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G-protein coupled receptors (GPCRs) are the target of approximately 35% of all FDA-approved
pharmaceuticals. This is because GPCRs regulate different cellular signals including control of cell
polarity. The yeast, Saccharomyces cerevisiae, use a GPCR for mating which induces chemotropic growth
and morphogenesis toward a mate. In mammalian cells, signaling downstream of the receptor is
primarily conducted by the Ga subunit of the large G-protein. In the yeast pheromone response little is
known about Ga’s contribution to signaling and the GBy subunit is the primary known contributor. This
begs the question, what is the contribution of Ga to the yeast pheromone response? | have found two
novel mechanisms in the yeast pheromone response that implicate Ga signaling in yeast mating. First, |
have identified a previously unknown role of the regulator of G-protein signaling (RGS), which facilitates
hydrolysis of GTP to GDP on Ga to turn off downstream signaling. | found that RGS is phosphorylated
early in the pheromone response to facilitate the transition from mitosis to pheromone-induced
polarization. Importantly, | also found that the phosphorylation state of the RGS dictates the distribution
of the downstream Fus3-MAPK response. The Fus3-MAPK binds directly to Ga-GTP to enhance signal
output. In cells with phosphomimetic RGS, the distribution of Fus3-MAPK, is broadly localized across the
polar cap while unphosphorylatable RGS mutants were similar to controls. Therefore, the
phosphorylation state of RGS controls the distribution of active Ga and drives localization of the Fus3-

MAPK signal.



Previous work indicated that cells lacking RGS-activity do not generate mating projections and
have aberrant septin distribution. Septins are cytoskeletal filaments that function as diffusion barriers
and protein scaffolds during cell division, but their roles in the pheromone response are not well
understood. | found that septin distribution is driven by epsin-mediated endocytosis of Ga via its
ubiquitination domain. Additionally, the septin chaperone Gicl and the Cdc42 GTPase activating protein
(Cdc42-GAP) Bem3 were differentially involved in pheromone-induced septin deposition when
compared to other septin chaperones and Cdc42-GAPs respectively. These results provide new evidence

for Ga as a signaling contributor to the yeast pheromone response.
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CHAPTER 1
INTRODUCTION AND BACKGROUND
1.1. G-Protein Coupled Receptors and Yeast as a Model System
1.1.1 A Brief History of GPCRs
G-protein coupled receptors (GPCRs) comprise approximately 35% of all FDA-approved
therapeutics®. Additionally, humans express nearly 1000 known GPCRs that span a wide range of
functions including control of cell polarity. GPCRs are seven transmembrane domain proteins that
couple to a heterotrimeric, large G-protein, consisting of Ga subunit and Gy complex. G-proteins are
molecular switches that, when activated by a GPCR, transmit an external signal to an internal signal.
Upon activation of the receptor by ligand binding, a conformational shift promotes the receptor’s
intrinsic guanine nucleotide exchange factor (GEF) activity and catalyzes the exchange of nucleotide
bound to Ga, replacing GDP with GTP. Ga-GTP promotes dissociation of the heterotrimeric complex and
downstream signaling.

The type of signal output is dependent upon the cognate G-protein. There are 4 major families
of Ga: Gas, Gai/o, Gag, and Ga12/13. Each family controls activity of specific signaling pathways in the
cell. Generally, the GasS subtype stimulates cAMP production via adenylyl cyclase and leads to
transcriptional activity to increase cell growth, proliferation, or any other number of specialized
activities. The Gai/o pathway inhibits the stimulatory effects of GaS by suppressing cAMP production.
Gagq activates phospholipase C to ultimately modulate calcium signaling via phosphoinostitol signaling.
Finally, Ga12/13 can activate small GTPases, such as the master regulator of cell polarity, Cdc422.

The B2 adrenergic receptor (B2AR), was the first human GPCR to be sequenced and structurally
solved®?. It is coupled to Gas and is still the standard model system for many studies probing GPCR

signaling.



Although the structural work clarified the activation mechanisms of GPCRs and G-proteins, a
large amount of fundamental signal transduction work was conducted in the 1980s, 1990s, and early
2000s. Many contributions to the cell signaling research boom used a new model system,
Saccharomyces cerevisiae (yeast hereafter)®.

1.1.2. Yeast as a Model GPCR System

Experiments using the B2AR and other adrenergic receptors were still prevalent, however, yeast
became a competitive model system for GPCR research during the late 1980s. This is because yeast had
proven to be a powerful model system due to the ease of genetic manipulation that made conducting
biochemical and molecular biological experiments relatively easy” 8. Yeast were also the first fully
sequenced genome® and as the scientific community came to find, there is significant overlap from yeast
to humans?®®. Additionally, a large set of tools have been developed for yeast research including

1112 gver-expression mutants?®®, and a collection of

comprehensive libraries of yeast deletion mutants
green fluorescent protein (GFP)-tagged yeast'* *°. The advent of these genetic tools preceded the
development of several high-throughput technologies including transcriptomics!® ', proteomics®®, and
metabolomics!® % — all originally developed in yeast.

As for GPCR signaling, yeast contain DNA encoding only 3 GPCRs, a nutrient-sensing GPCR (Gpr1)
and the pheromone, or mating receptors Ste2 (expressed by the haploid mating type-a yeast) and Ste3
(expressed by the haploid mating type-a yeast)*" 2. For the purposes of this dissertation, | will only
discuss the Ste2 receptor and will use the terms Ste2 and “receptor” interchangeably. Gpr1 signaling
mimics the GasS signaling | described earlier — modeled by the B2AR. On the other hand, Ste2 couples to
a Gal12/13-like G-protein and is therefore an excellent model to study GPCR-mediated cell polarity.
Recently, the crystal structure of Ste2 was solved and showed that the receptor is a homodimer and is

coupled to two G-protein complexes?. While the direct impacts to physiology of this are unknown, itis a

critical finding.



1.2. The Yeast Pheromone Response — Signaling and Regulation

The yeast pheromone response is likely the most well-studied GPCR-mediated signaling pathway.
Briefly, when a yeast is in the presence of mating pheromone, the yeast exhibits chemotropic growth
toward their potential mate. This type of polarized growth requires precise tracking of the mating
pheromone source and tightly regulated signaling to modulate directionality. This pathway has been
investigated since the 1970s* %°. However, little is known about Ga’s contribution to the pheromone
response?®28 and, as evidenced by mammalian systems, the regulator of G-protein signaling (RGS) is
likely to have several roles beyond Ga regulation?® 3, But, to understand the regulatory mechanisms of
the pheromone response, one must first understand the basic signaling principles of the chemotropic

growth in yeast.

1.2.1. An Overview of the Yeast Pheromone Response and Known Contributions of Ga to Signaling
Upon pheromone binding the receptor, a significant conformational shift occurs and the
receptor engages the loosely bound Ga subunit to exchange the bound GDP for GTP and promote
dissociation of the G-protein complex. Following activation there are three major pathways initiated by
Gpy. First, GBy recruits Ste5, the mitogen-activate protein kinase (MAPK) scaffold to the plasma
membrane, which functions to recruit and scaffold all signaling components of the MAPK signaling
cascade and improve signaling efficiency3!** — Ste5 and the MAPK signaling cascade is discussed in detail
in section 1.2.2.. Second, GBy binds the p21 activated kinase (PAK), Ste20, which promotes MAPK
scaffolding and signaling®. It is important to note that Ste20 activation requires binding of Cdc42 and
the polar cap scaffold Bem1 to alleviate the autoinhibitory effects of the Ste20 CRIB-domain3®® . Finally,

Gy binds the cyclin dependent kinase inhibitor and Cdc42-GEF scaffold, Farl to promote activation of



Cdc423% 3 (Figure 1.1.). Control of pheromone signaling initiated by Gy is clearly well investigated,
however, Ga’'s role in the pheromone response is less well-understood.

The Ga subunit in the yeast pheromone response is canonically responsible for turning off GBy
signaling. The ‘off’ signal is achieved when Ga-GTP is hydrolyzed to Ga-GDP, which promotes increased
affinity for and reassociation with the GBy subunit. In addition to Ga regulation of GBy, Ga binds the
MAPK, Fus3 and enhances its signaling®®. However, less is known about Ga’s role beyond these
canonical functions. In the late 1990s, two studies from David Stone’s group revealed a Ga-mediated
negative regulation of the pheromone response. The first found that specific Ga mutants were hyper-
adaptive to pheromone — turning ‘off’ the pheromone response faster than WT yeast, however the
effect of these mutants were not characterized further?”. The second paper described that Ga interacts
with the phosphatase, Msp5, to partially reduce pheromone signaling®.

In 2015, Dr. Kelley elucidated a mechanism in which Ga activity influenced cytoskeletal
distribution while conducting his postdoctoral research in the Dohlman Lab. In this article, the authors
perturbed the activity of the primary negative regulator of Ga, Sst2, and found that cells were unable to
form normal mating projections*. Coincidentally, mating projection abnormality was to the distribution

of specific cytoskeletal proteins called septins, which are discussed in detail in section 1.5..

1.2.2. The MAPK Signaling Cascade

The MAPK family of signaling molecules are involved in several signaling pathways and are
characterized by several levels of regulation. First, MAPKs are kinases, meaning they phosphorylate
other proteins. Once the MAPK signaling pathway is initiated, a signaling cascade begins. As | will explain
in the following paragraph the first activated molecule in the cascade is the MAPKKKK which

phosphorylates its substrate MAPKKK, which phosphorylates its substrate MAPKK, and finally MAPKK



phosphorylates MAPK. In yeast the MAPKs are Fus3 and Kss1 and are homologs to the human ERK
proteins.

The MAPK scaffold Ste5 binds GB near the Ste20-PAK binding site313%, Ste5 is recruited to GB
complexed with Ste11-MAPKKK*!, which brings Ste11-MAPKKK to GB-bound Ste20-PAK, which
phosphorylates Ste11-MAPKKK’s N-terminal regulatory domain and activates its kinase catalytic domain.
Ste50, an adaptor protein, also is bound to Stel1 and links the Cdc42-Ste20 complex to Stell to
facilitate its activation®> 3, Once Stel1 is activated, it phosphorylates the activation loop of Ste7-MAPKK,
which in turn phosphorylates Fus3 and Kss1, the two MAPKs. Ste5 binds and scaffolds the gambit of
MAPK signaling partners, and by modulating their proximity, enhances signal transmission from the
initial MAPKKK to the two MAPKs Fus3 and Kss1%1,

Further propagation of the signal is carried by the MAPKs, which are both proline-directed
kinases, meaning they phosphorylate serine and threonine residues that are immediately followed by a
proline. Once Fus3 and Kss1 are activated, they phosphorylate the transcription factor Stel2, and Stel2
repressors Digl and Dig2. Dig 1 and Dig2 repress Stel2 activity by directly binding to Stel2 when
unphosphorylated®**3. Although Ste12, Dig1, and Dig2 are substrates for the MAPKs Fus3 and Kss1, the
crucial phosphorylation events for Stel2 activation are currently unknown.

Once Stel2 transcription is initiated, nearly 200 pheromone-specific genes are transcribed,
many of which are upregulated at least two-fold in transcription®*. Indeed, the genes upregulated in
transcription include positive-feedback components, negative-feedback components, and cell-cell fusion
genes essential for zygote formation®®. In addition to upregulated genes, there are many genes that are
transcriptionally repressed in the presence of pheromone, most of which are involved in cell division®
(Figure 1.1). This makes sense due to the repression of the cell cycle and stall in G1 phase during

pheromone-induced polarized growth.



1.3. Negative Regulation of Pheromone-Induced Signaling

Thus far | have discussed primarily positive regulation of the pheromone response via the MAPK
signaling cascade. However, it is important to note that for yeast to properly establish a mating
projection, they must also incorporate negative-feedback loops to promote signal desensitization.
Additionally, negative regulation contributes to selectivity and directionality of polarized growth. In
essence, without negative regulation of the pheromone response cells could not select the appropriate
direction to begin polarized growth and their mating efforts would be futile. Therefore, | will discuss

signal regulation and modulation in detail here.

1.3.1. The Regulator of G-Protein Signaling, Sst2

The regulator of G-protein signaling (RGS), Sst2, is the most important negative feedback
mechanism in the yeast pheromone response®®. Sst2 was the first discovered regulator of G-protein
signaling (RGS) and was elucidated by Henrik Dohlman in 1996 in the lab of Jeremy Thorner®®, |
mentioned previously that the primary known role of Ga is inhibition of the GBy complex by
sequestering it to the receptor; the RGS enhances this activity by accelerating the intrinsic GTPase
activity of Ga®’. This means that RGS helps to hydrolyze Ga-GTP to Ga-GDP, which promotes
reassociation with the GBy subunit (Figure 1.2.).

The RGS is expressed at low levels during vegetative growth. However, upon pheromone
addition it is transcriptionally enhanced by Ste12 and MAPK signaling during the pheromone response®®.
Pheromone-induced transcription of the RGS facilitates signaling modulation in the presence of

increased Ga activity, but why expression of RGS in vegetative cells with no active pheromone signal?



There is evidence that basal levels of RGS may be required to turn-off spontaneous activation of the
Ga*°, which would facilitate normal progression of the cell cycle in the absence of pheromone.

Modulation of RGS activity also contributes to its role in pheromone response regulation. The
RGS is phosphorylated by Fus3-MAPK>® %, but little is known about the physiological outputs of these
phosphorylation events. | will discuss in Chapter 2 of this dissertation a potential new mechanism for
RGS activity during the pheromone response based on its phosphorylation state. Briefly, | found that
RGS phosphorylation at Serine 539 is a critical post-translational modification during the early

pheromone response and perturbation of this phosphorylation results in cytokinetic defects.

1.3.2. Endocytic Regulation of the Pheromone Response

The RGS is primarily a quick feedback mechanism. Conversely, long-term desensitization of the
pheromone response is also necessary. | mentioned previously that without regulation of the
pheromone response and directionality of polarized growth, the mating effort would be futile. In
addition to that, cells must have a mechanism to turn off the pheromone response that acts more slowly
in order to preserve pheromone adaptation over long-term exposure, and re-direct their energy and
polarity machinery to asexual reproduction — budding.

In the yeast pheromone response, activation of the receptor drives the pheromone response
through MAPK signaling. Therefore, removing receptor from the plasma membrane regulates the
response at the highest level of the response. In yeast, clathrin-mediated endocytosis actively removes
receptor from the membrane during the pheromone response® (Figure 1.2.). Unlike other cellular
systems and unlike other GPCR targets, the pheromone receptor, Ste2, does not get recycled®?. This
means that upon internalization the receptor is destined for vacuolar degradation.

Once the receptor is activated by pheromone ligand, the receptor recruits two sister casein

kinases, Yck1 and Yck2, that phosphorylate the C-terminus of the receptor®. This phosphorylation event



is crucial to endocytosis of the receptor. The newly phosphorylated C-terminus then recruits a-arrestins
to facilitate Ste2 internalization and desensitization®. Following a-arrestin (Rod1, Rog3, and Ldb19)
recruitment, the a-arrestins recruit the E3-ubiquitin ligase, Rsp5, to the receptor C-terminus promoting
its ubiquitination. The ubiquitinated receptor then drives endocytosis through the endocytic adaptor
proteins called epsins (Entl and Ent2)%. Epsins are a critical group of endocytic proteins because they
not only attach to ubiquitinated receptor, but they also stabilize curvature of the endocytic pit via its
interaction with actin and clathrin molecules®. Additionally, epsins are known to interact with the
negative regulators of Cdc42, aptly named Cdc42 GTPase activating proteins (Cdc42-GAPs) — in yeast
these are Bem3, Rgal, and Rga2°%®. The interaction of epsins with Cdc42-GAPs suggests that endocytosis
has a significant role in establishing cell polarity.

In the C-terminus of the receptor there is a SINNDAKSS motif, which represents one of the most
important sequences for post-translational modifications in the C-terminus® . Without this sequence
the receptor does not internalize well®”. Additionally, several studies have either truncated the receptor
C-terminus, or generated point mutants along the C-terminus that result in reduced endocytosis, namely
the T326 — a C-terminal truncation at the 326™ codon just before the SINNDAKSS motif, and the 7KR—a
point mutant rendering the 7 lysine residues of the C-terminus un-ubiquitinatable® ., These endocytic
perturbations of the receptor result in hypersensitivity to pheromone and abnormal morphogenesis.

In addition to receptor internalization, the Ga component of the large G-protein is also
internalized. Unlike the mammalian Ga subunits, the yeast pheromone response Ga (Gpal), contains a
ubiquitin-domain, which drives its internalization and vacuolar degradation like the receptor’. This
phenomenon will become important in Chapter 3 of this dissertation where | discuss endocytosis as a

driver of septin distribution.



1.3.3. Other Negative Regulators of the Pheromone Response

| have covered the primary negative feedback mechanisms in the previous sections, but | briefly
want to mention the remaining negative regulators and signal “tuners”. First, in the wild, yeast secrete
mating pheromone into the environment to signal to other mating yeast. In order to fine-tune
pheromone sensing, yeast secrete the protease Barl to degrade pheromone. This limits incoming signal
to a confined space by removing signal from areas where the pheromone has become diffuse and not
concentrated’’ 72. Second, Fus3-MAPK promotes a signaling pathway that limits its own
phosphorylation, though the mechanism is not yet known?®. Third, several phosphatases — Ptp2, Ptp3,
and Msg5 — dephosphorylate Fus3-MAPK and Kss1-MAPK to downregulate their signaling output’* 7>,
Fourth, protein degradation and turnover helps to reset the pathway. Both Ste11-MAPKKK and Ste7-
MAPKK protein turnover is enhanced by pheromone’® 78, Lastly, the Cdk-inhibitor Farl regulates
initiation of polarized growth. Specifically, Farl activity stalls the cell in G1-phase to allow for
pheromone-induced signaling to occur’. Without Farl and its signaling partner, the Cdc42-GEF — Cdc24
— the pheromone response would not initiate®. The Far1-Cdc24 complex is one of the most essential
feedback mechanisms for the pheromone response because it regulates the transition from normal cell
division to pheromone response — which requires arrest in G1. The following section will describe the

yeast cell cycle — with a focus on mitosis and the molecular basis of G1-arrest for the pheromone

response.

