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CELL SIZE IN THE MEMBRANE: LIPID-
DEPENDENT SIGNALS LINK MITOTIC ENTRY 

TO MEMBRANE GROWTH

Jesse Clarke

ABSTRACT

In budding yeast, cell cycle progression and ribosome biogenesis are 

dependent upon plasma membrane growth, which ensures that events of cell growth 

are coordinated with each other and with the cell cycle. However, the signals that link 

the cell cycle and ribosome biogenesis to membrane growth are poorly understood. 

Our results suggest that membrane trafficking events required for membrane growth 

are linked to sphingolipid-dependent signaling. Growth requires delivery of 

sphingolipids in order to couple growth with the cell cycle.  A conserved signaling 

network plays an essential role in sphingolipid signaling by responding to delivery of 

sphingolipids to the plasma membrane. Sphingolipid-dependent signals control 

protein kinase C (Pkc1), which plays an essential role in the pathways that link the 

cell cycle and ribosome biogenesis to membrane growth. Phosphorylation of Pkc1 is 

dependent upon and proportional to membrane growth, which suggests that it could 

control cell size by measuring cell growth to determine when sufficient growth has 

occurred.  Here, we show that signaling lipids play an important role in Pkc1 

regulation.  Pkc1 has a phosphatidylserine-binding domain and proportional 

phosphorylation of Pkc1 during membrane growth is dependent upon 
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phosphatidylserine.  Together, the data suggest that signals that measure and control 

plasma membrane growth are closely associated with the membrane itself. 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INTRODUCTION

“Yeast cell growth and cell division are normally coordinated. The mechanism of this 
coordination  can  be  examined  by  attempting  to  dissociate  the  two  processes.  We  have 
arrested  division  (with  the  use  of  temperature-sensitive  cell  division  cycle  mutants)  and 
observed the  effect  of  this  arrest  on growth,  and we have limited growth (by  nutritional 
deprivation) and observed the effect of this limitation on division.”  — Leland Hartwell, 1977 

Since the origin of the first biological organism, a cell’s evolutionary fitness 

has been dependent on its ability to replicate, a job that requires an efficient cell 

shape and size.  Despite an awesome array of cellular size, shape, and function in 

nature, it remains to be answered how homogeneous cell size is maintained 

throughout replication.  A hallmark of cancer cells is their unchecked replication and 

aberrant cell size.  In fact, a worse prognosis has been shown to be directly 

correlated with the severity of cell size atypia in a given tumor (Brimo et al., 2013).  

Thus, in order to better understand our cells, in health and disease, an 

understanding of cell size regulation is required.   

Cell size checkpoints during the cell division cycle ensure that a cell has 

grown enough to enter the next phase of the cycle; no organism has been more 

fundamental to the study of this system than the budding yeast Saccharomyces 

cerevisiae.  Yeast have been an important model organism due to their ease of 

genetic manipulation, and their relatively quick and identifiable phases of the cell 

cycle.  In yeast, cell size checkpoints exist in at least three phases: at the end of G1 

phase, entry into mitosis, and completion of mitosis (Fantes and Nurse, 1977; 

Johnston et al., 1977; Leitao, 2016).  How a cell measures its size, and how size can 

activate a size checkpoint is a widely discussed topic. 

Cell size 
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Coupling of cell growth with the cell cycle is required for a growing cell 

population to attain size homeostasis through division. Studies of the molecular basis 

for the cell cycle and cell size homeostasis are historically intertwined.  In 1977 it was 

well accepted that cell growth and division were coordinated.  Leland Hartwell’s 

conditional cell division cycle mutants exhibited a decoupling of cell growth and 

division — cells that were unable to progress through the cell cycle would continue to 

grow — yet small cells grown in poor nutrients would not enter the cell cycle until 

sufficient growth had occurred (Johnston et al., 1977).  Here, the connection to cell 

size studies was accentuated by Paul Nurse’s work on cell cycle mutants in fission 

yeast.  A key discovery showed that disruption of certain genes led to “wee” mutants, 

such as the gene WEE1 (budding yeast SWE1).  Wee1 was found to prevent 

premature exit from G2 and thus small, or wee, cells (Fantes and Nurse, 1977).  In 

2001, Lee Hartwell, Paul Nurse, and Tim Hunt received the Nobel Prize for their 

discovery of proteins that control the cell cycle (Fantes and Nurse, 1977; Johnston et 

al., 1977; Evans et al., 1983).    Today, with the knowledge that the cell cycle is 

molecularly linked to cell growth and size, we are left with a question: how does cell 

growth generate a signal that can be read by cell cycle machinery?  In order to study, 

and answer, this question we must have a better understanding of how a cell grows.      

