentiation-type MAPK pathway. In 

most cases, cell differentiation alters cellular morphology, function, and polarity. Thus, cell-

signaling pathways are activated by the environmental stimulus to initiate cell differentiation 
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and alter cell polarity. However, my finding leads to a distinct mechanism that goes against this 

common notion. I found that proteins that mark the polar ends of the cell can modulate cell 

differentiation. To examine whether rewiring cell polarity can reset fMAPK activity level, I 

overexpressed an axial pole marker Axl1p through a galactose-driven promoter and forced cells to 

bud axially under nutrient limiting conditions. In wild-type cells, galactose acts as a poor carbon 

source to induce the fMAPK pathway and distal pole budding. As a result of Axl1p 

overexpression, axial budding increased from 40% to 80% leading 2.2-fold reduction in Kss1p 

phosphorylation level in comparison to wild-type cells grown in galactose. Thus by re-wiring 

polarity, we caused a corresponding defect in Kss1 phosphorylation. This suggests that there is a 

mechanism for filamentous cells encountering a glucose-rich environment to attenuate the fMAPK 

pathway activity. Cell polarity reorganization can therefore dictate MAPK activity in response to 

an extrinsic cue. In line with this conclusion, we also find that not only the extracellular 

environment but intracellular processes that are involved in trafficking or transcription or 

translation of bud-site selection machinery or these spatial landmarks also alters fMAPK 

pathway.  This result indicates that there is a surveillance mechanism that integrates polarity 

machinery with cell differentiation MAPK pathway. To understand the utility of this mechanism 

we uncoupled these two processes using a hyperactive version of the Msb2p protein whose 

signaling no longer depends on input from bud-site-selection proteins. In this case, cells have 

severe morphological defects.  This leads to a general idea where cells must get the positional 

information correct before differentiating. 

The conceptual advance from the second part of my thesis is a mechanism through which the 

polarity GTPase Cdc42p is specified in a particular MAPK pathway. I identified a novel 
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mechanism through which two scaffold-like adaptor proteins (Bem4p and Bem1p) act in concert to 

recruit and specify Cdc42p for proper fMAPK function. These two scaffolds make a two-switch 

activation mode of the fMAPK pathway that matches pace with nutrient levels. The broader 

ramifications of these findings are that monomeric GTPases may be generally specified in part 

through direct interactions with adaptor proteins. It is generally assumed that the same Cdc42p-

Ste20p activates three MAPK pathways. Here I show that proteins that bind to Cdc42p – and 

alleles of Cdc42p show specific states of MAPK pathway activation. Perhaps GTPases are 

extremely functionally insulated by adaptors such that they signal with the same PAK in 

completely different ways. Perhaps Bem4p brings Rsr1p-Cdc42p-Bem1p into a complex with one 

MAPK Kss1p, thereby insulating it from others (Fus3p and Hog1p). 

Future directions 

My thesis helped to advance the understanding of how spatial information is recognized and 

relayed to an intracellular kinase cascade to generate a morphogenetic response. This discovery 

has opened up new questions that might merit future investigation. One of these areas surrounds 

the Ras-type GTPase Rsr1p. How exactly does Rsr1p recruit a ‘shared’ polarity GTPase Cdc42p to 

regulate the fMAPK pathway? A large-scale yeast two-hybrid study indicates that Rsr1p interacts 

with the fMAPK specific adaptor protein Bem4p (PITONIAK et al. 2015). However, the functional 

significance of this interaction is still unknown. To address this question, one needs to map the 

Rsr1p interaction site in Bem4p using protein truncation (Bem4pTrunc) analysis. Testing whether 

Bem4pTrunc showes an altered budding pattern in a nutrient-limiting condition will help to elucidate 

the underlying biochemical mechanism through which the spatial landmark protein alters cell 
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polarity. The insight gained from this experiment can be evaluated in the higher eukaryotic system. 

Interestingly, Rsr1p is homologous to Rap1p, which interacts with SmgGDS protein, leading to the 

efficient prenylation and membrane trafficking of Rap1p (BERG et al. 2010). Bem4p contains 

multiple arm repeats and is homologous to the mammalian SmgGDS. Thus, validating the 

underlying biochemical interaction between Bem4p and Rsr1p may unveil a conserved 

evolutionary mechanism that involves cellular patterning. 

It is known that Rsr1p interacts with Cdc42p. It has been postulated that this interaction might lead 

to the recruitment and local activation of Cdc42p. During my Ph.D. work, I found that a GFP-

tagged version of the Sho1p localization pattern changes throughout the cell cycle and correlates 

with the budding pattern. Cdc42p’s role in establishing cell polarity during bud emergence is very 

well studied across many different lab (BI and PARK 2012). Activation of fMAPK pathway alters 

budding pattern (CULLEN and SPRAGUE 2000a). My thesis work indicates two regulatory branches 

converging on Cdc42p to regulate the fMAPK pathway - the Msb2p branch, (O'ROURKE and 

HERSKOWITZ 1998; CULLEN et al. 2004; VADAIE et al. 2008b; KARUNANITHI and CULLEN 2012; 

ADHIKARI et al. 2015a), and the Rsr1p branch, whose activity is governed by positional landmarks 

(Chapter 2 Fig. 7, (BASU et al. 2016). 

However, some questions remained unanswered:1) is there any temporal correlation between these 

two branches? Does Cdc42p appear to the incipient bud site (future bud site) first before recruiting 

Sho1p or does Sho1p localize to the incipient bud site first before recruiting Cdc42p? 2) Does that 

correlation depend on the nutrient state?To elucidate the mechanism of temporal correlation 

between Cdc42p and Sho1p, one should utilize in vivo live flouroscence imaging. During my 

Ph.D. career, I have found that that Sho1p localization pattern changes during the cell cycle. 
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Utilizing the CellASIC® ONIX Microfluidic Plate (EMD Millipore), which is a perfusion chamber 

specifically designed to trap yeast cells in a single focal plane for imaging without limiting 

solution exchange or cell growth properties, one can study the colocalization pattern of Sho1p and 

Cdc42p in different stress (e.g., nutrients) conditions.  

My Ph.D. work elucidates two mechanisms that regulate cell differentiation by regulating an Erk1-

type MAPK pathway in yeast. The first mechanism involves input from a polarity pathway through 

the sequential activation of Ras GTPase and Rho GTPase Cdc42p in modulating the fMAPK 

pathway. The biochemical experiment involving Bem4pTRUNC , as suggested above will help to 

gain further mechanistic insight to understanding how polarity proteins regulate the fMAPK 

pathway. The second mechanism that I have begun to unravel involves the sequential role of two 

Bem adaptors in the signal-specific activation of the fMAPK pathway. The live imaging 

experiment suggested above aids in understanding the spatiotemporal correlation between fMAPK 

components and polarity establishment. Most of the MAPK pathways were first identified and 

functionally evaluated in budding yeast (CHEN and THORNER 2007). Therefore, the mechanistic 

lessons learned here might be relevant in higher eukaryotes, where questions surrounding cell 

differentiation remain elusive. 
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