1.4. The Yeast Cell Cycle
The yeast cell cycle is similar to that of mammalian cells with a slight difference. In yeast, the initial
emergence of the daughter bud occurs almost simultaneously as the cell enters S-phase. Of course, in

mammalian cells the cell divides evenly so it grows larger as a single cell and once components of the



cell have been distributed appropriately to each half, the cell begins to divide — making mitosis the
timing of “bud emergence” in this case.

Put simply, the cell cycle is comprised of four main phases: 1) G1-phase, or the first growth cycle
where yeast expand, initiate DNA synthesis, and the daughter cell bud emerges. 2) S-phase, or synthesis,
is the phase in which DNA is duplicated. 3) G2-phase, or the second growth phase. Here the daughter
cell also expands and recruits the nucleus to the bud neck (where the mother and daughter cell are
connected) and initiates nuclear division and elongation of the mitotic spindle. Finally, 4) mitosis, where
the cell segregates the nucleus and DNA contained within is distributed between the mother and

daughter cells (Figure 1.3.).

1.4.1. Mitosis and Pheromone-Induced G1-Arrest

A critical component of the cell cycle is cytokinesis, the last step in mitosis where a dividing cell
partitions cellular components into the mother and daughter cell. Additionally, this step in the cell cycle
ensures appropriate inheritance of genetic material and cellular machinery to the daughter cell. The
core machinery for this process is conserved from yeast to humans. During G1-phase, the bud-site for
yeast is determined by the GTPase, Rsrl and its polarization of Cdc428%8, Cdc42 recruits several
proteins including septins, actin and actin nucleators (e.g. formins), and myosin to the bud-site®. Septins
are essential cytoskeletal filaments — described in the next section — that assemble as a ring during G1 at
the bud-site, which promotes the recruitment of myosin to the septin collar during S-phase®. Once the
cell has moved through G2 to the last step of mitosis, cytokinesis, the septin collar splits. At the center of
the bud neck is the actomyosin ring, which constricts the bud neck during cell separation. The two septin
rings are split between the mother and daughter cells®’. The septins in this case provide stability to
membrane curvature and act as diffusion barriers to prevent leakage of cellular components from one

cell to the other. Once stabilized, the actomyosin ring constricts, the cells separate, and continue to G1.
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In the presence of pheromone, cells that have not yet completed the cell cycle must first finish
cell division prior to polarized growth. This is essential to reduce the prevalence of aneuploidy, or the
unbalanced division of chromosomes during cell division. Once the cell has divided and entered G1 it
may begin the pheromone response. One mechanism that drives completion of cytokinesis prior to
initiating pheromone-induced polarization is discussed in Chapter 2 of this dissertation. However, | will
not discuss that here.

Once in G1, a cell may respond to pheromone and initiate polarized growth. This is completely
dependent on the cyclin-dependent kinase inhibitor, Far13%7°, | have already described the role of Farl
in the pheromone response, but here | will provide a brief reminder. Upon pheromone stimulation, Farl
is recruited to free Gby and recruits the Cdc42-GEF, Cdc24. Additionally, Farl promotes activity of the
Ste20-PAK to initiate the MAPK signaling cascade. In order for this to occur, Cdk1 activity must be
downregulated. After G2-phase, cyclins are destroyed and therefore Cdk1 activity is abolished® 8.
During this time there is increased transcription of the FAR1 gene — which is only further enhanced in
the presence of pheromone®-°2, Once the cell is in G1, the cyclin pool begins to re-establish and can
then re-initiate Cdk1-driven cell division® . In the absence of Cdk1-activity, the pheromone response is
initiated and Fus3-MAPK phosphorylates Farl, which recently was upregulated in expression. This
phosphorylation event promotes an association with the cyclin, CIn2, the cyclin responsible for Cdc28
kinase activity — the regulator of Cdk1. While this phenomenon is known it is not well characterized. The
most recent report suggests that Farl interacts with at least one of the cyclins — in this case CIn2, but
the nature of the interaction is unknown (i.e. phosphorylation or binding-based inhibition). It is likely
that only a portion of the Farl pool is used for this activity, especially once the cell’s transcriptional

machinery has re-focused to pheromone-induced gene expression and suppression patterns.
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1.5. Septins and Their Contribution to Cell Division and The Pheromone Response

Septins are important for cell division. Moreover, septins are so important to yeast cell division that
they are capable of dividing without the actomyosin ring as long as they have functional septins®-°.
Additionally, the assembly of the actomyosin ring requires septins to recruit the necessary proteins to
the cytokinetic furrow.

So, what are septins and what do they do in the pheromone response? And, how are septins
deposited at the plasma membrane? I'll begin describing septins and their known roles in the
pheromone response.

Septins are cytoskeletal filaments discovered in yeast and conserved across opisthokonts — a broad
taxanomic term that encompasses the animal and fungi kingdoms“8, They are comprised of two
tetrameric protein assemblies to form an octamer. Each tetramer is the same sequence of proteins and
are comprised of the septins Cdc3, Cdc10, Cdcll, and Cdc12; and in some cases the septin-like protein,
Shs1, takes place of Cdcl1. Septins are GTP-binding proteins, some of which also maintain GTPase
activity and are nearly the same in structure to each other — except for their N-termini which are
considered intrinsically unstructured domains. Each septin is comprised of a C-terminal extension, a
Switch Il loop, a guanine nucleotide binding pocket, a beta7/8 hairpin motif, and an a0-helix — or N-
terminal extension. Septins can either bind at the NC-interface — where the N-termini and C-termini
meet — or they can bind at the G-interface — where the guanine nucleotide binding pockets meet®1%2,
Septin tetramers are, in order, Cdc11-Cdc12-Cdc3-Cdc10; where Cdc11-Cdc12 are bound at the G-
interface, Cdc12-Cdc3 are bound at the NC-interface, and Cdc3-Cdc10 are bound at the G-interface.
Octameric sequences consist of two tetramers, connected at the NC-interface of the two Cdc10 septin
monomers. Again, Shsl can replace the outer Cdc11 monomers and these septin filaments can then

organize and assemble into palindromic hetero-octamers called protofilaments® 103104,
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Functionally, septins act as plasma membrane diffusion barriers and scaffolds for the recruitment of
proteins including actin, myosin, and formins® 193104 dyring the cell cycle. Additionally in yeast, septins
can also function in contractility during cytokinesis in the absence of the actomyosin ring®*%>. However,
septin roles during the yeast pheromone response are not well understood. Septins are known for their
role in barrier function during cell division and it is thought that septins provide the same plasma
membrane barrier function to restrict polarity proteins, such as the receptor, to the leading edge of the
cell during polarized growth!%. The last documented role for septin filaments in pheromone-induced
polarization to date, was published by Kelley et al. in 2015. The authors found that RGS-activity in WT
cells facilitated normal distribution of septins during the pheromone response. Therefore, in cells lacking
RGS-activity — on Ga specifically — the cells were unable to shmoo, nor were they able to track a gradient
of pheromone. Additionally, the authors note that septins are found on the inside edge of turns during
gradient tracking, which suggests that septins drive directionality of pheromone-induced polarized
growth®,

| have expanded our knowledge about the control of septin distribution based on the results of
Kelley et al. and have provided those results here in Chapter 3. Briefly, | found that it is the endocytic
regulation of Ga during the pheromone response that drives septin deposition during the pheromone
response. | also found that a specific signaling axis controlled by endocytic proteins controls the

distribution of septins.

13



- g-Factor + a-Factor

Mating Gene
Transcription

|

__.I-

Cell Cycle Arrest in -

G1-phase

Figure 1.1. Schematic of Yeast Pheromone Response.

Schematic representation of the primary GBy signaling during the pheromone response. At left, the
receptor is activated by the presence of a-Factor pheromone and promotes separation of the Ga and
Gy subunits of the G-protein — the process is reversed by RGS activity on Ga. At right, the GBy subunit
initiates 3 signals: 1) Recruitment of Ste20-PAK, 2) Recruitment of Ste5-MAPK Scaffold, and 3)
Recruitment of Farl-Cdc24 complex. These signals enhance MAPK signaling, activate Farl-mediated cell
cycle arrest in G1-phase, Ste12-mediated transcription of mating genes, and activation/polarization of

Cdc42.
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Figure 1.2. RGS promotes short-term desensitization and clathrin-mediated endocytosis promotes
long-term desensitization of the yeast pheromone response.

At left, short-term and quick regulation of the pheromone response is accomplished through the RGS's
enhancement of Ga’s GTPase activity. Activation of the receptor induces dissociation of the Ga and Gy
complex, MAPK signaling, and mating gene transcription. This process is readily reversible in the
presence of RGS which enhances hydrolysis of Ga-GTP to GDP and inhibits MAPK signaling and mating
gene transcription. At right, long-term signaling components (long-term = components not turned off by
RGS) are phosphorylated and ubiquitinated, then recruited to clathrin-coated pits where they are

endocytosed and trafficked to the vacuole for vacuolar degradation.
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Figure 1.3. The yeast cell cycle.

The yeast cell cycle has four major steps: 1)G1-phase, 2) S-phase, 3) G2-phase, and 4) mitosis (mitosis is
split into M-phase and C, or cytokinesis, the last step of the cell cycle). Upon initiation of S-phase the
bud of the daughter cell has emerged, and DNA replication is initiated. Once DNA replication has
completed and the cell enters G2-phase, the nucleus moves to the bud neck and the daughter cell
expands. After G2-phase the cell enters mitosis where DNA (blue lines) and cellular components are
distributed between mother and daughter cells by microtubules and other cytoskeletal components (red
lines). Lastly, cytokinesis is the final step in mitosis and is when the mother and daughter cells separate.
Each step has regulatory checkpoints (red dots) that must be passed to proceed to the next step in the

cycle. In G1-phase, the cell can move out from G1 into a quiescent, or non-proliferative state called GO.
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CHAPTER 2

DYNAMIC PHOSPHORYLATION OF RGS REGULATES THE SPATIAL DISTRIBUTION OF MAPK AND

PROMOTES THE COMPLETION OF CYTOKINESIS DURING THE YEAST PHEROMONE RESPONSE
2.1. Abstract
Yeast use a G-protein coupled receptor (GPCR) signaling pathway to detect mating

pheromone, arrest in G1, and direct polarized growth towards the potential mating partner.
The primary negative regulator of this pathway is the regulator of G-protein signaling (RGS),
Sst2, which induces Ga GTPase activity and subsequent inactivation of downstream signaling,
including a MAPK cascade. The MAPK Fus3 phosphorylates the RGS in response to pheromone,
but the role of this modification is unknown. We set out to examine the role of RGS
phosphorylation during the pheromone response. We found that RGS phosphorylation peaks
early in the pheromone response and diminishes RGS localization to the polarity site, while
focusing MAPK localization at the polarity site. At later time points, levels of phosphorylated
RGS decrease, and we find that unphosphorylatable RGS localizes to the polar cap and
broadens the distribution of MAPK complexes relative to the Cdc42 polarity machinery.
Surprisingly, we found that phosphorylation of the RGS promotes the completion of cytokinesis
prior to pheromone induced growth. The completion of cytokinesis in the presence of
pheromone is promoted by the formin Bnrl and the kelch-repeat protein, Kell, both proteins
previously found to interact with the RGS, while the formin Bnil promotes cytokinetic failure.
We found that the RGS co-immunoprecipitates with Kell, and that this complex prefers the
unphosphorylatable mutant RGS. Overexpression of the unphosphorylatable mutant drives a

higher frequency of cytokinetic defect, while overexpression of Kell rescues the cytokinetic
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defect in the unphosphorylatable RGS mutant strain. Together, these data leads us to a model
where unphosphorylated RGS binds to Kell and inhibits its function in delaying receptor-
mediated polarity until completion of cytokinesis, but this is diminished by the feedback

phosphorylation of the RGS.

2.2. Introduction

When cells receive signals to perform competing processes, they must integrate those
two signals into a singular outcome. The budding yeast, Saccharoymyces cerevisiae, use a G-
protein coupled receptor (GPCR) to detect and grow toward potential mating partners06-108,
However, the cells must complete mitosis and arrest in G1 prior to mating projection
morphogenesis (shmoo formation)®. This requires that the cell prioritize the signaling that will
drive mitosis and cytokinesis to completion, and only after arrest in G1 can the cell allow the
pheromone signaling pathway to commandeer the Cdc42 polarity machinery that has shared
uses in both mitosis and pheromone-induced morphogenesis!'® 111, While the mechanism by
which G1 arrest occurs is understood, the mechanism responsible for suppression of receptor

driven polarization is unknown.

The pheromone response can be thought of as a response of two G-proteins: the
receptor-activated large G-protein consisting of the Ga (Gpal) and Gy (Ste4/Ste18), which
conveys information about where the pheromone receptor is active, and the small G-protein
Cdc42, which controls actin cytoskeleton polarization and MAPK signaling’®’. The GPCR Ste2
activates the large G-protein, causing the Ga and GBy subunits to dissociate. GBy initiates
Cdc42-mediated polarization of the actin cytoskeleton to form a mating projection. GBy also

promotes the activation of the two yeast ERK homologs, Fus3 and Kss11%. Of these two MAP
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kinases, Fus3 has pheromone specific roles: it is required for gradient tracking, arrest of the cell
cycle in G1, and is scaffolded to the cell periphery by active Ga to regulate actin polymerization
112116 For this study we will only be concerned with Fus3 functions, and so all references to

MAPK refer to Fus3.

The primary negative regulator of the pheromone pathway is the Regulator of G-protein
Signaling (RGS), Sst2, 7 which serves as the GTPase activating protein (GAP) for the Ga subunit
>’ Upon hydrolyzing GTP, the Ga binds to GBy, turning off the pathway. RGS function is
required for pathway inactivation and for the ability of the cell to track the pheromone gradient
118,119 GPCR signaling pathways play a central role in human disease, and so the elucidation of
RGS signaling mechanisms by has the potential to inform understanding of human signaling

pathways relevant for drug development 20-122,

The RGS Sst2 has characterized interactions with the Ga (Gpal) subunit, the pheromone
receptor (Ste2), and the MAPK (Fus3) 58 60,123,124 ' RGS serves as a GTPase activating protein for
Ga, a function that is enhanced by its binding to the cytoplasmic tail of the receptor >7 124125,
The MAPK Fus3 phosphorylates the RGS at serine 539 in a pheromone dependent manner, but

this does not impact the sensitivity of the pathway or downstream MAPK or transcriptional

outputs & €0,

In less well-characterized interactions, the RGS has been found in a yeast two-hybrid
screen to interact with the formin Bnrl and the formin regulatory protein Kell 126127 Kell is a
kelch-repeat containing protein which has been shown to act as a negative regulator of Bnrl, is

required for efficient mating, and plays a role in the mitotic exit network 128130, Recently, Kell
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has been identified as a noise suppressor in the pheromone pathway 3. We have previously
found that the RGS suppresses noise in the pheromone pathway, and so this may indicate a
shared function 1%, Bnrl and Kell have clear roles in cytokinesis, but the potential for RGS

interactions with Bnrl and Kell during the pheromone response has not been pursued.

Here, we set out to determine the role of MAPK phosphorylation of RGS in response to
pheromone. We found that RGS phosphorylation is dynamic, with high phosphorylation early
in the response, followed by decreased phosphorylation later. Phosphorylation of the RGS
decreases its localization to the polar cap, and reduces the distance between peak active Cdc42
and peak MAP Kinase localization. RGS phosphorylation peaks early in the pheromone
response and promotes the completion of cytokinesis prior to the beginning of pheromone-
induced polarity. We find that Kell also promotes cytokinetic completion in the presence of
pheromone. Improper polarization prior to cytokinesis is dependent upon the formin Bnil, and
suppressed by the formin Bnrl. We found that the RGS, Sst2, forms a complex with Kell during
the pheromone response, and that overexpression of Kell rescues the cytokinetic defects seen

in the unphosphorylatable RGS mutant.

2.3. Materials and Methods

2.3.1. Yeast Strains

Strains used in this study are shown in Table A.1.. Strains were constructed in the MATa
haploid Saccharomyces cerevisiae strain, BY4741. Proteins were tagged with EGFP or mRuby?2
at the native chromosomal locus through oligonucleotide-directed homologous recombination

with using the primers listed in Table A.3.. For tagging Bem1 with Ruby, we created the
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integrating plasmid pRSIl-Bem1-yomRuby2-Kan (Table A.2.). Bem1 nucleic acids 522-1653 were
cloned into pRSII405 32 followed by link-yomRuby2 from pFA6a-link-yomRuby2 33 using the
primers indicated in Table A.3.. GFP tagging was generated by using pFA6a-link-yoEGFP-spHis5
Kan 133 or by amplifying the GFP cassette from the yeast GFP collection 3%, pFA6a-link-
yomRuby2-Kan was a gift from Wendell Lim & Kurt Thorn (Addgene plasmid # 44953 ;
http://n2t.net/addgene:44953 ; RRID:Addgene_44953). pRSII1405 was a gift from Steven Haase
(Addgene plasmid #35440; http://n2t.net/addgene:35440; RRID:Addgene_35440). All other

plasmids are listed in Table A.3..