Cell growth 

Cell growth is the increase in cell biomass resulting from DNA replication, 

protein synthesis, and membrane synthesis.  Far ranging theories have been 

proposed for explaining how a cell could measure its biomass.  It is postulated that 

cells could use signaling that responds to the rate of growth, or  more specifically 

ribosome biogenesis, as a tell tale of biomass accumulation (Ferrezuelo et al., 2012; 

Bernstein et al., 2007).  Alternatively, inhibitor dilution models abound, whereby an 
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increase in cytosolic volume can be read by a decrease in inhibitor density (Moseley 

et al., 2009; Schmoller et al., 2015).  There is also evidence that bacterial size can 

be maintained by the addition of a constant volume prior to division (Taheri-Araghi et 

al., 2015). However, lipid synthesis and membrane deposition is a noisy process 

involving constant addition and removal of membrane to cellular compartments.  

Therefore, even a constant addition of membrane to the cell surface must be 

precisely coordinated with cellular events.   

Several lines of evidence support the hypothesis that a cell can measure 

plasma membrane growth directly, whereby signaling molecules accumulate on the 

membrane in a manner that is proportional to growth (Anastasia et al., 2012; Haupt 

and Minc, 2017).  Plasma membrane growth occurs by the addition of lipids to the 

cell surface .  In eukaryotes, major lipids are synthesized at the ER and delivered to 

the plasma membrane by transport molecules or the secretory pathway.  

Interestingly, the rate of ribosome biogenesis in yeast has been shown to be 

dependent upon the delivery of secretory vesicles to the plasma membrane (Nierras 

and Warner, 1999; Li et al., 2000).    It has also been shown that the secretory 

pathway must be active for progression through the mitotic checkpoint (Anastasia et 

al., 2012). Thus, in order to study cell growth, one must understand cell membrane 

dynamics. 

Membrane growth 

A cell’s size and shape relies on the precise modulation of membrane growth.  

Overall, the rate and location of membrane growth during the cell cycle in animal 

cells remains poorly characterized.  However, budding yeast growth dynamics are 

easily visualized, making it a powerful model organism in the study of eukaryotic cell 

growth.  In budding yeast, plasma membrane growth occurs in distinct phases that 
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are characterized by different rates and patterns of growth (Goranov et al., 2009; 

Ferrezuelo et al., 2012; Leitao, 2016).  At the end of G1 phase, a daughter bud 

emerges from the mother cell and initially grows in a slow polar manner, with vesicle 

traffic directed to the bud tip.  Entry into mitosis triggers a 4-fold increase in the rate 

of growth, as well as a switch to isotropic growth that occurs over the entire bud 

surface.  Rapid isotropic growth continues during mitosis and accounts for up to 80% 

of the final volume of a newborn yeast cell (Leitao, 2016).  During cytokinesis, growth 

again becomes polar as new membrane is added at the site of cytokinesis.  After 

cytokinesis, the newborn cell enters G1 phase and grows at a rate that is 4-fold 

slower than the mitotic growth rate.  Less than 10% of the final volume of a cell is 

achieved during the G1 interval under normal growth conditions (Leitao et al., 2016).  

Vesicle trafficking: 

The delivery of vesicles to a cell’s surface results in an increase in cell size.  

Although the “secretory” pathway was named for studies of mutants that blocked 

secretion, compared to animal cells, yeast actually secretes very few proteins 

(Novick et al., 1980).  One byproduct of the secretory pathway, and likely the major 

function, is the resulting addition of surface area contributed by each vesicle that 

reaches the plasma membrane (PM).  Likewise, the internalization of membrane 

during endocytosis results in decreased surface area at the membrane.  Thus, in 

order for a cell to grow and maintain size, the PM requires a precise coordination of 

exocytosis and endocytosis — an ongoing and exciting area of research.   