Sst2 phosphomutants were made by integrating the codon of interest with a PCR
amplified CORE cassette!3. Deletions were performed by first amplifying the genomic locus
from the MATa haploid deletion collection (Dharmacon) with primers listed in Table 3 and

transformed using a standard lithium acetate transformation 3¢,

Cells were grown in rich medium (YPD) or synthetic medium (SC) at 30°C unless
otherwise indicated. PCR products were transformed into yeast strains using standard lithium
acetate transformation procedure. Individual colonies were isolated by growth on standard
selective media (SC leu-, SC ura-, SC his-,), selective media with 5-fluoroorotic acid (Zymo
Research, Tustin, CA), or YPD selective media (YPD G418+). Transformants were verified using

fluorescence microscopy, sequencing, and/or PCR.

2.3.2 Sst2-3xFLAG Plasmid Construction

The plasmids used for overexpression of Sst2 or Kell by the ADH1 promoter were constructed

using the NEB Gibson Assembly Cloning Kit (NEB, E2611S) as advised by the manufacturer’s
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instructions. All plasmids were built using the pRSII1416 vector backbone (Addgene, Plasmid #:
35456 132), The vector backbone was linearized with Sacl-HF (NEB, R3156S) and Apal (NEB,
R0114S) restriction enzymes prior to Gibson assembly. Primers were constructed using the
online NEBuilder assembly tool (v2.6.0, https://nebuilder.neb.com/) and are listed in Table A.3..
The forward and reverse 3XFLAG sequences were obtained from p3xFLAG-CMV-14 and
synthesized as oligos for PCR amplification with primers in Table A.3.. The 1 kilobase of DNA
upstream of the ADH1 was amplified from genomic DNA to provide the ADH1 promoter. All

plasmids are listed in Table A.2..

2.3.3. Hydroxyurea Experiments

Yeast cultures were grown to an OD600 of 0.4-0.6 at 30°C and then pre-treated with 100 mM
hydroxyurea (Alfa Aesar, Tewksbury, MA) for 2 hours at 30°C. After 2 hours of pre-treatment
with HU, a saturating concentration of a-factor was added and cultures continued to incubate.
Cultures were then fixed at 90 minutes and 240 minutes using an overnight ethanol fixation at -
20°C. Following ethanol fixation, yeast were resuspended and washed twice in 50 nM sodium
citrate buffer (pH 7.2). Next, the cultures were incubated with 20mg/mL RNase A (Thermo
Scientific) for a minimum of 1 hour at 37°C. Following RNase incubation, proteinase K (Thermo
Scientific) was added to the cultures at a final concentration of 0.4mg/mL and incubated at
55°C for a minimum of 1 hour then placed at 4°C overnight. For imaging, cells were pelleted,
then washed and mounted in 1X PBS (pH 7.4). Cells were then imaged on the I1X83

epiflourescent microscope (Olympus).
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2.3.4. Spontaneous Cytokinesis Experiments

Yeast strains were grown in liquid synthetic complete media with 2 % dextrose (SCD) at 30 °C to
an OD600 of 0.6 — 0.8. Cells were treated with 30 uM a-factor for 90 minutes. Cells then were
fixed in 4 % paraformaldehyde, 2 % glucose, and 30 uM a-factor for 20 minutes. After fixation
and 3 washes with 1 X phosphate buffered saline (PBS), the cells were stained with 7 uM
Calcofluor White for 20 minutes and 50 pg/mL of Concanavalin A (both obtained from Biotium,
Fremont CA) for 30 minutes. The cells were once again washed 3 times with 1x PBS and then

imaged. Randomly chosen fields were imaged and then cells were scored for failed cytokinesis.

2.3.5. Antibody Production

The following peptides corresponding to the Sst2 amino acid sequence surround Serine 539
were synthesized by Genscript (Piscataway NJ), the phospho-Sst2 S539 peptide LHPHSPLSEC,
where the S was phosphorylated, and the unphosphorylated peptide LHPHSPLSEC. The
phospho-peptide was injected into rabbits by Cocalico Biologicals (Reamstown PA) according to
their standard protocol. Antibody was affinity purified on phospho-peptide covalently bound to

a Sulfolink column according to the manufacturer’s instructions (Thermo Scientific).

2.3.6. Sst2 Phospho-State Western Blotting

Yeast cultures were grown overnight in 30°C. Cells were lysed with TCA buffer and protein
concentrations were determined using DC protein assay kit (BioRad). Protein separation was
performed with a 7.5% SDS-PAGE and transferred to nitrocellulose at 100 V for 90 mins.
Primary antibody (1:1,000) and non-phosphopepetide (1:10,000) were incubated in 1% PBST

blocking solution overnight followed by secondary antibody incubation (1:10,000) in 1% PBST
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blocking solution for 1 hr. Band intensity was detected via Odyssey CLx imaging system (LI-COR)

and then quantified using Imagel.

2.3.7. Co-Immunoprecipitation of Kel1-GFP and Sst2-3xFLAG

Cells expressing Kel1-GFP and transformed with pRSII1416-based plasmids overexpressing Sst2-
3XFLAG, Sst25°3°A-3XFLAG, or Sst25°39P-3XFLAG (Table S2) were grown to an OD600 of 0.2-0.8 in
Synthetic Complete -Leucine media at 30°C. Cells were then treated with 10uM pheromone for
1hr shaking at 30°C. Pheromone-treated cells were immediately placed on ice then centrifuged
at max speed in an Eppendorf 5420R (Eppendorf) swinging bucket centrifuge for 5 minutes at
4°C and supernatant was subsequently aspirated. Cell pellets were resuspended in 1pellet-
volume lysis buffer (10mM Tris pH 7.4, 150mM NaCl, 0.5mM EDTA) containing 1X HALT
protease inhibitor (ThermoFisher, 78429) and 1X phosphatase inhibitor (Alfa Aesar, J61022.AA)
and transferred to a reinforced screw-cap tube (Fisherbrand, 15-340—162) containing 100uL
acid-washed glass beads (Sigma, G8772). Cells were homogenized using a Bead Mill 4
homogenizer (Fisher Scientific) at max speed for 3x40 second rounds with 60 second rest cycles
on ice. Homogenization was conducted at 4°C. After homogenization, Triton X-100 was added
to the whole-cell lysate to a final concentration of 0.5% and followed by a 30-minute rotating
incubation at 4°C. After incubation, whole-cell lysate was transferred to a 1.5mL tube and
centrifuged at max speed for 20 minutes at 4°C. The resultant supernatant was transferred to a
final tube and kept on ice. Protein concentration was determined using a DC Protein Assay kit

(Bio-Rad) and assay was conducted in triplicate using a Biotek Synergy 2 plate reader (Biotek).

Following the protein assay, GFP-Trap Magnetic Particles M-270 (Chromotek) were washed 3-

times with IP Lysis Buffer containing protease and phosphatase inhibitors and raised in 100uL IP
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Lysis Buffer containing 200ug protein lysate. GFP-Trap particles were incubated for 1hr at 4°C
on a rotator. GFP-trap particles were washed 3-times with lysis buffer containing protease and
phosphatase inhibitors, then bound proteins were solublized in 2X Laemmli sample buffer.
Input samples containing whole-cell lysate were made with 20 ug total protein in 1X sample
Laemmli. Samples were boiled for 5 minutes at 95°C, allowed to cool to room temperature, and

spun at max speed for 1 minute using an Eppendorf 5424 centrifuge (Eppendorf).

Protein separation was performed using 8% SurePAGE Bis-Tris gels (GenScript) and MOPS
buffer followed by transfer to low fluorescence PVDF membranes using Towbin Transfer Buffer
containing 0.1% SDS at 100V for 150 minutes on ice. Membranes were incubated in Ponceau S
(Fisher BioReagents, BP103-10) on a rocker for 5 minutes at room temperature then washed
with a 10% acetic acid solution rocking for 10 minutes prior to imaging. Membranes were
blocked with a 5% milk solution in PBS-T (1X PBS+0.1% Tween-20) for 1hr at room temperature.
Membranes were then incubated overnight at 4°C in a 1% milk solution in PBS-T containing
1:1,000 Rabbit anti-GFP (Cell Signaling, 2956S) and 1:1,000 Mouse anti-M2-FLAG (Sigma,
F1804). Following overnight primary antibody incubation, membranes were washed 3 times
with PBS-T for 5 minutes each and incubated with 1% milk in PBS-T containing 1:5,000 Donkey
anti-Rabbit 800 CW (LiCor, 926-32213) and 1:5,000 Donkey anti-Mouse 680 RD (LiCor, 926-
68072) secondary antibodies for 1hr at room temperature. Finally, membranes were washed 2
times with PBS-T for 5 minutes and once with PBS for 5 minutes prior to imaging using at 42um
resolution and “High” quality settings on a Li-COR Odessey CLx imaging system (Li-COR
Biosciences). Quantitation of integrated density was conducted using FlIJI’s gel analysis tool. The

fraction of GFP-Trap bound Sst2-3XFLAG was normalized to the input fraction. Data from 8
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replicate experiments were averaged and error bars were constructed by bootstrapping the
95% confidence interval in MATLAB. Statistical significance was assessed by bootstrapping the

95% confidence of a non-zero difference in means.

2.3.8. Agarose Pad Imaging

Yeast were imaged on an Olympus IX83 with a 60X-TIRF 1.49 NA objective, a Photometrics
Prime95b camera, X-Cite LED 120 Boost fluorescence light source (Excelitas), and filters for DAPI
and GFP (Semrock). Cells were grown to mid-log phase (OD600 = 0.1 to 0.8) at 30°C in Synthetic
Complete Media with 2% dextrose (SCD) and then imaged on pads made of 2% agarose in SCD,
as the use of agarose leads to lower autofluorescence than standard agar pads. Imaging was
performed with an objective heater (Bioptechs) set to 30°C. Cells were pelleted and then

resuspended in SC with 3uM a-factor and placed on an agarose pad as above.

2.3.9. Microfluidic Experiments

Microfluidic devices were made by using a Silicone polymer poured onto a microfluidics device
mold '3’ fabricated by UMaine FIRST. SYLGARD 184 Silicone Polymer was mixed at a ratio of
10:1, part A to part B, using a glass stirring rod to mix (Dow). Mixed polymer was poured onto
the device mold and placed in a vacuum chamber for 1hr. After all air bubbles were removed,
the mixture was placed in an oven at 80°C for 1hr. After cooling to room temperature, devices
were cut out using a razor and ports were punctured using an 18g Leuer stub. Prepped devices
and coverslips were cleaned by spraying with methanol, ethanol, then water, and dried using an
air hose. Devices and coverslips were exposed to oxygen plasma for 45 seconds in a Harrick
Plasma PDC32G Cleaner followed by fusion of the device to the cover slip.
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Cultures were grown in SC to an OD600 between 0.1-0.8 at 30°C. Live-cell microfluidics
experiments were performed using an IX83 (Olympus, Waltham MA) microscope with a Prime
95B CMOS Camera (Photometrics) controlled by Cell Sens 1.17 (Olympus). Fluorescence and
Differential Interference Contrast (DIC) images were acquired using an Olympus-APON-60X-TIRF
objective. Z-stacks of GFP and RFP images were acquired using an X-Cite 120 LEDBoost
(Excelitas). Cells were imaged in a microfluidic device based on the Dial-a-wave design that
allows for the rapid switching of media while holding the yeast in place (Bennett 2008, Dixit
2014)'¥, Pheromone addition was verified using AlexaFluor 647 dye (Life Technologies) imaged
with a single plane image. Cells were imaged at 20 min intervals for 12 hours for 300nM
experiments and 5 min intervals for 0-150nM experiments. Confocal microscopy was conducted
on a Leica DMi8 (Leica) imaging platform equipped with an automated stage, SP8X white light
laser (capped at 70% of total power), an argon laser (Leica Microsystems Buffalo Grove, IL). All
imaging was conducted using HyD hybrid detectors. Imaging settings were determined based

on experimental needs and were replicated for repeat experiments.

2.3.10. Image Analysis

Images were deconvolved using Huygens Software (Scientific Volume Imaging, Hilversum,
Netherlands) Classic Maximum Likelihood Estimation (CMLE) Deconvolution Algorithm. Masks
of cells were made using Image) 13 and data analysis was performed using MATLAB
(MathWorks, Natick, MA). To quantify the fraction of protein localization over time, MATLAB
was utilized as described in Figure 2 and previously 13% 140, The fluorescent intensity of each
fluorescent protein was extracted over time using a line width of 5 pixels. Peak Bem1 was used

as a reference to normalize the spatial distribution of proteins of interest in relation to the
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polar cap. This was done by setting peak Bem1 as the midpoint and shifting the protein of
interest in the same manner. For profiles reporting fraction of protein at each position,
fluorescence was normalized by subtracting the minimum value from each line-scan, followed
by normalization of the subtracted data to sum to one. The normalized fluorescence intensity
was plotted at each point along the cell periphery with shaded regions showing 95% confidence
intervals derived by bootstrapping with 10000 resamplings. Statistical analysis was performed
between profiles using a sliding one-way ANOVA and Tukeys honestly significant difference
(HSD) test followed by false discover rate adjustment with the MATLAB mafdr() function with p
values <0.05 denoted as significant. Where indicated, a pairwise Kolmogorov-Smirnov test was
performed using the MATLAB kstest2() function. When excluding nuclear fluorescence from
Fus3-GFP images, we modified the “granulinator” script 1*! to select nuclei for removal. We
used cell masks to calculate fluorescence histograms for each cell and adjusted the size
(minimum size of 25 pixels) and threshold (1 standard deviation above mean) cutoffs to detect

nuclei but not polar caps.

2.4. Results
2.4.1. Cells Track a Gradient of Pheromone Independent of Phosphorylation at Ser 539

The ability to track a gradient of pheromone is dependent upon RGS, specifically its
GTPase activating protein (GAP) function 118125 While previous studies found that GAP activity
was not affected by S539 phosphorylation, we hypothesized that phosphorylation might change
Sst2 function in time or space in a way that affects gradient tracking °%. We tested this

hypothesis by using strains expressing an unphosphorylatable RGS mutant (sst2°>394, denoted
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pRGS) and phospho-mimetic RGS mutant (sst2°°3P, denoted p*RGS) from the endogenous SST2
genomic locus, each fused to GFP. As a marker of the polar cap, we used the Cdc42-GTP
binding protein Bem1, a common polar cap marker 13°, fused to mRuby2. These strains were
examined in a microfluidic gradient chamber by live cell microscopy *3’. We exposed these cells
to a 0-150 nM gradient of pheromone and measured their ability to grow toward the source of
pheromone (Figure 2.1.). Both phospho-mutant strains were able to track a gradient of
pheromone (Figure 2.1B.). Thus, feedback phosphorylation of RGS has no effect on gradient

tracking.

2.4.2. RGS Localization is Regulated by Its Phosphorylation State

Since GAP activity is unchanged, we hypothesized that it may be the spatial distribution of the
RGS that is controlled by MAPK phosphorylation. To test this, we again used the p*RGS
(sst25%3%P) and pRGS (sst2°°394) mutants tagged with EGFP, as well as Bem1-mRuby?2 for polar
cap localization. Cells were exposed to saturating pheromone (300 nM) in the microfluidic
chamber as above. To examine the distribution of the RGS along the periphery of the cell, we
used our previously reported approach of spatial normalization to the polar cap 3% 4°, Briefly,
the signal of RGS along the periphery of the cell is spatially registered to the center of the polar
cap as identified by peak Bem1 signal, and then averaged to generate a distribution of the
protein during the pheromone response (Figure B.1.) 1. Fluorescence intensity was normalized
to sum to 1, so that the values shown indicate the average fraction of protein found at that

position relative to the center of the polar cap.

We found that WT RGS localizes to both the polar cap and to the periphery of

projections where septins would be, consistent with our previous findings (Figure 2.2A-B.) 12>
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139 Quantitation shows that the phospho-mimetic p*RGS mutation diminishes RGS localization
to the polar cap (Figure 2.2C-D.). In contrast, the pRGS mutation leads to a small but
statistically significant increase in association with the polar cap. The similarity between the
profiles of WT and unphosphorylatable RGS suggests that much of the RGS measured in WT
cells may be in the unphosphorylated form (Figure 2.2C.). When we examined changes in RGS
distribution using an averaged 3D-kymograph (Figure 2.2D.) WT and mutant RGS fluorescence
increases throughout the time course as expected, which is due to persistent pheromone-

induced production of RGS >°.

2.4.3. RGS Phosphorylation Alters the Distance Between the Polar Cap and the Ga-MAPK Complex

We hypothesized that the phospho-dependent changes in RGS localization would lead to
corresponding changes in the localization of active Ga. While Ga is localized across the
membrane 7°, its localization alone does not indicate activation state. However, active Ga is
known to recruit active MAPK 2, forming a Ga-MAPK complex that activates the formin Bnil
and promotes gradient tracking 112116142 \We therefore hypothesized that we could monitor

the localization of the Ga-MAPK complex as a proxy for the activation state of Ga.

To test the use of MAPK as a marker for active Ga, we examined a GFP tagged MAPK
(Fus3-GFP) in wild type cells, and two mutants with opposing effects: a Ga mutant that does
not bind MAPK, gpa1£f?1£22 112 3and a Ga mutant that is hyperactive because it no longer
interacts with the RGS, gpa1©3°% (Figure 2.3A.)'2. In all cells, MAPK localizes to the nucleus and
to the polar cap (Figure 2.3B.). In the gpa1f?1£22 mutant that cannot bind MAPK, there was a
marked decrease in association with the polar cap, although at later time points, it appeared at

the polar cap more often, potentially through an interaction with a different binding partner
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(Figure 2.4D.). In the hyperactive gpa193°% mutant, MAPK levels consistently increased and
there were often multiple discernable spots of MAPK accumulation (Figure 2.3B.). We assessed
MAPK levels along the periphery of the cell in these strains using the same techniques as above,
with the exception that the nuclei were masked to exclude nuclear signal from our
measurements of the periphery (Figure 2.4C.). We found that If the quantitation was
performed with the nuclear signal present, the nuclei were frequently close enough to the
periphery of the cell to create spikes in signal ~1-2 um from the center of the polar cap. To
solve this problem, nuclear masks were generated by using single cell histogram analysis of the
Fus3-GFP signal and removing large objects that were more than 1 standard deviation above
the mean, an adaptation of an algorithm we designed to detect granules '*'. With this
approach we were able to use the Fus3-GFP signal to identify 86.7% of nuclear pixels from a
control with the nucleus marked by Hoechst stain (Figure B.2.). When examining the shapes of
the protein distributions, it is clear that WT cells have the sharpest distribution of MAPK with
respect to the location of the polar cap. Both loss of MAPK binding and excess binding of MAPK
broadened its distribution (Figure 2.3E.). We believe the distribution of signal in the Ga MAPK-
binding mutant (gpa1£?1£2?) likely represents the profile of the remaining MAPK binding
partners at the polar cap (Figure 2.3D.). Fus3 binds to the MAPK scaffold Ste5, and the polar cap
is populated with many MAPK substrates 1> 143, We conclude that MAPK localization is

measurably affected by binding to active Ga.

Having determined that MAPK localization is affected by its association with active Ga
and that RGS localization is altered by phosphorylation, we next examined whether

phosphorylation of the RGS affects the distribution of the MAPK, which is predominantly
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associated with Ga present at the periphery (Figure 2.3D.). We generated strains expressing
fluorescent-protein fusions of the polar cap marker (Bem1-mRuby2) and MAPK (Fus3-EGFP) in
the presence of the phospho-mimetic and unphosphorylatable RGS mutants. We then imaged
those strains in a microfluidic device in the presence of 300 nM pheromone for 12 hours, as

above.

In both RGS mutants, the presence of MAPK at the cell periphery was much more
pronounced than we observed in WT cells (Figure 2.3B. vs 2.4A.). This consistently high signal is
evident in the decreased noise in the kymographs (Figure 2.3D., 2.4B.). We see that the
unphosphorylatable §RGS mutant (sst2°°3°) shows a distinct peak at the center with a local
minimum peripheral to the peak (Figure 2.4B-C.). These local minima are also readily visible in
the average distributions (Figure 2.4C.), where the unphosphorylatable pRGS mutant (sst25°3%4)
displays a very similar average MAPK distribution to WT (Figure 2.5C.) with a peak at the center,
and local minima 1-2 um from the center. The p*RGS (sst2°>3°P) however, displayed an
enrichment of MAPK at the polar cap (Figure 2.5C.), and decreases steadily toward the edge

without the local minima next to the peak seen in the WT and pRGS (Figure 2.4B-C.).

There are two potential explanations for these changes in MAPK distribution: 1) a
change in the absolute distribution of MAPK at individual times; or 2) MAPK distribution is
unchanged, but has a different spatial relationship with the polar cap. To assess these
possibilities, we examined the distribution of MAPK (Fus3-GFP) spatially normalized to itself
instead of Bem1 (Figure 2.5A.). This shows the shape of MAPK localization at any given time in

the cell. We see very little difference in the distribution of MAPK in both phospho-mutants
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when compared to WT RGS (Figure 2.5A.). Although the changes are statistically significant,
they are not large enough to account for the changes in the MAPK localization relative to the
polar cap seen in Figure 4. If MAPK has the same shape within the cell under these different
conditions, then the offset of this shape relative to the polar cap is changing (possibility 2
above). To test this, we examined the distribution of the maximum and minimum MAPK
intensity relative to maximal polar cap intensity (Figure 2.5B.). The localization of the maxima
appears to recapitulate the average distributions in Figure 2.4C., with the phospho-mimetic
p*RGS leading to much more frequent MAPK localization to the polar cap. Perhaps more
surprising is the distribution of the minima. In WT cells, the most common place to have a
minimum intensity of MAPK is immediately proximal to the center of the polar cap, peaking
approximately 1 um away (Figure 2.5B.). In the unphosphorylatable pRGS mutant, the minima
are again proximal to the center of the polar cap, however they are closer than in WT, peaking
at 0.3 to 0.5 um from the center. In the phosphomimetic p*RGS cells the minima appear to be
much more evenly distributed across the membrane. This suggests an RGS-dependent negative
feedback to MAPK proximal to the polar cap that is disrupted by the phosphorylation of the

RGS.

We then plotted the cumulative distribution of the distance of maxima and minima
from the polar cap. This is effectively measuring the offset along the membrane between Bem1
and Fus3, which bind, respectively, active Cdc42 and active Ga. We find that 50% of MAPK
maxima for WT and gRGS fall within ~ 2.3 um of the polar cap peak, while 50% of MAPK
maxima in the p*RGS fall within ~1.5 um of the polar cap peak (p-values calculated using

pairwise Kolmogorov-Smirnov tests). We provide some example images of the localizations of
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the maximum Bem1 and Fus3 in Figure 2.5D.. In examining where there is a large offset
between the polar cap and MAPK, it most often appears in those situations where the MAPK
intensity at the polar cap is low, and therefore other sites along the periphery may be maximal
without a significant accumulation of MAPK. Thus, unphosphorylated RGS drives a greater
distance between the polar cap and MAPK, and based on their binding partners, active Ga and

active Cdc42.

When examining the minima (Figure 2.6C.) in the unphosphorylatable pRGS we have
drawn attention to the 25% percentile mark, as approximately 25% of minima in WT occur
within 1 um, corresponding to the WT peak of minima identified in Figure 6B. In the
unphosphorylatable pRGS mutant, 25% of minima occur within ~0.6 um, while in the phospho-
mimetic p*RGS, 25% of minima occur within 1.2 um. The difference in the distributions of the
minima are statistically significant between all three strains, and recapitulate our summary of
Figure 5B. We conclude that the phosphorylation of the RGS likely disrupts a negative feedback

event targeted proximal to the site of polarity.

2.4.4. RGS Phosphorylation Peaks Early in the Pheromone Response and Diminishes at Later Time

Points

Previous characterization of the phosphorylation of Sst2 at serine 539 showed Fus3-dependent
phosphorylation at one-hour of pheromone treatment 2. Our results suggest that much of the
RGS we are quantifying is unphosphorylated RGS, as the pRGS mutant routinely looks more like
WT than the p*RGS. This led us to hypothesize that Sst2 phosphorylation at S539 may be
dynamic: peaking earlier in the response and decreasing at later times. To test the dynamics of

phosphorylation, we developed a rabbit polyclonal antibody to detect Sst2 phosphorylated on
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serine 539, LHPHSPLSEC, where the underlined serine is phosphorylated. Western blotting of
Sst2-GFP versus untagged Sst2 shows a GFP-dependent size shift in the detected band,
indicating that the antibody is specific for Sst2 (Figure B.3.). Western blotting is done in the
presence of excess unphosphorylated peptide to ensure that it is specific for the phospho-

epitope.

To determine the dynamics of RGS phosphorylation, we treated SST2-GFP with
pheromone and took samples every hour for four hours. We find that phosphorylation of the
RGS peaks between 1 and 2 hours consistent with the literature °8, but phosphorylation levels
decrease to lower levels by four hours post pheromone treatment (Figure 2.6A-B.). A
complication of examining a decrease in pheromone-driven signaling is the desensitizing role of
the protease Barl, which degrades pheromone 44, However, we find this decrease is
independent of Barl activity (Figure A.3.). Decreasing levels of phospho-RGS suggest that the
role of the phosphorylated form of the RGS may be more important earlier in the pheromone

response.

2.4.5. Phosphorylation Promotes Coordination of Cytokinesis with the Pheromone Response

Cells which have already left G1 must complete mitosis and cytokinesis prior to
polarizing and forming a mating projection in response to pheromone. We found that some
mother-daughter pairs in our unphosphorylatable pRGS mutant (sst2°°3°4) formed mating
projections before they had finished cytokinesis (Figure 2.8A.). The frequency of the event was
low and we never observed these defects in wild type cells or cells expressing the
phosphomimetic mutant during microfluidics experiments. Previous studies have found genetic

interactions between the RGS and two proteins involved in cytokinesis, Bnrl and Kel1 126127,

35



Both of these proteins play a role in mitosis, Bnrl through the regulation of actin
polymerization at the mitotic septin ring and Kell through promoting the mitotic exit network
(MEN) 14>149  Additionally, Kell serves as a negative regulator of Bnrl, and may impact
cytokinesis through that role as well 128, Therefore, we hypothesized the cytokinetic defect may

be mediated through interactions with these proteins.

We examined bnrlA and kellA cells responding to saturating pheromone and found
that kel1A cells also occasionally fail to complete cytokinesis prior to responding to pheromone
(Figure 2.8A., negative data for bnr1A not shown). These were both rare events and our
microfluidic experiments do not contain large numbers of yeast, so we grew wild type, gRGS,
and kellA yeast in culture, treated with saturating pheromone, and counted the frequency of
cells with failed cytokinesis based on visual inspection for conjoined yeast responding to
pheromone by DIC imaging. We found that both mutants lead to rates of failed cytokinesis of
~3-4% (Figure 2.7B., minimum of 1350 cells per strain). From this, we conclude that both Sst2
and Kell are both involved in a mechanism that ensures cytokinesis finishes prior to the

pheromone response.

The rate of spontaneous cytokinetic defects under ideal growth conditions is relatively
low. Thus, we took advantage of hydroxyurea (HU) to damage DNA and cause stalled
cytokinesis 1°°, forcing cells to contend with the competing signals of receptor mediated
polarity and an unresolved cytokinetic furrow. To test the role of phosphorylation of the RGS in
promoting cytokinesis, we pretreated with 100 mM HU for two hours followed by treatment

with pheromone (10 uM) while maintaining HU (Figure 2.7C.). We then examined cells after
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four hours of pheromone treatment to assess polarized growth and cytokinesis. We found that
WT cells frequently stalled cytokinesis with two round cells joined at the bud neck. We scored
phenotypes as a normal response if the cells showed evidence of completing cytokinesis prior
to undergoing polarized growth, if they arrested as a mother daughter pair with no evidence of
polarized growth, or if they had completed cytokinesis and began mating projection formation
(Figure 2.7D-E.). In cells with the unphosphorylatable pRGS, we found more cells that had both
failed cytokinesis and began polarized growth in one or both the mother and daughter cells. A
particularly striking phenotype involves one cell remaining round, while the other shows hyper-
polarized growth, which we refer to as asymmetric hyperpolarized growth (Figure 2.8F.). The
asymmetric hyperpolarized growth was suppressed by the phospho-mimetic p*RGS mutant
(sst25539P), Data sets with non-overlapping 95% confidence intervals are statistically significant
for p = 0.05 (Figure 2.7F.). Both phospho-mutants have overlapping confidence intervals with
the WT, which does not preclude a statistically significant difference. To compare these, we
bootstrapped the confidence interval of the difference in means between each phospho-
mutant strain and the wild-type strain. We then checked whether the 0 mean difference fell
within the 95% confidence interval. If a difference of O falls outside of the 95% confidence
interval, we reject the null hypothesis and determine that the difference is statistically
significant with a cutoff of p = 0.05. The differences in hyperpolarized growth between WT and
the phospho-mimetic p*RGS were not statistically significant, but the increase in
hyperpolarized growth in the unphosphorylatable RGS mutant compared to WT was

statistically significant.
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When we examine kel1A cells under these conditions, we find that the asymmetric
hyperpolarized growth is a dominant phenotype (Figure 2.8G.). Thus, unphosphorylatable
BRGS partially phenocopies the loss of Kell function. This suggests that phosphorylation of RGS
promotes a Kell dependent mechanism that prevents the mating pathway from

commandeering the polarity machinery prior to the completion of cytokinesis.

Kell has been identified as a negative regulator of the formin Bnrl 28, Yeast have two
formins: Bnil is associated with the polar cap and is activated by Cdc42 and the Go/MAPK

complex 1

. Bnrl is associated with mitotic septin structures and has no known role in the
pheromone response. Given the central role that formins play in both mitosis and the
pheromone response, we hypothesized that the formins may facilitate the coordination of
cytokinesis and the beginning of pheromone induced polarized growth. We performed the
same experiment as above, inducing cytokinetic defects with hydroxyurea followed by
pheromone treatment, and assessed the ability of cells lacking either Bnil or Bnrl to prevent
pheromone induced polarization prior to the completion of cytokinesis. Deletion of Bnil largely
stopped polarization of cells prior to completion of cytokinesis, and completely abrogated the
asymmetric hyper-elongated phenotype (Figure 2.8E-G.). Deletion of Bnrl resulted in increased
polarization prior to the completion of cytokinesis and increased levels of asymmetric hyper-
polarized growth (Figure 2.8E-G.). The asymmetric hyper-elongated growth phenotype is clearly

dependent upon Bnil and inhibited by Bnrl. Thus, coordination of pheromone induced polarity

with the completion of cytokinesis is promoted by Bnrl function and antagonized by Bnil.
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2.4.6. The RGS Forms a Complex with Kell That is Enhanced by the Unphosphorylatable S539A Mutant

The above cytokinesis experiments show that Kell is important for the completion of
cytokinesis prior to pheromone-induced polarity. The unphosphorylatable RGS (sst25°3°*) shows
a dominant negative effect on cytokinesis, but with far less penetrance than Kell deletion.
While Kell has been found to interact genetically with Sst2 through yeast-two-hybrid, this has
not been examined biochemically. To test whether the RGS forms a complex with Kell, we
generated cells expressing Kel1-GFP from the KEL1 genomic locus and a 3x Flag tagged RGS
from the ADH1 promoter from a plasmid (pRSIl 416). The expressed RGS was either WT RGS
(Sst2-3XFlag), pRGS (sst25°3°A-3XFlag), or p*RGS (sst25°3°P-3xFlag). Cells were treated with
pheromone for 1 hour and lysed using a bead homogenizer. Kel1l-GFP was immunoprecipitated
using GFP-trap M270 magnetic resin. We performed SDS-PAGE and western blotting on the
immunoprecipitated sample and probed for the RGS with anti-Flag antibody. We found that all
forms of the RGS co-immunoprecipitated with Kell (Figure 8A), but that we consistently

recovered less of the phospho-mimetic mutant (Figure 2.8B.).

Together, these data suggest the following hypothesis: Free Kell promotes proper
cytokinesis, and unphosphorylated RGS binds to Kell, inhibiting its function, while
phosphorylation of the RGS relieves its inhibition of Kell (Figure 2.8C.). This hypothesis would
suggest that higher levels of the RGS would be more detrimental to cytokinesis, while higher
levels of Kell would be predicted to rescue the defects induced by the unphosporylatable pRGS

(Figure 2.8C.).

We tested the overexpression of WT and phospho-mutant RGS using the ADH1

promoter driven Sst2-3xFlag plasmids described above in the HU/pheromone experiment as in
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Figure 7. Overexpression of WT RGS had minimal effect on the frequency of normal cytokinesis,
while overexpression of either phosphomutant RGS lead to much lower normal response to HU
followed by pheromone. The unphosphorylatable pRGS mutant resulted in the strongest
disruption of normal response, while the phospho-mimetic p*RGS mutant lead to a larger
defect than anticipated based on its behavior in other experiments (Figure 2.7D.). It does still
bind to Kell in the Co-IP experiments (Figure 2.7A-B.), and so the overexpression may be
sufficient to still have the dominant negative effect, or this may be a limitation of the aspartic
acid mutation. In either case, the disruption of cytokinesis is clearly dependent upon the dose

of RGS mutant present in the cell.

We tested the ability of Kell overexpression to rescue the RGS mutant defects in the
HU/pheromone experiment by creating an ADH1 promoter-driven Kel1-3xFLAG plasmid. We
transformed this plasmid into WT, §RGS, and p*RGS strains and performed the HU and
pheromone experiment as above. Kell overexpression was able to improve the response in
every background (Figure 2.7E.). Thus, Kell is genetically in the same pathway as the

unphosphorylatable RGS for control of cytokinesis in the presence of pheromone.

2.5. Discussion

Here we set out to determine the role of feedback phosphorylation of the RGS, Sst2. We found
that the phosphorylation is dynamic through the pheromone response, reaching a maximal
level between 1 and 2 hours into the response (Figure 2.6.). We found that phosphorylation of
the RGS alters the localization of the RGS relative to the polar cap during the pheromone
response and leads to a broadened distribution of the Ga-interacting MAPK, Fus3 (Figure 2.3 &

2.4.). Strikingly, cells unable to phosphorylate the RGS sometimes began polarized growth in
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response to pheromone without waiting for the completion of cytokinesis. By inducing
cytokinetic defects with hydroxyurea, we were able to determine that phosphorylation of the
RGS enhances the ability of the cell to stall cytokinesis without initiating pheromone induce
polarity, thereby correctly integrating both an internal stress response and an external
morphogenesis response (Figure 2.7.). This coordination appears to use the kelch repeat
protein Kell, and the formin Bnrl, while the formin Bnil antagonizes completion of cytokinesis
in the presence of pheromone. We found that the RGS forms a complex with Kell that is
affected by Serine 539 mutants, and that cytokinetic defects are exacerbated by higher levels of

RGS mutants, while higher levels of Kell can rescue RGS-induced cytokinetic defects.