The Endoplasmic Reticulum: 

The endoplasmic reticulum (ER) is a highly structured and dynamic organelle 

with tubular membrane shown to exist throughout the cell.  The ER is integral to 

membrane synthesis and transport.  The ER associates with the PM at ER-PM 

contact sites throughout the cell and during the cell cycle, including the growing bud 
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tip of yeast (West et al., 2011).  Although the secretory pathway is thought to play a 

major role in lipid delivery to the cell surface, PM associated ER has been shown to 

be enriched in its capacity to synthesize lipids — namely phosphatidylserine (PS), 

phosphatidylinositol (PI) and ergosterol (Pichler et al., 2001).  Furthermore, sterol 

transport proteins show evidence for secretory pathway independent lipid transport 

(Schulz and Prinz, 2007; Filseck and Drin, 2016).  Lipid transport has also been 

suggested to continue unabated even in the absence of vesicle transport (Kaplan, 

1985; Baumann et al., 2005).  Deletion of all ER-PM tethering proteins leads to 

impaired cell growth, sensitivity to stress, and elevated phosphatidylinositol 

phosphate (PIP) levels at the PM highlighting the importance of ER-PM contact  in 

maintaining proper lipid distribution (Manford et al., 2012).  The Osh family of 

proteins are required for ER-PM contact and there is evidence that they participate in 

PS transport between the two membranes using the PIP gradient formed between 

the two organelles (Stefan et al., 2011; Chung et al., 2015).  Furthermore, ER-PM 

contact is shown to be rapidly dynamic and responsive to changes in 

phosphatidylinositol bisphosphate (PIP2) levels, thus supporting the idea that the ER 

highly influences the lipid architecture of the PM and vice versa (Dickson et al., 

2016).  Together, the literature points to the ER as an important source for secretory 

pathway independent cell growth and lipid architecture — creating an added layer of 

complexity in the study of cell growth signaling. 

Membrane lipids 

Membrane lipid architecture is essential to life, and the PM is much more 

than a protective bilayer that defines the cell. Membrane fluidity, surface area, 

curvature, permeability, and cell signaling are all directly affected by PM lipid bilayer 

organization;  these functions are largely influenced by the types of lipid groups 
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maintained at the cell surface.   Incorrect sorting and maintenance of PM lipids can 

affect all aspects of the cell and has implications for human health, including cancer 

and neurodegenerative disease (for review, (van Meer et al., 2008; Newton et al., 

2015; D'Auria and Bongarzone, 2016)).  Signaling lipids and the domains they form 

play an integral role in the cell structurally, and as recruitment sites for protein 

signaling.   

Eukaryotic membranes are composed primarily of glycerophospholipids with 

the subgroup phosphatidylcholine (PC) accounting for more than 50% of 

phospholipids in the membrane (van Meer et al., 2008).  A membrane’s shape is 

believed to be affected by lipids with varying 3D architecture. PC can spontaneously 

form planer lipid bilayers because of its relatively cylindrical shape, whereas the less 

abundant PS and PE form curved membranes due to their conical structure. PS and 

PE have even been shown to play roles in vesicle budding and the formation of 

endocytic pits due to their membrane bending properties (Marsh, 2007; Muthusamy 

et al., 2009).   

Phosphatidylinositol (PI) displays lower abundance than PE but plays obvious 

signaling roles due to its asymmetric distribution — skewed toward the PM — and 

variable modification to phosphatidylinositol phosphates (PIP and PIP2) with serious 

mitogenic signaling properties (discussed below) (Sulis, 2003).  Another important 

aspect of a lipids architecture is the charge of a lipids head group.  The ability to form 

lipid bilayers is a product of a lipids amphipathic properties.  Some lipid head groups 

display strong negative charge — namely PS, PIP, and PIP2 — allowing them to 

interact strongly with certain anionic lipid binding domains on proteins. 

The second most abundant class of lipids are the sphingolipids.  

Sphingolipids are required for cell survival and play vital roles in cell structural 

integrity, endocytosis, cell division, proliferation, and their mis-regulation has been 
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noted in various human ailments (van Meer et al., 2008; Newton et al., 2015; D'Auria 

and Bongarzone, 2016).  As with most lipids, sphingolipid synthesis is initiated at the 

endoplasmic reticulum by serine palmitoyltransferase (SPT), which synthesizes 

precursors for production of phytosphingosine and ceramides; these are the building 

blocks for complex sphingolipids synthesized in the Golgi. Complex sphingolipids are 

transported to the plasma membrane where they primarily occupy the outer leaflet of 

the bilayer.  Sphingolipids together constitute approximately 10% of membrane lipids 

(Klose et al., 2012). Sphingolipids alone form an almost solid gel phase at 

physiological temperatures and they are fluidized by their association with sterols 

(ergosterol in yeast); this appears to be a mutually beneficial association since the 

sphingolipids large polar head group is thought to shield the non-polar sterol 

molecules (van Meer et al., 2008). 