2.5.1. Coordination of the End of Cytokinesis with the Beginning of Receptor Mediated Morphogenesis

In an unsynchronized population, cells will be evenly distributed through the 90-minute
yeast cell cycle. Upon stimulation with pheromone, receptor signaling will immediately begin
with subsequent MAPK activation, and downstream phosphorylation of the protein Farl 2,
Farl serves two purposes in the pheromone response: (1) to inhibit cyclin dependent kinase
activity, leading to arrest in G1 14, and (2) to couple the Cdc42 GEF, Cdc24, to free GB, thereby
promoting polarization to sites of active receptor 3°. The duration of receptor signaling prior to
the repurposing of the polarity machinery will vary depending on where in the cell cycle each
cell is when pheromone signaling begins. Thus, some cells may be an hour or more into
pheromone signaling prior to completing cytokinesis, while others may be able to immediately
start mating projection formation or experience a delay of only a few minutes. A potentially

significant difference between these two scenarios is the amount of RGS present in the cell
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(Figure 2.2.), as SST2 transcription is upregulated by pheromone signaling %, and so cells that
must delay receptor driven polarity for a long time prior to cytokinesis may be more prone to
RGS-induced errors and be more dependent upon MAPK phosphorylation of the RGS. Indeed,
our overexpression experiments suggest this is the case, as higher levels of unphosphorylatable

RGS leads to an increase in failed cytokinesis (Figure 2.8.).

An obvious question arises from these findings: Does the RGS play a role in cytokinesis
in the absence of pheromone? There are multiple lines of evidence to suggest that RGS has no
role in normal cytokinesis. First, in previous studies on cells lacking the RGS, we have not
observed any cytokinetic defects 13°. Secondly, baseline Sst2 levels are an order of magnitude
higher in haploids than in diploids 3. If the RGS played a role in cytokinesis in the absence of
pheromone, then haploid and diploid cells would need different mechanisms for regulating

cytokinesis, an unlikely scenario.

Our data is consistent with unphosphorylated RGS inhibiting a subset of Kell function,
as the unphosphorylatable #RGS phenocopies the spontaneous failure to complete cytokinesis
before mating projection formation that we see in cells lacking Kell and overexpression of this
mutant enhances the penetrance of the phenotype (Figures 2.7. & 2.8.). We would expect this
inhibition of Kell to involve stochiometric binding (directly or through an intermediary) and so
in the absence of pheromone, where RGS levels are low (Figure 2.3C. and °®) there would be
very little impact of unphosphorylated RGS on Kell activity. Phosphorylation of the RGS,
however, would prevent its inhibition of Kell. We conclude that RGS is phosphorylated early in

the response to allow normal Kell function during the completion of the cell cycle (Figure 2.8.).
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Kell associates with the polar cap, regulates the formin Bnrl, is required for efficient
mating, and takes part in the mitotic exit network (MEN) 128-130.154 Ke|1 contributes to the MEN
by anchoring the Ras regulator Ltel to the daughter cell during mitosis #6155 In addition to
promoting mitotic exit, Kell and Ltel have been found to suppress spurious polarization prior
to the completion of mitosis, a role that may be separate from their role in MEN . Failure of
Ltel suppression of polarized growth leads to asymmetric hyperpolarized growth very similar to
what we see in HU (Figure 2.8.) 1>°. Future studies will be needed to examine whether LTE1 is

responsible for the delay in receptor-mediated polarization to allow completion of cytokinesis.

The cytokinetic target of Kell may be the formin, Bnrl, but Bnrl appears to have little
role in the pheromone pathway. Bnil would seem a more likely candidate, and while there is
no evidence that Kell can regulate Bnil, neither is there clear evidence that it cannot 28, Our
hydroxyurea experiments show that the asymmetric hyper-polarized growth requires Bnil and
is inhibited by Kell, consistent with a role for Kell negatively regulating Bnil during the

pheromone response.

2.5.2. The Role of RGS Phosphorylation in the Pheromone Response

At later time points we observe less phosphorylated RGS (Figure 2.7.), suggesting a
switch in the requirements for RGS as the pheromone response progresses. Our data suggest
that the functional consequence of RGS phosphorylation is altered spatial regulation of the
pathway (Figure 2.9.). Unphosphorylated RGS (e.g. WT at later time points or the pRGS mutant)
drives a larger distance between the MAPK Fus3 and the polar cap marker Bem1, proteins that
interact with active large G-protein (Gpal) and active small G-protein (Cdc42), respectively

(Figure 2.5.). The simplest explanation of this observation is that the presence of RGS at the
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polar cap locally suppresses Ga activation. This is bolstered by the concentration of minimum
MAPK concentration immediately proximal to the center of the polar cap, a phenomenon that
is disrupted by the phospho-mimetic mutation that decreases RGS association with the polar
cap. This type of negative feedback to the center of active signaling could help drive wandering
of the polar cap by promoting large G-protein signaling further from the current site of
polarization 6, Wandering of the polar cap is important for sensitive gradient tracking '*’, and
so the small difference in the ability to track the gradient very well that we see in the p*RGS
mutant (Figure 2.1.) may be due to its decreased offset between the receptor driven large G-
protein and the Cdc42 driven polarity machinery. Additionally, an offset between receptor
signaling and the polar cap has recently been proposed to play a role in gradient tracking 8,
and while we did not see an effect on gradient tracking here, under more difficult tracking

conditions, the observed Ga offset may enhance chemotropic growth.

Our data is consistent with unphosphorylated RGS inhibiting Kell function later in the
pheromone response. Recent work by Garcia and colleagues 3! has found that Kell suppresses
spontaneous activation of the pheromone pathway and suppresses noise in the pheromone
pathway, both roles that have been previously identified for the RGS, Sst2 7> 12>, Given our
finding that Kell and Sst2 form a complex, and it may be that Kell promotes Sst2 function more

broadly.

2.6. Conclusion

Here we have established a role for the phosphorylation of the RGS, Sst2, in promoting the
completion of cytokinesis prior to the pheromone pathway repurposing the mitotic Cdc42

machinery for production of the mating projection, or shmoo. The exacerbation of this defect
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by the presence of a DNA-damaging agent emphasizes that the cell must integrate the
competing signals of a check point instructing the cell to stop mitosis with a GPCR signaling
pathway instructing the cell to polarize towards a mating partner. The use of a short-term
phosphorylation event to temporarily alter RGS function and thereby allow the mitotic

checkpoint to complete seems a likely motif to repeat in other systems.
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Figure 2.1. Phosphorylation state of the RGS does not stop gradient tracking.

A) Representative live-cell images of WT, unphosphorylatable (pRGS), and phosphomimetic (p*RGS) RGS
expressing the polar cap marker (Bem1-mRuby2) and the RGS (Sst2-EGFP) tracking a 0-150nM gradient
of pheromone, with pheromone increasing to the right. B) Quantification of gradient tracking cells
measured by the cosine of orientation for WT (n =95), pRGS (sst2S539A, n =39), and p*RGS (sst25539D,
n =45) from three experiments. Scale bars represent 5 um. The differences in gradient tracking were not
significant by pairwise Two Sample Kolmogorov—Smirnov test for p< 0.05.
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Figure 2.2. Localization of the RGS is dependent on phosphorylation state.

A) Epifluorescence time course images of the strains expressing the indicated RGS mutants (Sst2-GFP)
imaged in a microfluidic device exposed to 300 nM pheromone for the indicated time. Blue squares
indicate area shown enlarged below. Arrows indicated the local maxima of MAPK. B) Confocal images of
WT, unphosphorylatable (pRGS), and phosphomimetic (p*RGS) RGS fused to EGFP in saturating
pheromone (10 uM). C) Quantification of the average RGS spatial distribution normalized to the polar
cap marker (Bem1-mRuby2) in saturating pheromone over a 12hr time-course in a microfluidic gradient
chamber, imaged by epifluorescence microscopy. Lines are derived from averaging from 180 min.
onward. Bottom graphs display statistical analysis using one-way ANOVA followed by Tukey’s HSD, with -
log(p-value) plotted in blue, and statistically significant (p < 0.05), differences in localization noted by
light red bars. Data is derived from n = 89 cells (WT), n = 88 pRGS (unphosporylatable), and n =139
p*RGS (phospho-mimetic) cells per strain, with 29 time points per cell. D) 3-D kymographs of the spatial
distribution of the RGS over 12hrs for WT, pRGS, and p*RGS with 37 time points per cell from (A).
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Figure 2.3. The localization of the MAPK Fus3 is influenced by binding active Ga.

A) Diagram of the effect of the hyperactive gpalG302S mutant and the MAPK-uncoupling gpalE21E22
mutants. B) Epifluorescence time course images of Fus3-GFP with the indicated Ga mutants. Cells were
imaged in a microfluidic device for the indicated time and exposed to a flat 300nM pheromone

concentration. C) In order to quantify peripheral MAPK, the nuclear signal was masked for each cell prior
to quantitation (Shown in Figure A.2.).



Figure 2.3. Cont’d

D) Average kymographs of MAPK localization in the indicated cell line from (B). E) Quantification of the
amount of MAPK on the periphery of the cell spatially normalized to the center of the polar cap as in
Figure 2.2.. Shaded areas represent 95% confidence intervals. Data is derived from n =51 (WT), n = 157
(gpal1G302S), and n =86 (gpalE21E22), with 29 time points per cell. Bottom graphs display statistical
analysis using one-way ANOVA followed by Tukey’s HSD, with -log(p-value) plotted in blue, and
statistically significant (p < 0.05), differences in localization noted by light red bars.
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Figure 2.4. RGS Phosphorylation increase Ga/MAPK complex levels at the center of the polar cap.

A) Epifluorescence time course images of the MAPK Fus3-GFP with the indicated RGS phospho-mutants.
Cells were imaged in a microfluidic device for the indicated time and exposed to a flat 300nM
pheromone concentration. Arrows indicate MAPK associated with the site of polarized growth. B)
Average kymographs of MAPK localization in the indicated cell line shown in (A). C) Average protein
distribution profiles of MAPK (Fus3-GFP) in cells expressing the unphosphorylatable pRGS (sst25539A) or
the phosphomimetic p*RGS (sst25539D) aligned to the center of the polar cap (Bem1) as described in
Figure 2. The phosphomimetic p*RGS causes a broader distribution of MAPK at the center of the polar
cap. Shaded areas represent 95% confidence intervals. Bottom graphs display statistical analysis using
one-way ANOVA followed by Tukey’s HSD, with -log(p-value) plotted in blue, and statistically significant
(p < 0.05), differences in localization noted by light red bars. Data is derived from n = 89 (pRGS) and n =
73 (p*RGS) cells and 29 time points per cell.
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Figure 2.5. RGS induced changes in Ga/MAPK distribution.

A) Distribution of MAPK (Fus3-GFP) from Figure 2.4., spatially normalized to peak MAPK (Fus3) rather
than to the polar cap (Bem1). Shaded areas represent 95% confidence intervals. Statistical analysis was
performed as in Figure 2.2. and is shown in graphs below. B) Histograms of the location of maxima and
minima of MAPK spatially registered to the polar cap in the indicated strain.
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Figure 2.5. Cont’d

C) We compare the distance between the maxima of the Bem1 and MAPK, which bind active Cdc42and
active Ga, respectively. Graphed is the cumulative sum of MAPK maxima (left) and minima (right) versus
distance from the polar cap. Vertical lines show the distance where 50% of maxima have appeared and
where 25% of minima have appeared. Statistical significance was evaluated by pairwise Two-Sample
Kolomogorov-Smirnov tests. D) Examples of the offset between maximum Bem1 and maximum Fus3
intensity with the indicated RGS mutants.
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Figure 2.6. RGS phosphorylation peaks 1hr in the pheromone response.

A) Western blotting of phospho-RGS-GFP responding to saturating pheromone over four hours. GGPDH
was probed as a loading control. B) Quantification of Western blotting shown in A, normalized to G6PDH
levels. Error bars represent standard error of the mean, n=3.
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Figure 2.7. Phosphorylated Sst2 and the Kelch-repeat protein Kell promote completion of cytokinesis

prior to pheromone induced polarization.
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Figure 2.7. Cont’d

A) Images of pRGS mutant and kellA which have failed to complete cytokinesis prior to pheromone
induce polarized growth. Cell walls were stained with Calcofluor White and Concanavalin-A 647 to verify
the open bud neck. B) Wild type and mutant pRGS and kellA strains were exposed to pheromone in
culture for 90 minutes, fixed, and then failed cytokinetic events were counted. n = 1412 (WT), 1350
(pRGS), and 1396 (kel1A) from two separate experiments. Total count is shown. C) In order to drive
cytokinetic defects, we pretreated cells with 100mM hydroxyurea, followed by treatment with both
hydroxyurea and pheromone to investigate the role of the indicated proteins in delay of pheromone
induced polarity until completed mitosis. D) Images of normal phenotypes in response to HU +
pheromone. Shown are a single focal plane of DIC, a standard deviation projection of a stack of DIC
images to better show the state of the bud neck, and cell wall staining with Calcofluor White. We
considered a normal response to hydroxyurea and pheromone to be one of the following: 1)
Completion of cytokinesis but arrest as a circular cell, in the event that stress signaling is suppressing the
pheromone response (a minority of cells). 2) A lone cell responding to pheromone. 3) Completion of
cytokinesis (if the cells had resolved their DNA damage), followed by pheromone induced
morphogenesis. These cells may be still associated but show signs of completed cytokinesis 4) arrest of
cytokinesis yielding a mother daughter pair with no polarized growth. E) Plots of the frequency of
normal response to hydroxyurea and pheromone in the indicated strains. Error bars represent
bootstrapped 95% confidence intervals. For each strain, n > 640 cells across 3 experiments. All
differences are statistically significant for p < 0.05, as indicated by non-overlapping 95% confidence
intervals. F) Examples of the asymmetric hyperpolarized growth phenotype. G) Plots of the frequency
of asymmetric hyperpolarized growth in response to hydroxyurea and pheromone. For samples with
overlapping confidence intervals, statistical significance was tested by bootstrapping the 95%
confidence interval of the difference in means. By this metric, we are 95% confident that WT and
sst2S539A have a non-zero difference in means (p < 0.05). Comparisons that are not statistically
significant are marked “n.s.”
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Figure 2.8. RGS and Kell form a complex and are in the same genetic pathway for regulation of
cytokinesis.

A) Cells expressing Kel1l-GFP and overexpressing RGS (pRSIl 416 pADH Sst2-3xFlag) as either WT, pRGS,
or p*RGS were treated with pheromone for 1 hour, lysed, and an immunoprecipitation was performed
with a GFP antibody resin (GFP-trap). Westerns blots were probed for Flag-RGS and for Kel1-GFP. Input
lanes contain lysate equivalent to 10% of protein used for the immunoprecipitation. B) Quantitation of
the immunoprecipitation results from 6 separate experiments. Error bars represent 95% confidence
intervals. Because these confidence intervals overlap, statistical significance was tested by
bootstrapping the 95% confidence interval of the difference in means.
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Figure 2.8. Cont’d

C) Our data thus far leads us to the hypothesis that unphosphorylated RGS binds Kell, inhibiting it, and
that phosphorylated RGS binds less well, allowing more Kell to function for cytokinesis. This can be
tested by overexpressing the unphosphorylatable pRGS, which we would expect to decrease the delay in
polarized growth and lead to increased cytokinetic defects. This hypothesis can also be tested by
attempting to rescue cytokinetic defects in the pRGS mutant by overexpressing Kell. D) We performed
hydroxyurea and pheromone experiments as in Figure 7, with overexpression of WT and mutant RGS
constructs from pRSIl 416 pADH RGS-3xFlag, as above. Graphed is the percentage of cells that carried
out a normal response as previously defined. The green bars are data from Figure 7 for comparison.
Error bars represent bootstrapped 95% confidence intervals. Data consists of n = 1784 cells for WT RGS,
n = 2398 for pRGS, and n = 1951 for p*RGS overexpression from 3 different experiments. E) We carried
out the same experiments in (D), but with Kell overexpressed in WT or mutant RGS backgrounds from
pRSII416 pADH Kell-3xFlag. Green bars are data from Figure 7 for comparison. Error bars represent
bootstrapped 95% confidence intervals. Data consists of n = 1936 cells for WT RGS, n = 2251 for pRGS,
and n = 2574 for p*RGS from 3 different experiments.
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Figure 2.9. Proposed role of RGS phosphorylation.

In cells that have detected pheromone during mitosis and prior to cytokinesis, Kell inhibits the
recruitment of the polarity machinery by active pheromone receptor. Formation of a complex between
unphosphorylated RGS and Kell is inhibitory to this role, but phosphorylation of the RGS allows Kell to
coordinate delay of polarity until completion of cytokinesis. During the pheromone response, while cells
are generating a mating projection or tracking a gradient of pheromone, unphosphorylated RGS
promotes a greater distance between active Cdc42 and active Ga, potentially enhancing polar cap
wandering.
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CHAPTER 3
EPSIN-MEDIATED ENDOCYTOSIS OF GA DIRECTS PHEROMONE-INDUCED SEPTIN DEPOSITION IN THE
YEAST PHEROMONE RESPONSE
3.1. Abstract
Septins are cytoskeletal filaments that provide a plasma membrane diffusion barrier and
scaffold for polarity proteins during the yeast cell cycle. Septins can also be found at the base of the
shmoo during the yeast pheromone response and are thought to again prevent diffusion of polarity
proteins from the leading edge of the cell. Additionally, other evidence points to septins as membrane
stabilizers for turning during yeast gradient tracking. Previous research uncovered that cells lacking RGS
activity on the Ga, Gpal, were unable to form normal mating projections and exhibited abnormal septin
distribution at the polar cap rather than peripheral to. We investigated the signaling pathway
responsible for determining the spatial characteristics of septin deposition in the yeast pheromone
response. We found that septin distribution is controlled by endocytosis via the epsin endocytic adaptor
proteins through the Epsin-Gicl-Bem3 signaling axis. Additionally, we found that endocytosis of Ga via
it’s ubiquitin domain is the dominant spatial cue for septin deposition during the yeast pheromone
response.
3.2. Introduction
Cells must detect and respond to chemical signal gradients in their environment to retain
normal function. For instance, neurons require a gradient of secreted growth factors for axon guidance
(Katz and Shatz, 1996). Similarly, the yeast, Saccharomyces cerevisiae, elongates toward a potential
mate by detecting a gradient of mating pheromone and forming a mating projection or “shmoo” 719,
This yeast mating response is driven by a G-protein coupled receptor (GPCR) signaling pathway. The

pheromone receptor, Ste2, activates the large, heterotrimeric G-protein consisting of a Ga (Gpal) and
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GBy dimer (Ste4 and Ste18)%%. Upon activation, the receptor exchanges GDP for GTP on the Ga subunit
and promotes dissociation of the Ga and GBy subunits®®. This is followed by GBy simultaneously
initiating three downstream signals®®: 1) GBy binds Far1, that recruits the Cdc42 guanine-nucleotide
exchange factor (GEF), Cdc24, to Cdc42-GDP32, 2) GBy binds Ste20, the founding member of the p21-
activated protein kinase (PAK) family®® 162, and promotes MAPK scaffolding at the plasma membrane,
and 3) Gy binds Ste5, the MAPK scaffold that recruits all components of the MAPK signaling cascade
and thus enhances sighaling output3!-34 4451 'While much of GBy function is known, Ga’s known
contribution to pheromone-induced polarity is downregulation of GBy signaling through direct

27,28 and enhancement of MAPK

sequestration, downregulation of GBy independent of sequestration
(Fus3) signaling®. Recent work suggests that Ga-activity influences pheromone-induced re-distribution
of cytoskeletal filaments called septins.

Septins are dynamic cytoskeletal filaments that are known for their role as diffusion barriers
during cytokinesis (i.e. septin-ring)® 193104 Duyring the yeast pheromone response, septins are
constructed as filaments and are deposited at the base of the mating projection in yeast and are
believed to provide structural support for projection formation®* %%, Septin deposition is heavily
controlled by the interplay of several Cdc42 effectors, notably septin chaperones called GTPase
interactive components (GICs), Cdc42, and Cdc42 GTPase activating proteins (Cdc42-GAPs)16> 166 |
Briefly, Gics are recruited to Cdc42-GTP followed by recruitment of Cdc42-GAPs, which hydrolyze Cdc42-
GTP to Cdc42-GDP. While it is still unclear how septins are deposited on the plasma membrane, it is
clear that it is through a Cdc42-dependent mechanism. Importantly, Cdc42-GAPs are known interactors
of the Epsin endocytic adaptor family and are thought to be recruited to Cdc42 through epsin-mediated
endocytosis®.

Although we have evidence supporting the above description of septin deposition in yeast, the

mechanism underlying the spatial distribution of septins during the pheromone response has not yet
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been elucidated. The recent work by Kelley et al. in 2015 (mentioned above) found that septin
distribution was significantly altered in cells lacking the regulator of G-protein signaling (RGS), which
enhancemes Ga’s intrinsic GTPase activity?’. Specifically, in wild-type (WT) cells septins are distributed
at the cell membrane and peripheral to the polar cap, marked by the polarity protein, bud emergence
protein 1 (Bem1). However, in mutants lacking RGS activity, septins were distributed coincident with
Bem,1 and therefore directly at the polar cap. This resulted in a loss of gradient tracking ability and a
severe defect in mating projection morphogenesis.

These data led us to the question: How is the spatial distribution of septins controlled during the
yeast pheromone response? Here, we report that septin distribution during the pheromone response is
controlled by an Epsin-Cdc42GAP-Gic signaling axis. We also reveal that epsin-mediated endocytosis of
Ga drives septin deposition, which is abberant in cells lacking RGS-Ga activity (hereafter Hyper Ga).

3.3. Methods and Materials
3.3.1. Yeast Strains

Strains used in this study are listed in Table A.1.. All strains were constructed in the MATa
haploid Saccharomyces cerevisiae parent strain, BY4741. All plasmids used in this study are included in
Table A.2.. Polar cap (Bem1) and septin (Cdc3) proteins were tagged with GFP*3** and mCherry at the
native chromosomal locus through oligonucleotide-directed homologous recombination using primers
listed in Table A.3..

Cells were grown in rich medium (YPD) or synthetic medium (SC) at 30°C unless otherwise indicated. PCR
products were transformed into parent yeast strains using standard lithium acetate transformation®®,
Individual colonies were isolated by growth on standard selective media (SC leu-, SC ura-, SC his-, or YPD
G418+). Transformants were verified using fluorescence microscopy, sequencing, and/or PCR using

primers found in Table A.3..
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3.3.2. Microluidic Experiments

Microfluidic devices were made by mixing SYLGARD 184 silicone polymer at 10(part A):1(part B)
and poured directly onto a microfluidics device mold®” that was fabricated by UMaine FIRST. Reagents
A and B were mixed using a glass stirring rod (Dow) prior to mold application, then molds were placed in
a vacuum chamber for at least 1hr to remove air bubbles. Once all air bubbles were removed, the
mixture was placed in an oven at 80°C for 1hr to cure and cooled to room temperature.

From the cooled mold, devices were cut out using a razor and fluid ports were punctured using
an 18g Leuer stub. Prepped devices and coverslips were cleaned by spraying with 100% methanol, 70%
ethanol, then water, and dried using an air hose. Devices and coverslips were exposed to oxygen plasma
for 50 seconds in a Harrick Plasma PDC32G Cleaner followed by fusion of the device to the coverslip.
After initial fusing, the device was then placed in the oven at 80°C for at least 20 minutes to facilitate
proper fusion of the mold to the coverslip. The device was then cooled to room temperature prior to
use.

Cultures were grown in 0.45um-filtered SC to an OD600 between 0.1-0.8 at 30°C. Live-cell
microfluidics experiments were performed using an IX83 (Olympus, Waltham MA) microscope and a
Prime 95B CMOS Camera (Photometrics) controlled by Cell Sens 1.17 (Olympus). Fluorescence and
Differential Interference Contrast (DIC) images were acquired using an Olympus-APON-60X-TIRF
objective. Z-stacks of GFP and mCherry images were acquired using an X-Cite 120 LEDBoost (Excelitas).
Cells were imaged in a “Dial-a-wave” based microfluidic device that allowed for rapid switching of media
while yeast remained in place (Bennet et al., 2011; Dixit et al., 2014b; Suzuki et al., 2021). Pheromone-
containing media was verified using AlexaFluor 647 dye at 1:8000 dilution (Life Technologies) and
imaged in a single plane. Cells were imaged at 20-minute intervals for 12 hours with 300nM pheromone
present in the media. Imaging settings were determined based on experimental needs and were

replicated for repeat experiments.
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3.3.3. Image Analysis

Images were deconvolved using Huygens Software (Scientific Volume Imaging, Hilversum,
Netherlands). For all fluorescent images, deconvolution was carried out with a theoretical point-spread
function, 5 signal-to-noise ratio (GFP images) or 7 signal-to-noise ratio (mCherry images), maximum 500
iterations, and a quality change threshold of 0.01% using the classical algorithm. All other settings were
set to default. Images were saved as 16-bit TIFF with linked-scale. Masks of fluorescent signal were
created using a merged 8-bit RGB version of GFP and mCherry channels in FlJI and final segmentation
was done prior to septin localization analysis in MATLAB. All septin localization analysis was conducted
using whole_cell_cap_v4.m for cell tracking and combokeeper_v3.m for line scan analysis. Septin data
was aligned to the polar cap profile using the aligned.mlx script and subsequently normalized to the
fraction of total signal. Normalized data was used to construct bootstrapped 95% confidence intervals to

the mean.

3.4. Results

3.4.1. Hyperactive Ga Drives Aberrant Septin Distribution

Recently, septin organization was linked RGS enhancement of Ga’s intrinsic GTPase activity,
(Kelley et al 2015). We reproduced the results from Kelley et al. to verify and establish our microfluidic
imaging approach (Figure 3.1.). As expected, we found wild-type (WT) yeast deposit septins peripheral
to the polar cap, whereas mutant yeast containing a Gpal (Ga) G302S mutation that inhibits Gpal-RGS
binding (hereafter Hyper Ga) yeast deposit septins at the center of the polar cap, whereas. We
quantified this distribution using the computational method developed in Kelley et al. to analyze the
distribution of septins (Cdc3-mCherry) relative to peak fluorescence of the polar cap (Bem1-GFP) (Figure

3.1C.).
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3.4.2. Gicl, Not Gic2, Contributes to Pheromone Induced Septin Organization

Yeast express two GTPase interacting component (Gic) proteins, Gicl and Gic2, which are
homologous septin chaperones and are functional homologues to the human Borg proteins®®” %8, Gics
recruit septins to the bud neck during yeast cell division to promote assembly of the septin-ring.
Specifically, Cdc42-GTP recruits Gics with septin octamers to Cdc42-GTP at the bud neck, where
hydrolysis of Cdc42-GTP to Cdc42-GDP promotes release of Gicl from septin filaments'®® However,
differential Gic contribution to septin deposition during the pheromone response is unknown.
Therefore, we aimed to determine if Gicl and Gic2 differentially contribute to septin deposition during

the yeast pheromone response.

We generated Hyper Ga mutant yeast lacking either Gicl or Gic2 and subsequently imaged the
polar cap (Bem1-GFP) and septins (Cdc3-mCherry) using the same parameters described in Figure 3.1.
(Figure 3.2.). We found cells lacking Gicl had distributed septins peripheral to the polar cap (Figure
3.2A.), while yeast lacking Gic2 distributed septins broadly across the cell membrane with more frequent
and smaller “hotspots” (Figure 3.2B.). We then quantified septin distribution relative to the center of the
polar cap, again using the same quantiation method used in Figure 3.1. (Figure 3.2C.) and found that
hyperactive Ga mutants lacking Gicl, but not Gic2 rescued aberrant septin deposition. Our quantitation
also reflected the broad distribution of septins found in mutants lacking Gic2 (Figure 3.2C.). These
results suggest that while both Gics are responsible for septin recruitment to the membrane during the
pheromone response, Gicl is the primary contributor to the spatial component of pheromone-induced

septin deposition.

3.4.3 The Cdc42-GAP, Bem3, Controls Deposition of Pheromone Induced Septin Structures

The master regulator of polarity is Cdc42, a small Rho family GTPase whose nucleotide coupling
determines its action(s). For septin deposition, Cdc42-GTP requires Cdc42 GTPase activating proteins
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(Cdc42GAPs) to hydrolyze GTP to GDP to promote dissociation of Gicl from septin filaments!®®. Yeast
express three Cdc42GAPs: Rgal, Rga2, and Bem3. Rgal and Rga2 are nearly identical in structure and
are considered functionally redundant proteins. However, Rga2 and not Rgal localizes to the polar cap
during the pheromone response®. Additionally, Bem3 also localizes to the polar cap during the
pheromone response and is the only Cdc42GAP that contains a pleckstrin homology domain, which is
used to anchor proteins to the cell membrane by binding phosphoinostitides!’®. Therefore, we
hypothesized that Rga2 and Bem3 were likely more involved in pheromone-induced septin organization
compared to Rgal. Upon visual inspection, we found heterogeneity and a partial rescue of septin
distribution in cells lacking Rgal or Rga2 (Figure 3A and 3B respectively). Surprisingly, we found that
Hyper Ga mutants lacking Bem3 undoubtedly rescued the septin distribution defect (Figure 3.3C.).
Quantitatively, we confirmed our qualitative analysis and found that cells lacking Rgal or Rga2 partially
rescued aberrant septin deposition and cells lacking Bem3 completely rescued the septin defect (Figure
3.3D.). These results suggest that Bem3 is the primary contributor to pheromone induced Cdc42GAP

activity and subsequent septin deposition.

3.4.4. Epsin Mediated Endocytosis, With Either Entl or Ent2, Directs Pheromone Induced Septin

Deposition

Epsins are endocytic adaptor proteins that bind and recruit ubiquitinated cargo to clathrin-
coated endocytic pits. Yeast express two endocytic Epsin homologues, Entl and Ent2, that are
functionally redundant. Previous research established differential genetic interactions between the
epsins Entl and Ent2, and Cdc42GAPs using a yeast two-hybrid screen®. Therefore, we hypothesized
that epsin-mediated endocytosis contributes to the spatial distribution of pheromone-induced septin
deposits. To test this, we again conducted live-cell imaging in microfluidic chambers (Figure 3.4.). As

expected, we found that Hyper Ga cells lacking either Entl or Ent2 redistributed septins peripheral to
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the polar cap (Figure 3.4A. and 3.4B. respectively). Again, we validated our qualitative assessment using
the same quantitative approach described previously and found that both epsin mutants rescued the
Hyper Ga septin defect (Figure 3.4C.). Importantly, while septin distributions in cells lacking either epsin
were quantitatively akin to wildtype, there is a significant increase in the fraction of septin at the
periphery of the polar cap and decrease the center of the polar cap in Hyper Ga mutants lacking Entl
compared to both mutants lacking Ent2 and WT cells (Figure 3.4C.). These results suggest that epsin-

mediated endocytosis directs pheromone-induced septin deposition.

3.4.5. Endocytosis of Ga, But Not of the Receptor, Provides Spatial Cue for Septin Deposition

Our results suggesting that sites of epsin-mediated endocytosis are landmarks for the
distribution of septins during the yeast pheromone response led us to ask: What specific endocytic cargo
is responsible for septin distribution? Epsins recognize ubiquitinated cargo at the plasma membrane and
facilitate their subsequent endocytosis by stabilizing the membrane curvature of clathrin coated pits*’2.
During the pheromone response, there are few mating specific proteins at the leading edge of the
mating projection, less are marked for endocytosis via ubiquitination. These data point to endocytic rate
as a potential driver of septin deposition, where an increased rate of endocytosis would promote septin
deposition too early at the polar cap — likely explaining the phenomenon we see in our hyperactive

Galpha mutants.

The pheromone receptor, Ste2, is both phosphorylated and ubiquitinated at its C-terminus prior
to its endocytosis and degradation. Previous research found that C-terminal truncation reduced the rate
of receptor endocytosis®. In the presence of Hyper Ga, less receptor will be coupled to inactive G-
protein and should result in a higher fraction of ubiquitinated receptor and ultimately lead to increased
endocytic rate (Figure 3.5A.). We hypothesized that truncation of the receptor C-terminus to dampen

endocytic rate would rescue the Hyper Ga septin phenotype. We found that cells lacking the receptor C-
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terminus from codon 326 (Ste2 CA)® partially rescued our Hyper Ga septin defect (Figure 3.5B.), though
there was heterogeneity in the degree of rescue across the population. To validate our qualitative
assessment, we again quantified septin distribution relative to the polar cap (Figure 3.5D.). Indeed, we
found Hyper Ga mutants lacking the C-terminus of the receptor partially rescued septin defects.
Additionally, we found a distinct peak (similar in shape to WT but exaggerated) at the center of the polar
cap (Figure 3.5D.). Our results suggest another endocytic cargo may be the primary driver of

pheromone-induced septin deposition.

The yeast Ga is unique compared to human Gas. It contains a ubiquitination domain (UD) that,

70, 172 Since Ga

when ubiquitinated, promotes endocytosis and subsequent trafficking of the Ga
expression is pheromone-induced, its hyperactivity has driven aberrant septin distribution, and is also
the cause of increased uncoupled receptor at the plasma membrane, we hypothesized that endocytosis
of Ga (via the UD) directs septin deposition. Thanks to a generous contribution of the Dohlman Lab at
UNC Chapel Hill, we constructed an integrating plasmid to replace the wildtype Gpal locus with a Hyper
Ga lacking the UD (Hyper Ga-UDA) in cells tagged with Bem1-GFP (polar cap) and Cdc3-mCherry
(septins) and analyzed septin distribution via live-cell imaging (consistent with methods previously
described). As predicted, Hyper Ga mutants lacking the UD completely rescued septin defects found in a
Hyper Ga (Figure 3.5C.). We again quantified our septin distribution profiles to validate our qualitative
results (Figure 3.5D.). Indeed we found Hyper Ga-UDA septin distribution mimicked WT septin
distribution. Interestingly, Hyper Ga-UDA cells were unable to maintain pheromone-induced

morphologies for the full 12hr time course in the presence of 300nM pheromone and after

approximately 8 hours of pheromone exposure, reverted to a mitotic cell state (data not shown).

Due to the Hyper Ga-UDA cells’ inability to maintain pheromone-induced polarized growth in

our standard 300nM pheromone treatment, we hypothesized that Hyper Ga-UDA cells are less
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responsive to pheromone and may require increased saturation of pheromone receptor. Indeed, we
found that increasing the pheromone dose from 300nM to 1uM led to sustained pheromone response
for the 12hr time course. Importantly, the increased pheromone concentration did not affect the
average distribution of septins in relation to the polar cap (Figure 5D). These data reveal that
endocytosis of Ga during the pheromone response is the primary driver of septin deposition, and that

the rate of endocytosis may play a role in the distribution of pheromone-induced septin distribution.