Lipid asymmetry: 

Lipids display geographical segregation from one organelle to the next, so 

much so that an organelle’s identity can be defined by its lipid environment.  As an 

example, only 5% of lipid membranes in yeast are composed of PS, yet plasma 

membrane fractions exhibit greater than 30% PS, and higher for sites of active 

membrane growth (Zinser et al., 1991; Horvath et al., 2011).   Similarly, complex 

sphingolipids exist almost exclusively on the PM. Lateral segregation also exists 

within a single bilayer, which has been best shown by the studies of lipid rafts at the 

PM (Hancock, 2006).   Furthermore, vertical asymmetry between the inner and outer 

leaflet of a bilayer exists due to how lipids are synthesized and the lipid flippases; 

activity of these molecules effects membrane asymmetry and has been shown to 

influence protein signaling and even vesicle trafficking (Muthusamy et al., 2009; Tani 

and Kuge, 2012; Armin, 2016).  Each dimension of transmembrane lipid asymmetry 

takes considerable energy on the cells part and is essential for cell survival.  
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Understanding how and why transmembrane lipid asymmetry is maintained by the 

cell remains an important question in the field of cell biology. 

Lipid signaling: 

 Membrane asymmetry plays key roles in cell signaling by maintaining lipid 

domains important for protein localization and activity. Alternatively, soluble lipid 

precursors and degradation products are known to play key roles within the cell as 

signaling molecules, transcriptional regulators and post-translational protein 

modifiers (Klug and Daum, 2014). Some of the first examples of protein signaling 

influenced by lipid architecture came from the study of oncogenes.  The oncogene 

Akt contains a Pleckstrin homology (PH) domain that directly controls its activity by 

bringing it into proximity to its activating kinase at the PM.  PH domains bind 

phosphatidylinositols (PI, PIP, PIP2, or PIP3 in animal cells) and are thus dependent 

on turnover of these lipids.  The notable tumor suppressor PTEN, a phosphoinositide 

phosphatase, indirectly down-regulates Akt signaling by minimizing PIP3 levels at the 

PM (Sulis, 2003).   

In yeast, the lipid environment at sites of cell growth has been shown to 

influence cell growth itself, whereby the exocyst complex is targeted by PIP2 and PS 

to sites of polar growth, in turn promoting vesicle fusion and polar growth (He et al., 

2007). Similarly, TORC2 complex signaling, which is required for cell growth and 

division, is regulated by PIP2 levels through Slm1 and Slm2.  The Slm1/2 proteins 

bind the TORC2 complex and are localized to eisosomal patches on the membrane 

until perturbations to sphingolipid levels when Slm1/2 disperse.  Slm1/2 re-

localization to PIP2 domains leads to  binding, and activation, of the SGK homolog 

Ypk1 by Tor2 (Berchtold et al., 2012).  How Slm1/2 PIP2 binding is turned on and off 

remains an important question in the TOR signaling field (Fadri et al., 2005). These 
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examples highlight the volatility and importance of plasma membrane lipids that can 

respond in rapid and dynamic fashion to cell growth and stress. 

Lipid binding domains are found on a multiplicity of proteins and can function 

to change localization or even activation of molecules.  Protein Kinase C, budding 

yeast Pkc1, requires PS for full kinase activity which may function by binding its C2 

domain and removing the pseudo-substrate from its active site (Dey et al., 2017).     

Recent studies have identified flippase activity as being crucial to inward PS flipping 

and subsequent localization of the GTPase Rho1 at sites of growth (Hatakeyama et 

al., 2017).  Interestingly, Rho1 is required for Pkc1 activity and both molecules are 

important in the G2/M cell size checkpoint (Anastasia et al., 2012).  Thus, studying 

the roles that dynamic lipid environments play in cell signaling is crucial for 

understanding the link between cell size and growth control. 

A membrane growth dependent checkpoint 

 The discovery of a checkpoint that links mitotic entry to membrane 

growth has suggested a mechanism for coordinately controlling cell growth, cell size 

and ribosome biogenesis. Blocking vesicle delivery during polar growth triggers a 

checkpoint arrest prior to mitotic entry (Anastasia et al., 2012).  Further analysis of 

the link between mitotic entry and membrane growth led to the hypothesis that 

vesicles deliver signaling molecules to the site of growth.  A signal builds as vesicles 

arrive, generating a signal that is proportional to growth.  Growth-dependent 

signaling presents an intriguing and broadly relevant mechanism for cell size control, 

and it could control both size and shape by determining the extent of growth at 

specific locations on the plasma membrane. 
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Testing the growth-dependent signaling hypothesis requires a better 

understanding of the signals that link mitotic entry to the membrane growth.  