3.5. Discussion

Here, we describe a novel mechanism for pheromone-induced septin distribution during the
yeast pheromone response. Specifically, we reveal two major components for this process. First, that
endocytosis of Ga drives septin distribution. Second, that epsin-mediated endocytosis is responsible for
pheromone-induced septin deposition and is genetically coupled to, what we call, the Epsin-Bem3-Gicl
septin signaling axis (Figure 3.6.). Normal mating projection morphology requires septin structures at
the base of the projection to stabilize membrane curvature and promote cell elongation?® 105 163,173,174
Additionally, gradient tracking relies on septins to direct mating projection growth toward the gradient
of pheromone. In the absence of RGS, the distribution of septins is disrupted, gradient tracking is
disabled®, and cells must rely on endocytic mechanisms for downregulation of active Ga. Rapid
accumulation of active Ga suggests an increased endocytic rate of Ga, followed by early and aberrant

septin deposition (Figure 3.1.). Thus, the spatio-temporal coordination of RGS-mediated and endocytic-

mediated control of Ga is essential to pheromone-induced septin organization.

3.5.1 The Role of Ga in Pheromone-Induced Septin Organization and Gradient Tracking

Few studies have elucidated Ga’s role in the pheromone response, beyond regulation of GBy*”" %8
and enhancement of MAPK signaling?. The yeast Ga contains a ubiquitination domain (UD), which is
unique and does not exist to our knowledge in human Gas. Previous research revealed the UD is
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required for endocytic transport of Ga'’2. Additionally in yeast lacking the UD, exposure to saturating
pheromone concentrations promotes uncharacteristically broad mating projections, which is normally
be found in cells tracking a gradient of pheromone'’2. In contrast, Hyper Ga yeast usually do not form
mating projections, promote a ‘bean-shape’ morphology, deposit septins at the center of the polar cap,
and ameliorate gradient tracking capabilities®®. While we have not determined if Hyper Ga has an
increased endocytic rate compared to their WT counterparts, we have determined that the absence of
the UD in a Hyper Ga mutant completely rescues the mutant’s septin defect, ability to form a mating
projection, and abolishes the Hyper Ga bean-shape morphology. Thus, we predict these cells are also

capable of tracking a gradient of pheromone.

3.5.2. Endocytic Rate Controls Septin Distribution

Endocytosis of Ga controls several aspects of signaling. In humans, endocytosis is canonically
controlled by the B-arrestin family of endocytic adaptors, which recognize endocytically competent
cargo (i.e. receptor), promote their endocytosis, and drive changes in signal location'’. Yeast do not
express B-arrestins. Instead, Ga contains a UD which engages the epsin endocytic machinery and is
required for its internalization'’2. Our data provides the first evidence connecting Ga internalization and
control of the septin cytoskeleton, and that slowing internalization of Ga in a Hyper Ga mutant
promotes normal septin distribution. Therefore, we hypothesize that endocytic machinery is recruited

more frequently in Hyper Ga and that this is driven by the epsin endocytic machinery (Figure 3.4.).

3.6. Conclusion

Here we have established a novel role for Ga as a driver of septin deposition during the yeast
pheromone response. We find the absence of RGS activity promotes increased Ga signaling at the polar
cap and likely results in a compensatory increase in endocytosis due to pheromone-induced
ubiquitination of the Ga. This compensatory increase in endocytosis drives abberant septin deposition
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through recruitment of the Epsin-Bem3-Gicl signaling axis to the polar cap (Figure 3.6.), rather than
peripheral sites of Cdc42-GTP where we would normally find post-translationally modified membrane-
bound proteins. We conclude that pheromone-mediated septin structures are ultimately controlled by
the amount of active Ga and their distribution is controlled by the spatial organization of epsin-

mediated endocytosis.
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Figure 3.1. Pheromone-induced septin
accumulation occurs at the center of the polar cap

in Hyper Ga mutants.

(A) Representative images of wild-type (WT) yeast
expressing endogenous Bem1-GFP (Polar Cap) and
Cdc3-mCherry (Septin) exposed to saturating
pheromone at Omin (left-panels), 360min (middle-
panels), and 720min (right-panels). Split-channel
(top and middle rows) and merged images (bottom
row). Scale bar represents 5um. (B) Representative
images of Hyper Ga (GpalG302S) yeast expressing
endogenous Bem1-GFP (Polar Cap) and Cdc3-
mCherry (Septin) exposed to saturating pheromone
at Omin (left-panels), 360min (middle-panels), and
720min (right-panels). Scale bar represents 5um. (C)
Time-averaged quantification of the fraction (y-axis)
of septin distribution relative to the polar cap (x-
axis). Lines are smoothed representations of time-
averaged data (37 time points; 20min interval for
12hrs) and shaded regions surrounding lines are
95% confidence intervals. Lines are representative
of two combined experiments (WT n = 51 cells and
Hyper Ga n = 73 cells).
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Figure 3.2. Gic septin chaperones differentially
contribute to pheromone-induced septin

deposition.

(A) Representative images of Hyper Ga mutants
lacking Gicl (Hyper Ga-giclA) yeast expressing
endogenous Bem1-GFP (Polar Cap) and Cdc3-
mCherry (Septin) exposed to saturating
pheromone at Omin (left-panels), 360min
(middle-panels), and 720min (right-panels).
Split-channel (top and middle rows) and merged
images (bottom row). Scale bar represents S5um.
(B) Representative images of Hyper Ga mutants
lacking Gic2 (Hyper Ga-gic2A) yeast expressing
endogenous Bem1-GFP (Polar Cap) and Cdc3-
mCherry (Septin) exposed to saturating
pheromone at Omin (left-panels), 360min
(middle-panels), and 720min (right-panels).
Scale bar represents 5um. (C) Time-averaged
guantification of the fraction (y-axis) of septin
distribution relative to the polar cap (x-axis).
Lines are smoothed representations of time-
averaged data (37 time points; 20min interval
for 12hrs) and shaded regions surrounding lines
are 95% confidence intervals. Lines are
representative of two combined experiments
(Hyper Ga-giclA n = 63 cells and Hyper Ga-
gic2A n = 68 cells).
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Figure 3.3. The Cdc42GAP, Bem3, drives pheromone-induced septin deposition.

(A) Representative images of Hyper Ga mutants lacking Rgal (Hyper Ga-rgalA) yeast expressing
endogenous Bem1-GFP (Polar Cap) and Cdc3-mCherry (Septin) exposed to saturating pheromone at
Omin (left-panels), 360min (middle-panels), and 720min (right-panels). Split-channel (top and middle
rows) and merged images (bottom row). Scale bar represents 5um. (B) Representative images of Hyper
Ga mutants lacking Rga2 (Hyper Ga-rga2A) yeast expressing endogenous Bem1-GFP (Polar Cap) and
Cdc3-mCherry (Septin) exposed to saturating pheromone at Omin (left-panels), 360min (middle-panels),
and 720min (right-panels). Scale bar represents 5um. (C) Representative images of Hyper Ga mutants
lacking Bem3 (Hyper Ga-bem3A) yeast expressing endogenous Bem1-GFP (Polar Cap) and Cdc3-mCherry
(Septin) exposed to saturating pheromone at Omin (left-panels), 360min (middle-panels), and 720min
(right-panels). Scale bar represents 5um. (D) Time-averaged quantification of the fraction (y-axis) of
septin distribution relative to the polar cap (x-axis). Lines are smoothed representations of time-
averaged data (37 time points; 20min interval for 12hrs) and shaded regions surrounding lines are 95%
confidence intervals. Lines are representative of two combined experiments (Hyper Ga-rgalA n =79
cells, Hyper Ga-rga2A n = 80 cells, and Hyper Ga-bem3A n = 87 cells).
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Figure 3.4. Entl and Ent2 are functionally
redundant in pheromone-induced septin

deposition.

(A) Representative images of Hyper Ga mutants
lacking Ent1 (Hyper Ga-ent1A) yeast expressing
endogenous Bem1-GFP (Polar Cap) and Cdc3-
mCherry (Septin) exposed to saturating
pheromone at Omin (left-panels), 360min
(middle-panels), and 720min (right-panels).
Split-channel (top and middle rows) and merged
images (bottom row). Scale bar represents S5um.
(B) Representative images of Hyper Ga mutants
lacking Ent2 (Hyper Ga-ent2A) yeast expressing
endogenous Bem1-GFP (Polar Cap) and Cdc3-
mCherry (Septin) exposed to saturating
pheromone at Omin (left-panels), 360min
(middle-panels), and 720min (right-panels).
Scale bar represents 5um. (C) Time-averaged
guantification of the fraction (y-axis) of septin
distribution relative to the polar cap (x-axis).
Lines are smoothed representations of time-
averaged data (37 time points; 20min interval
for 12hrs) and shaded regions surrounding lines
are 95% confidence intervals. Lines are
representative of two combined experiments
(Hyper Ga-entl1A n = 92 cells and Hyper Ga-
ent2A n =55 cells).
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Figure 3.5. Pheromone-induced septin deposition is driven by the Ga ubiquitination domain.

(A) Representative images of Hyper Ga mutants lacking the Ste2 C-terminus beyond codon 326 (Hyper
Ga-Ste2 CA) yeast expressing endogenous Bem1-GFP (Polar Cap) and Cdc3-mCherry (Septin) exposed to
saturating pheromone at Omin (left-panels), 360min (middle-panels), and 720min (right-panels). Split-
channel (top and middle rows) and merged images (bottom row). Scale bar represents 5um. (B)
Representative images of Hyper Ga mutants lacking the ubiquitination domain (Hyper Ga-UDA) yeast
expressing endogenous Bem1-GFP (Polar Cap) and Cdc3-mCherry (Septin) exposed to saturating
pheromone at Omin (left-panels), 360min (middle-panels), and 720min (right-panels). Scale bar
represents 5um. (C) Time-averaged quantification of the fraction (y-axis) of septin distribution relative to
the polar cap (x-axis). Lines are smoothed representations of time-averaged data (37 time points; 20min
interval for 12hrs) and shaded regions surrounding lines are 95% confidence intervals. Lines are

representative of two combined experiments (Hyper Ga-Ste2 CA n = 58 cells and Hyper Ga-UDA n =93
cells).
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Figure 3.6. Schematic of the Ga-Epsin-Gic1-Bem3 Signaling Axis.

Schematic representation of the Ga-Epsin-Gicl-Bem3 signaling axis for pheromone-induced septin
deposition. The signaling cascade can be described via three major components: ) Addition of
pheromone activates the receptor and initiates G-protein coupled signaling mechanisms. Il) Ga releases
the GBy-complex that indirectly activates Cdc42, which recruits the septin-bound chaperone Gicl to
Cdc42. 1ll) Active Ga recruits Bem3-bound Ent1/Ent2 to sites of active Cdc42. Bem3 accelerates
hydrolysis of Cdc42-GTP to Cdc42-GDP which alters Cdc42’s affinity from Gicl to the bond septin
filament. Gicl is released and septins are deposited at the plasma membrane.
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CHAPTER 4
THOUGHTS AND PERSPECTIVES
4. Thoughts and Perspectives
In this dissertation | have described two novel stories of Ga contributing to the yeast
pheromone response signaling pathway. In the first story, | showed you how phosphorylation of the RGS
is involved in the transition between cytokinesis and pheromone-induced polarization and how the
phosphorylation state of RGS also controls the distribution of Fus3-MAPK in the cell. In the second story,
| described how endocytosis of Ga dictates the spatial dynamics of septin deposition in the pheromone
response (Figure 4.1.). You may be asking, how are both of these stories connected and what questions
and future directions do these results generate for further investigation?
4.1. Ga-MAPK Signaling is Influenced By The RGS
In Chapter 2, | showed that both the localization of RGS and the distribution of Ga -MAPK is
influenced by the state of RGS phosphorylation (Figure 2.2. and Figure 2.6. respectively). | also
mentioned that phosphorylation of the RGS is dependent on active Fus3-MAPK®%, But why is this
important? This would appear to be a negative regulatory mechanism for a negative regulatory
mechanism, let me explain. Ga binds active MAPK and enhances downstream signaling and RGS
downregulates signaling by turning off Ga. However, RGS in proximity to the Fus3-MAPK is
phosphorylated and delocalizes from the polar cap (Figure 2.2.). This phosphorylated RGS would then
re-localize once dephosphorylated by a protein phosphatases. While this mechanism is likely specific to
yeast, it is unlikely that a similar signaling motif is not found in mammalian cells. Ngyuen and Hadwiger
found that Ga4 in Dictostelium interacts directly with the MAPK, ERK2 to regulate developmental
morphogenesis'’®, further supporting a potential RGS-MAPK feedforward loop for MAPK signaling in

other systems.
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4.2. The Ubiquitin Domain of Yeast Pheromone Ga May Promote Endosomal Signaling

G-protein signaling is complex. Spatial dynamics and intracellular compartmental dynamics of
signaling are major contributors to this complexity!’’. Canonically, a receptor signals through its cognate
G-protein from signals at the plasma membrane, the signal is transmitted through the cell by effector
proteins, and the signal is terminated by RGS activity on Ga or endocytic desensitization of the receptor.
However, we have learned that G-proteins and GPCRs can signal in several internal membrane-bound
compartments of the cell as well*’. Not only is this possible, but it is commonly found in mammalian
cells that endocytosis of a GPCR promotes sustained signaling patterns at the endosome?’®, One
example of this is the opioid receptor, which is known to signal across several cellular compartments
including the endosome!”, though this is in part accomplished by B-arrestins, which yeast do not
express.

Here in Chapter 3, | show that epsins are more than endocytic adaptors, but also critical
signaling components and regulators of Ga signaling (Figure 3.4. and Figure 3.6. respectively). | also
mentioned that Ga also complexes with MAPK to enhance signaling. Therefore, it is reasonable to think
that Ga endocytosis could drive spatial signaling of MAPK to endosomes (Figure 4.1.).

Although there is a plethora of endosomal signaling evidence in mammalian cells, there is little
known about subcellular signaling of GPCRs in yeast. One study reported that Ga promotes
phosphoinostitide 3-kinase (PI13K) signaling at the endosome by binding the vesicular sorting protein
Vps34, This interaction promotes vacuolar targeting of the endosome. Rangarajan et al. also note that

180,181 '\which supports conservation of the model from

VPS34 binds directly to Gai in mammalian cells
yeast to humans. This evidence supports endosomal signaling during the yeast pheromone response.

Together with our evidence implicating Ga in epsin-mediated septin deposition (Figure 3.6.) these data

support alternate roles of Ga signaling at the endosome.
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4.3. Final Thoughts

The work presented in this dissertation clearly demonstrates novel findings for Ga signaling in
the pheromone response. Additionally, | have provided insight to potential implications with
mammalian systems. As | conclude | want to put forth some future directions for this work and future
guestions that will need to be answered.

While we have identified a Ga-specific mechanism for septin distribution in the pheromone
response, there remain some unanswered questions. First, are there other membrane-bound cargo
contributing to septin deposition and/or distribution? And, what signal(s) are occurring at the endosome
upon epsin-mediated endocytosis (e.g. MAPK)?

The RGS in yeast is dynamically phosphorylated to facilitate a smooth transition from mitosis to
the pheromone response (Figure 2.9.). But there are more phosphorylation sites on the RGS, what do
those phosphorylation sites modulate? | showed data indicating that unphosphorylatable RGS promotes
hyperpolarization (Figure 2.8.) and phosphomimetic RGS delocalizes RGS from the polar cap (Figure
2.2.). Additionally, Kell is a known negative regulator of the formin Bnrl but is not known to regulate
the pheromone-specific formin Bnil. Could Kell be recruited to sites of active Ga to negatively regulate
Bnil during the pheromone response by unphosphorylated RGS? Answering these questions would both
provide a better understanding of the influence Ga signaling has in the pheromone response but would
also provide critical insight for mechanisms underlying chemotropic and chemotactic growth in

mammalian cells.
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RGS-MAPK Feedback Phosphorylation Endocytosis of Ga to
Controls Ga-MAPK Activity Promote Endosomal Signaling

]
;

Ga/MAPK
Outcomes: Outcomes:
1) RGS Delocalization 1) RGS Localization
from Polar Cap to Polar Cap

2) Decreased Distance 2) Increased Distance
between MAPK and between MAPK and
Polar Cap Polar Cap

Endosomal

> Signaling?

Figure 4.1. New roles for Ga signaling during the yeast pheromone response.

At left, RGS activity is negatively influenced by Ga-MAPK phosphorylation and its dephosphorylation
promotes negative regulation of Ga-MAPK, that the promotes MAPK phosphorylation of RGS. Thus
promoting a positive feedback loop to enhance MAPK signaling during the pheromone response. At
right, epsin-mediated endocytosis of Ga drives septin deposition, but may also drive endosomal
signaling.
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APPENDICIES
APPENDIX A: Supplemental Tables

Table A.1. List of Strains.