Previous work suggested that the GTP-bound form of Rho1 can bind and activate 

Pkc1 to undergo autophosphorylation (Kamada et al., 1996; Nonaka et al., 1995).  

However, Pkc1’s C2 lipid binding domain could also play a role (Kamada et al., 1996; 

Denis and Cyert, 2005).    

In the following chapters I present experimental results that explore the link 

between membrane growth and mitotic entry.  In Chapter I our published results 

suggest crucial roles of sphingolipids as signaling molecules in the cell growth 

dependent mitotic checkpoint.  Chapter II presents unpublished work suggesting that 

Pkc1 measures cell growth via the sphingolipid-dependent inward flipping of PS at 

the plasma membrane.  Chapter III addresses experiments of interest during our 

studies that require follow up and provide a springboard for future studies of the 

growth dependent mitotic checkpoint.  The work presented is intriguing in that it 

presents a means by which cell size and growth can be measured by the membrane 

itself — a broadly relevant  hypothesis that could rectify the gaps in knowledge 

between the secretory pathway and cell size regulation.    
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CHAPTER I [PUBLISHED RESULTS]:  
A conserved signaling network monitors 
delivery of sphingolipids to the plasma 

membrane in budding yeast  

Introduction 

In budding yeast, entry into mitosis and ribosome biogenesis are dependent 

upon plasma membrane growth, which could ensure that growth processes are 

coordinated with each other and with the cell cycle (Li et al., 2000; Nanduri and 

Tartakoff, 2001; Mizuta and Warner, 1994; Anastasia et al., 2012; McCusker and 

Kellogg, 2012). The linkage was discovered by analyzing the effects of mutants that 

block membrane trafficking events required for plasma membrane growth. Thus, 

inactivation of Sec6, which is required for fusion of vesicles with the plasma 

membrane, causes an arrest of ribosome biogenesis, as well as a pre-mitotic cell 

cycle arrest. Both pathways signal via a member of the protein kinase C family 

(Pkc1) that is localized to sites of membrane growth in the daughter bud. It was 

hypothesized that key aspects of cell growth are controlled by common signals 

originating at sites of membrane growth. 

The pathway that links mitotic entry to membrane growth has been proposed 

to control the amount of polar growth that occurs between bud emergence and entry 

into mitosis, which would influence both cell size and shape (Anastasia et al., 2012). 

In this model, the vesicles that drive polar membrane growth are thought to deliver 

signaling molecules that activate Pkc1. As more vesicles fuse with the plasma 

membrane, a Pkc1-dependent signal is generated that is proportional to growth, 

which can be read to determine when sufficient polar growth has occurred. Pkc1 
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undergoes gradual hyperphosphorylation during polar membrane growth that is 

dependent upon and proportional to growth, consistent with the idea that it is part of 

a mechanism that measures polar membrane growth (Anastasia et al., 2012). 

Growth-dependent signaling suggests a simple and broadly relevant mechanism for 

control of cell growth and size (McCusker and Kellogg, 2012; Enciso et al., 2014). 

The broad outlines of the pathway that links mitotic entry to membrane 

growth are known. Signaling is dependent upon the Rho1 GTPase, which is 

delivered to the site of polar growth on vesicles (Abe et al., 2003; Anastasia et al., 

2012). Rho1 is activated at the site of growth, where it is thought to bind and control 

Pkc1 (Kamada et al., 1996; Abe et al., 2003). Pkc1 binds redundant paralogs called 

Zds1 and Zds2 that recruit PP2A associated with the Cdc55 regulatory subunit 

(PP2ACdc55). Pkc1 activates PP2ACdc55, which then activates Mih1, the budding 

yeast homolog of the Cdc25 phosphatase that drives entry into mitosis by removing 

Cdk1 inhibitory phosphorylation. Activation of mitotic Cdk1 triggers cessation of polar 

growth and initiation of isotropic growth, which occurs over the entire surface of the 

bud (Lew and Reed, 1993). Rho1, Pkc1, Zds1/2 and PP2ACdc55 are localized to the 

site of polar membrane growth and physically interact, providing a direct link between 

membrane growth and mitotic entry (Yamochi et al., 1994; Kamada et al., 1996; 

Andrews and Stark, 2000; Rossio and Yoshida, 2011). 

A full understanding of how the cell cycle and ribosome biogenesis are linked 

to membrane growth will require a better understanding of the signals generated at 

sites of membrane growth. A critical question concerns how membrane growth drives 

phosphorylation and activation of Pkc1. Previous work suggested that the GTP-

bound form of Rho1 generated at sites of growth could play a role (Nonaka et al., 

1995; Kamada et al., 1996). However, we have thus far been unable to reconstitute 
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hyperphosphorylation of Pkc1 in vitro with purified Rho1-GTP, which suggests that 

additional signals play a role. 

Here, we used proteome-wide mass spectrometry to systematically identify 

signals associated with membrane growth. To do this, we took advantage of our 

discovery that Pkc1-dependent signaling rapidly collapses when membrane growth is 

blocked (Anastasia et al., 2012). Thus, we used proteome-wide mass spectrometry 

to identify proteins that undergo rapid changes in phosphorylation in response to an 

arrest of membrane growth. 

Results 

Proteome-wide analysis of signals triggered by an arrest of polarized 

membrane growth 

 To identify signals triggered by an arrest of polar membrane growth, 

we released wild type and sec6-4 cells from a G1 arrest and shifted to the restrictive 

temperature during the polar bud growth phase, which corresponds to the interval of 

bud growth prior to mitotic entry.  Samples for mass spectrometry were taken 5 

minutes after inactivation of sec6-4.  Western blotting was used to confirm that the 

wild type and sec6-4 cells were at the same point in the cell cycle, and that 

inactivation of sec6-4 caused rapid loss of Pkc1 phosphorylation, as previously 

observed (Anastasia et al., 2012).  Proteolytic peptides from each strain were 

phospho-enriched, covalently modified by reductive dimethylation to generate light 

(wild type) and heavy (sec6-4) stable isotope labeled pools, and then combined and 

analyzed by LC-MS/MS (Villén and Gygi, 2008; Kettenbach and Gerber, 2011).  The 

heavy to light ratios of phosphorylated peptides in sec6-4 cells versus wild type cells 

were log2 transformed.  Thus, negative values indicate decreased phosphorylation in 

�13



sec6-4 cells, while positive values indicate increased phosphorylation. Three 

biological replicates were analyzed, which allowed calculation of average log2 ratios 

and standard deviations for most peptides.   

The complete data set appears in Tables S1 and S2.  Table S1 presents a 

summary of all identified phosphorylation sites along with quantitative data. Table S2 

provides detailed information for each of the detected phosphopeptides. A total of 

9375 sites were identified on 1831 proteins.  Of these, 6376 sites on 1694 proteins 

could be quantified.   

We focused on sites that were quantified in at least two of the three biological 

replicates, which comprised 4486 sites on 1519 proteins.  We defined a significant 

change in phosphorylation as a log2 ratio greater than 1.2 in either direction.  At this 

threshold, 69 sites on 58 proteins underwent rapid dephosphorylation when Sec6 

was inactivated (Table S3). 63 sites on 57 proteins showed increased 

phosphorylation (Table S3).  Both Pkc1 and Zds1 underwent dephosphorylation in 

sec6-4 cells (Table S4).  Since these proteins were previously shown to undergo 

dephosphorylation after inactivation of Sec6, their presence in the data set provides 

a verification of the approach (Anastasia et al., 2012).  Inactivation of Sec6 may 

cause effects that are independent of its role in membrane growth.  For simplicity, 

however, we refer to the effects of inactivating Sec6 as a block to membrane growth.  

Blocking membrane traffic disrupts a signaling network that controls cell 

growth 

 We searched the mass spectrometry data for proteins that were 

previously linked to cell growth and discovered that multiple components of a target 

of rapamycin complex 2 (TORC2) signaling network undergo changes in 

phosphorylation in response to an arrest of membrane growth (Tables S3 and S4).  
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The TORC2 network controls a pair of partially redundant kinase paralogs called 

Ypk1 and Ypk2, which are homologs of vertebrate SGK (Casamayor et al., 1999).  

Extensive work has shown that TORC2 and Ypk1/2, as well as their surrounding 

signaling network, play roles in controlling cell growth, lipid synthesis and cell cycle 

progression.  In addition, multiple previous studies have suggested that TORC2 and 

Ypk1/2 control Rho1/Pkc1 signaling (Helliwell et al., 1998; Roelants et al., 2002; 

Schmelzle et al., 2002; Kamada et al., 2005; Niles and Powers, 2014; Hatakeyama 

et al., 2017). 