Strain Parent Description
N/A Mata leu2A met15A his3A ura3A
BY4741
BY4741 SST2-GFP::HIS3
SST2-GFP
BY4741 SST2-GFP::HIS3 BEM1-
SST2-GFP BEM1-RUBY2 RUBY2::KanMX4
BY4741 SSt25339A
SST2$539A
BY4741 55253390
SST2$539D
BY4741 sst259394_GFP::URA3 BEM1-
SST25%3%A_GFP BEM1-RUBY?2 RUBY2::KanMX4
BY4741 sst2°%39P_GFP::URA3 BEM1-
SST25°3°P_GFP BEM1-RUBY2 RUBY2::LEU2
BY4741 kellA::KanMX4
KEL1A
KEL1-GFP BY4741 KEL1-GFP::HIS3
BY4741 KEL1-GFP::HIS3 BEM1-
KEL1-GFP BEM1-RUBY2 RUBY2:KanMX4
GPA1630%5 BY4741 Gpal%9%::URA3
GPA1630%5 SST2-GFP BEM1- BY4741 Gpal1%39%5;:URA3 SST2-GFP::HIS3
RUBY2 BEM1-RUBY2::LEU2
BEM1-GFP CDC3MCHERRY BY4741 BEM1-GFP:HIS3
CDC3MCHERRY:LEU2
GPA1530% BEM1-GFP BY4741 Gpal1%39%5::URA3 BEM1-GFP:HIS3
CDC3MCHERRY CDC3MCHERRY:LEU2
RGA1A BEM1-GFP BY4741 RgalA::KanMX4 BEM1-GFP:HIS3
CDC3MCHERRY CDC3MCHERRY:LEU2
RGA2A BEM1-GFP BY4741 Rga2A::KanMX4 BEM1-GFP:HIS3
CDC3MCHERRY CDC3MCHERRY:LEU2
Bem3A BEM1-GFP BY4741 Bem3A::KanMX4 BEM1-GFP:HIS3
CDC3MCHERRY CDC3MCHERRY:LEU2
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Table A.1. Cont’d

ENT1A BEM1-GFP BY4741 Ent1A::KanMX4 BEM1-GFP:HIS3
CDCSMCHERRY CDC3MCHERRY:LEU2
ENT1A BEM1-GFP BY4741 Ent2A::KanMX4 BEM1-GFP:HIS3
CDCSMCHERRY CDC3MCHERRY:LEU2
RGA1A GPA1%%°% BEM1-GFP BY4741 RgalA::KanMX4 Gpal©*%::URA3
CDCSMCHERRY BEM1-GFP:HIS3
CDC3MCHERRY:LEUZ2
RGA2A GPA1%3°% BEM1-GFP BY4741 Rga2A::KanMX4 Gpa1©3%::URA3
CDCSMCHERRY BEM1-GFP:HIS3
CDC3MCHERRY:LEU2
BEM3A GPA1%3°% BEM1-GFP BY4741 BEM3A::KanMX4
CDCSMCHERRY Gpal1%%9%::URA3 BEM1-GFP:HIS3
CDC3MCHERRY:LEU2
ENT1A GPA1%3%% BEM1-GFP BY4741 Ent1A::KanMX4 Gpa1®3°%::URA3
CDCSMCHERRY BEM1-GFP:HIS3
CDC3MCHERRY:LEU2
ENT2A GPA1%3%% BEM1-GFP BY4741 Ent2A::KanMX4 Gpa1©3°%::URA3
CDCSMCHERRY BEM1-GFP:HIS3
CDC3MCHERRY:LEU2
Ste2™2¢ GPA1%3°% BEM1-GFP BY4741 Ste2™?6::KanMX4
CDCSMCHERRY Gpal©%::URA3 BEM1-GFP:HIS3
CDC3MCHERRY:LEU2
SST2A BY4741 Sst2A::KanMX4
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Table A.2. List of Plasmids.

PLASMID VECTOR DESCRIPTION
PRSI1405-BEM1-RUBY2 pRSII405 Integrating BEM1-RUBY::LEU2 Vector
PRSI1406-GPA1s302s pRSII406 Integrating gpalexs::URA3 Vector
PRSI1406-SST2-GFP pRSII406 Integrating SST2-GFP::URA3 Vector
PRSI1406-SST2s539A-GFP pRSII406 Integrating sst2s5394-GFP::URA3 Vector
PRSI1416-PADH-SST2-3XFLAG pRSII406 ADH1 promoter driven overexpression of
Sst2-3xFlag
PRSI1416-PADH-SST2-S539A- pRSII416 ADH1 promoter driven overexpression of
3XFLAG Sst2(S539A)-3xFlag
PRSI1416-PADH-SST2-S539D- pRSII416 ADH1 promoter driven overexpression of
3XFLAG Sst2(S539D)-3xFlag
PRSI1416-PADH-KEL1-3XFLAG pRSII416 ADH1 promoter driven overexpression of

Kell-3xFlag
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Table A.3. List of Primers.

OLIGONUCLEOTIDE SEQUENCE GENE DESCRIPTION
NAME
AHM-22 GATGCGGTTTTTTACAGGGC FUS3 Forward primer for
amplifying FUS3
AHM-23 ATGGATCACCCCTTGTGGTTCT FUS3 Reverse primer for
amplifying FUS3
AHM-26 TCTACAGAACGAAGAGGCCAATGATGTCATC GPA1l Forward primer for
mutagenesis for GPA1
EE
AHM-27 AAAGGATCACTTTCGTCTC GPAl Reverse primer for
mutagenesis for GPA1
EE, Primer from NEB
AHM-32 AAAGACTACAAGCATTACAGAAAC GPA1l FP for mutagenesis for
GPA1G302S
AHM-33 ATACGGCCCTTCAAAATG GPA1l RP for mutagenesis of
GPA1G302S
JKM-16 CATAATCCAAGCCAAACTGAAAATTTCCGTTCA BEM1 Forward primer pFA6a
CGATATTGGTGACGGTGCTGGTTTA labeling for BEM1
JKM-17 CAAGTAAAGAAGAAAAATGCTTCGTCTTCTA BEM1 Reverse primer pFA6a
ACACTAGATTCGATGAATTCGAGCTCG labeling for BEM1
JKM-18 GTCTGCGAATTCGGTGACGGTGCTGGTTTAAT yomRUB | EcoRI Ruby2 primer for
Y2 cloning into pRSII405
with Bem1
JKM-19 CGTAGCTCTAGATTACTTATACAATTCATCCA yomRUB Xbal Ruby?2 reverse
Y2 primer for cloning into
pRSII405 with Bem1
JKM-20 CTGAACGGTACCGACAACTTATGTGGGAGAGA BEM1 Kpnl-Bem1 primer for
cloning into pRSII405
JKM-21 CGTACCGAATTCAATATCGTGAACGGAAATTT BEM1
RTM-5 CAAAGATGCTAGCGCTTTAATAGAAATCCAAG SST2 Forward primer pFA6a
AAAAGTGCGGTGACGGTGCTGGTTTA yo-tagging for Sst2
RTM-6 GTGCAATTGTACCTGAAGATGAGTAAGAC SST2 Reverse primer pFA6a
TCTCAATGAAATCGATGAATTCGAGCTCG yo-tagging for Sst2
SVM-17 GAACTTTACAACTTGTACCCTTCATCACCT KEL1 Deletion cassette (250
bp out)
SVM-18 GCACCGCCCAAATACTGCAATCGGACTATTCTGCG KEL1 Deletion cassette (250
bp out)
SVM-21 ACTGGACGTACGATGGTGTT KEL1 Deletion verification

cassette (500 bp)
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Table A.3. Cont’d

SVM-22 CGAACAGCTTCAACGTACCT KEL1 Deletion
verification
cassette (500 bp)
WSM-13 ATCATGTTGCACCCTCATTC SST2 Forward primer
SST2 c-terminal
tag verification
WSM-14 GAATGAATTTGCGTTCAATC SST2 Reverse primer
SST2 C-terminal
tag verification
WSM-21 TCCATCATAACTTGCGTCAGAATATTTCTGA SST2 pcore s539 insert
CATCATGTTGCACCCTCATGAGCTCGTTTTCGACACTGG

WSM-22 GATGCAGGTGATGGATCGTATAGATTAGTAGGAAAGTG SST2 pcore s539 insert
TTCCGATAATGGTCCTTACCATTAAGTTGATC

WSM-23 TGCGTCAGAATATTTCTGACATCATGTTGCACCC SST2 S539A
TCATGCTCCATTATCGGAACACTTTCCTACTAATCTATACGATCCA

WSM-24 TGGATCGTATAGATTAGTAGGAAAGTGTTCCGATAA SST2 S539A
TGGAGCATGAGGGTGCAACATGATGTCAGAAATATTCTGACGCA

WSM-28 ATGCATGGATCCGTGCTTATAACTTTAAGAAAAACCAGCGTC SST2 With Kpn1 cut-site
for creation of
integrating vector

WSM-29 ATGCATGGTACCGCCGGTAGAGGTGTGGTCAATAA SST2 With BamHI cut-
site for creation of
integrating vector

WSM-37 GCACCCTCATGCTCCATTATCGG SST2 Creation of S539A

WSM-38 AACATGATGTCAGAAATATTCTGACG SST2 Creation of S539A

WSM-44 ACACTGAGATTATAGTCCAG SST2 Verify Sst2
Integration
Vector, Binds
upstream of sst2

WSM-45 TACTATACCTGAGAAAGCAA SST2 Verify Sst2
Integration
Vector, Binds
Downstream of
GFP on vector
sequence

WSM-46 TGCGTCAGAATATTTCTGACATCATGTTGCA SST2 Creation of Sst2

CCCTCATGATCCATTATCGGAACACTTTCCTACTAATC S539D from
pCORE KO

WSM-46 TGGATCGTATAGATTAGTAGGAAAGTGTTCC SST2 Creation of Sst2

GATAATGGATCATGAGGGTGCAACATGATGTCAGAA S539D from
pCORE KO

WSM-52 GTACTCAGAGCCACAAGAAA BNR1 amplify bnrl del
insert

WSM-53 CCCGATGAACTCATTGAGAA BNR1 verify bnrl
deleted
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Table A.3. Cont’d

WSM-54 CTAGCGTTCAATTGCCTTCT BNR1 verify bnrl deleted
WSM-55 CTGACGGCTGTGTGTTAATT BNI1 amplify bnil del
insert
WSM-56 AGCGAACGCGAAATACAAGT BNI1 amplify bnil del
insert
WSM-57 CCAAATCCTTGCTCAACTCT BNI1 verify bnil deleted
WSM-66 GAAAGACCTCAAGAAACTCATTTGGAACGAAAT FUS3 pFA6a tagging
ATTTAGTGGTGACGGTGCTGGTTTA
WSM-67 TACATTGTTCTTCGGGTTGATATTTTAATGATA FUS3 pFA6a tagging
ATGATGGCGATGAATTCGAGCTCG
JKM-56 tcgaggtcgacggtatcgatAAGGTGAGACGCGCATAAC ADH1 ADH1 promoter
amplification
forward primer for
pRSI1416 PADH-Sst2-
3xFlag
JKM-66 tatccaccatTGTATATGAGATAGTTGATTGTATGCTTG ADH1 AHD1 promoter
amplification
reverse primer for
pRSI1416 PADH-Sst2-
3xFlag
JKM-67 ctcatatacaATGGTGGATAAAAATAGGAC SST2 Sst2 gene forward
for pRSI1416 PADH-
Sst2-3xFlag
JKM-68 ctttgtagtcGCACTTTTCTTGGATTTC SST2 Sst2 gene reverse
for pRSI1416 PADH-
Sst2-3xFlag
JKM-69 agaaaagtgcGACTACAAAGACCATGAC 3xFlag 3xFlag forward for
pRSI1416 PADH-Sst2-
3xFlag
JKM-61 geggecgetctagaactagtCTACTTGTCATCGTCATC 3xFlag 3xFlag reverse for
pRSI1416 PADH-Sst2-
3xFlag
JKM-54 GACTACAAAGACCATGACGGTGATTATAAAGATC 3xFlag 3xFlag sequence for
ATGACATCGACTACAAGGATGACGATGACAAGTAG annealing, forward
JKM-55 CTACTTGTCATCGTCATCCTTGTAGTCGATGTCAT 3xFlag 3xFlag sequence for
GATCTTTATAATCACCGTCATGGTCTTTGTAGTC annealing, reverse
CIM-64 ggcgaattgggtaccgggccAAGGTGAGACGCGCATAAC ADH1 ADH1 promoter
amplification
forward primer for
pRSI1416 PADH-
Kell-3xFlag
CIM-65 atccagccatTGTATATGAGATAGTTGATTGTATGCTTG ADH1 ADH1 promoter
amplification
reverse primer for
pRSI1416 PADH-
Kell-3xFlag
CIM-66 ctcatatacaATGGCTGGATTCAGCTTC KEL1 Kell amplification

forward primer
pRSII416 PADH-
Kell-3xFlag
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Table A.3. Cont’d

CIM-67 ctttgtagtcTAGTAGATCGCTGTCAGC KEL1 Kell amplification
reverse primer pRSII416
PADH-Kel1-3xFlag
CJM-68 cgatctactaGACTACAAAGACCATGAC 3xFLAG 3xFlag forward for
pRSII416 PADH-Kell-
3xFlag
CIM-69 agggaacaaaagctggagctCTACTTGTCATCGTCATC 3xFLAG 3xFlag reverse for
pRSII416 PADH-Kell-
3xFlag
AHM-44 5' GCGGCCGTTTTATAAAGAACAA 3' BEM3 Replicate deletion of
Bem3
AHM-45 5' AGAAGTGGTGGAAGATGGTGAT 3' BEM3 Replicate deletion of
Bem3
AHM-46 5' TTACAGCTTTGCCACATATCGG 3' BEM3 Verification of Bem3 del
AHM-47 5' AACAAAACTTTCAATCGCACGG 3' BEM3 Verification of Bem3 del
AHM-50 5' GATGAGAAGGTGTAAAGTGCCC 3' RGA1 Replicate deletion of
Rgal
AHM-51 5' GCCCGTAAAAGGTTCTTGTCTA 3' RGA1 Replicate deletion of
Rgal
AHM-52 5' AGTGTACCCTTTGAACCCTCTT 3' RGA1l Verify Replication of
Rgal del
AHM-53 5' ATCTCTGTCGCTCAAAAGTTGG 3' RGA1l Verify Replication of
Rgal del
AHM-54 5' AATCGTTGCATCGCTTCAGTAA 3' RGA2 Replicate deletion of
Rga2
AHM-55 5' CCGCACAAAAGTACGACAAATG 3' RGA2 Replicate deletion of
Rga2
AHM-56 5' CTCTGTAGAAGCTTTTCCGGAC 3' RGA2 Verify Replication of
Rga2 del
AHM-57 5' CTTTACAGAAGTCGCGTCAACT 3' RGA2 Verify Replication of
Rga2 del
Verify Ste2 C-terminal
CIM-3 5’ CAATGTGGGCCACGGCTGCTAA 3’ STE2 del
STE2 Verify Ste2 C-terminal
CIM-4 5" ACAGCGTACCTTTAGACACGTGGG 3’ del
STE2 Amplify pFA6-KanMX
5’ CATCCACAGATAGGTTTTATCCAGGCACGCT with Ste2 T-326
CIJM-5 GTCTAGCGTTTAGCTTGCCTCGTCCCCGC 3’ homology
STE2 Amplify pFA6-KanMX
5’ AGGTCACGAAATTACTTTTTCAAAGCCGTAA with Ste2 T-326
CIM-6 ATTTTGACGTTTAAACTGGATGGCGGCGT 3’ homology
SLM-3 5' TAGGCTTCTTACCGGCAGAG 3' ENT1 Amplify Ent1 del
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5' AGGACATGAGTACAGAGCACA

SLM-4 3' ENT1 Amplify Ent1 del
SLM-5 5' AGATAGATGGCCGAACGTGG 3' ENT2 Amplify Ent2 del
SLM-6 5' GACTCCAAAGGTGAATCTGGC3' | ENT2 Amplify Ent2 del
SLM-7 5' GGGAGAAGGAGTACCTTCTG 3' | ENT1 Verify Entl del
SLM-8 5' CCAGAATTATCTTTCGGGCC 3' ENT1 Verify Entl del
SLM-9 5' ATGGCTCAAATTCCACGGTCC 3' | ENT2 Verify Ent2 del

5' CGAAGATGGCCGAATGATTGG ENT2 Verify Ent2 del
SLM-10 3
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APPENDIX B: Supplemental Figures

A) Select Periphery of Cell B) Peripheral Linescan C) Repeat Line Scans for Each Time Point
(5 pixels wide)
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Figure B.1. Method for determining protein distribution on the cell periphery.

A) The periphery of the cell is defined for a specific time point.

B) The intensity of fluorescence signal

from each channel is measured with a line width of 5 pixels. C) The periphery for each channel at every
time point is measured, here shown as kymograph. D) The linescans are adjusted such that the peak
intensity of the polar cap marker Bem1 is set to the center, and the other channel is moved to maintain
its original spatial relationship with Bem1. E) The intensity profiles are normalized by subtracting the
minimum value and then dividing by the total intensity in the line such that the new line sums to 1. F)
for the average distributions, all lines after time point 9 are averaged. Time points before this often still
include cells that need to complete cytokinesis and are less easily segmented.
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Figure B.2. Validation of nucleinator method for removing MAPK fluorescence.

The nucleateinor algorithm calculates the mean and standard deviation of Fus3-GFP in each cell and
selects pixels which are above 1 standard deviation above the mean and are part of a contiguous object
that is larger than 25 pixels. Here, we test the ability of the algorithm to detect nuclear pixels by treating
cells expressing Fus3-GFP with pheromone followed by fixation and nuclear staining with Hoechst dye.
Shown are examples of DIC images, inverted grayscale images of Fus3-GFP, and Hoechst stain in cyan. At
the right are the cell outlines with the Nucleinator detected nuclei, and the actual nuclei (either
successfully detected, above, or missed, below). Missed nuclei generally appear to be dim in both the
Fus3-GFP image and in the Hoechst stain. Over 77 cells, 87.66% of Hoechst defined pixels were
identified based on Nucleinator analysis of Fus3-GFP signal.
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Figure B.3. Characterization of the phosphor-Sst2 antibody.

pa—— Ssf2

A) Dot blot with the indicated quantities of peptide. The antibody is specific for phospho-peptide under
the conditions used. All blotting is carried out with excess unphosphorylated peptide to stop nonspecific
binding. B) out anti-phospho-Sst2 antibody detects a higher molecular weight band when detecting
Sst2-GFP than when detecting native Sst2. Additionally, the time dependent decrease in phosphor-Sst2
is not dependent upon Barl-mediated degradation of pheromone.
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