 Figure 1.1A provides an overview of the TORC2-Ypk1/2 network, with 

proteins identified by mass spectrometry highlighted in red.  Ypk1/2 are 

phosphorylated by TORC2 and phosphoinositide-dependent kinase 1 (PDK1), which 

play conserved roles in controlling cell growth (Roelants et al., 2002; Kamada et al., 

2005).  In budding yeast there are two redundant homologs of PDK1 called Pkh1 and 

Pkh2.  TORC2 and Pkh1/2 phosphorylate distinct sites on Ypk1/2 that are thought to 

increase activity. 

 One function of the network is to modulate synthesis of sphingolipids, 

a diverse family of lipids that includes major components of the plasma membrane, 

as well as lipids that play roles in signaling (Roelants et al., 2011).  Sphingolipid 

synthesis is initiated at the endoplasmic reticulum by serine palmitoyltransferase 

(SPT), which synthesizes precursors for production of phytosphingosine and 

ceramides, which are used to produce complex sphingolipids in the Golgi.  Complex 

sphingolipids are transported to the plasma membrane and together constitute 

approximately 10% of membrane lipids (Ejsing et al., 2009; Klose et al., 2012).  

Ypk1/2 promote sphingolipid synthesis by phosphorylating and inhibiting Orm1 and 

Orm2, redundant paralogs that bind and inhibit serine palmitoyltransferase (Breslow 

et al., 2010; Roelants et al., 2011).   
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Ypk1/2 are phosphorylated by a pair of redundant kinase paralogs called 

Fpk1 and Fpk2 that localize to the site of polar growth (Nakano et al., 2008; Roelants 

et al., 2010).  Genetic data suggest that complex sphingolipids are required for 

Fpk1/2 activity, and that Fpk1/2 and Ypk1/2 inhibit each other (Roelants et al., 2010).  

Fpk1/2 also phosphorylate a redundant pair of lipid flippases called Dnf1 and Dnf2, 

which are located at the site of polar growth and are thought to flip phospholipids 

from the outer to inner leaflet of the plasma membrane (Hua et al., 2002; Pomorski et 

al., 2003; Nakano et al., 2008).  Loss of FPK1/2 or DNF1/2 causes mild elongation of 

the daughter bud, which suggests that they play a role in controlling polar growth 

(Pomorski et al., 2003; Nakano et al., 2008).  

Blocking membrane traffic causes reduced sphingolipid-dependent signaling  

 Multiple proteins in the TORC2-Ypk1/2 network underwent significant 

changes in phosphorylation in response to inactivation of Sec6, including Ypk1, 

Orm2, Dnf2 and Avo1, which is a component of the TORC2 complex (Tables S3 and 

S4).  All of these proteins regulate and/or respond to sphingolipids.  To further 

investigate changes in the network, we first analyzed phosphorylation of Ypk1.  Ypk1 

undergoes Fpk1/2-dependent phosphorylation that causes a decrease in 

electrophoretic mobility that can be detected by western blotting (Roelants et al., 

2011).  Inactivation of Sec6 caused loss of Fpk1/2-dependent phosphorylation of 

Ypk1, which suggests that blocking membrane traffic causes inactivation of Fpk1/2 

(Figure 1.1B). Dnf2, a direct target of Fpk1/2, also showed a loss of phosphorylation 

in the mass spectrometry data, which provided further evidence for a loss of Fpk1/2 

activity.  Since Fpk1/2 activity is dependent upon complex sphingolipids, these 

observations suggest that inactivation of Sec6 causes a decrease in sphingolipid-

dependent signaling.  Addition of exogenous phytosphingosine rescued the loss of 
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Ypk1 phosphorylation caused by arresting growth, consistent with the idea that 

inactivation of Sec6 causes loss of sphingolipid-dependent signals (Figure 1.1C).  

 Previous studies have suggested that loss of sphingolipids causes 

increased TORC2 activity (Roelants et al., 2011; Berchtold et al., 2012).  Moreover, 

the mass spectrometry analysis found that Avo1, a component of the TORC2 

complex, undergoes increased phosphorylation in response to an arrest of 

membrane growth (Table S3).  Since Avo1 is a target of TORC2, this observation 

suggests that TORC2 activity increases (Wullschleger et al., 2005). To test this, we 

assayed TORC2-dependent phosphorylation of Ypk1 using a phosphospecific 

antibody.  Inactivation of Sec6 caused increased TORC2-dependent phosphorylation 

of Ypk1 (Figure 1.1D).  We again observed that inactivation of Sec6 caused loss of 

the Fpk1/2-dependent mobility shift of Ypk1. 

 The site on Orm2 that was detected was previously identified as a 

likely Ypk1/2 target (Breslow et al., 2010; Roelants et al., 2010; 2011). The mass 

spectrometry data suggested that Orm2 is dephosphorylated when Sec6 is 

inactivated (Table S4).  To investigate further, we used Phos-tag gels and western 

blotting to assay Orm2 phosphorylation after inactivation of Sec6.  In contrast to 

expectations from the mass spectrometry data, Orm2 became rapidly 

hyperphosphorylated when Sec6 was inactivated, which suggests that Ypk1/2 

become more active (Figure 1.1E).  The disagreement between the mass 

spectrometry and western blotting data may be a product of the complexity of 

phosphopeptide analysis.  Phosphosites on Orm1/2 are located close to each other, 

such that multiple sites are found on the same proteolytic peptide.  If a singly 

phosphorylated peptide is converted to a multiply phosphorylated peptide upon 

inactivation of Sec6, the analysis will detect a decrease in the abundance of the 

singly phosphorylated peptide, giving the appearance of a dephosphorylation event.   
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 The Orm1/2 proteins are also phosphorylated by the kinase Npr1.  To 

further test whether hyperphosphorylation of Orm2 was due to Ypk1/2, we utilized 

sec6-4 cells that are dependent upon an analog-sensitive allele of Ypk1 (sec6-4 

ypk1-as ypk2∆), which allows rapid inactivation of Ypk1/2 with the inhibitor 3-MOB-

PP1  (Sun et al., 2012).  Inactivation of Ypk1/2 blocked hyperphosphorylation of 

Orm2 when membrane growth was blocked (Figure supplement 1.1A).  Thus, 

hyperphosphorylation of Orm2 in response to inactivation of Sec6 is likely due to 

Ypk1/2.  Since the Orm1/2 proteins are embedded in the membrane of the 

endoplasmic reticulum (Han et al., 2010), the discovery that they undergo rapid 

hyperphosphorylation in response to an arrest of plasma membrane growth suggests 

that there is rapid communication between the plasma membrane and the 

endoplasmic reticulum.  Approximately 50% of the endoplasmic reticulum is closely 

associated with the plasma membrane, which would facilitate rapid communication 

(Pichler et al., 2001).   

 Previous work found that inhibition of the first step of sphingolipid 

synthesis causes inactivation of Fpk1/2, activation of TORC2 and Ypk1/2, and 

hyperphosphorylation of Orm1/2 (Breslow et al., 2010; Roelants et al., 2011; 

Berchtold et al., 2012; Sun et al., 2012).  Since hyperphosphorylation of Orm1/2 

relieves inhibition of sphingolipid synthesis, the network was proposed to be 

responsible for homeostatic control of sphingolipid synthesis (Breslow et al., 2010).  

Here, we found that blocking plasma membrane growth causes effects identical to 

those caused by inhibition of sphingolipid synthesis, which suggests that blocking 

membrane growth causes an abrupt loss of sphingolipid-dependent signals.  In 

addition, although inactivation of Sec6 caused hyperphosphorylation of Orm2, which 

should stimulate sphingolipid synthesis at the endoplasmic reticulum, there was no 

evidence that increased sphingolipid synthesis was perceived by the network: 
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TORC2-dependent phosphorylation of Ypk1/2 persisted, Fpk1/2 remained inactive, 

and Orm2 phosphorylation persisted.  Together, these observations suggest that the 

signaling network monitors delivery of sphingolipids to the plasma membrane by 

vesicles, rather than synthesis of sphingolipids at the endoplasmic reticulum.  A 

previous study found that inhibition of sphingolipid synthesis triggers release of 

proteins called Slm1 and Slm2 from plasma membrane compartments called 

eisosomes (Berchtold et al., 2012).  The Slm1/2 proteins promote TORC2-dependent 

activation of Ypk1/2 (Niles et al., 2012).  The behavior of the Slm1/2 proteins is 

consistent with the idea that events occurring at the plasma membrane play an 

important role in modulation of the TORC2-Ypk1/2 network. 

 A model that could explain the data is that post-Golgi vesicles 

required for polar growth deliver sphingolipids to the plasma membrane.  When 

vesicle delivery is blocked, sphingolipids at the plasma membrane rapidly decline, 

which could occur by modification or sequestration into lipid domains.  Loss of 

sphingolipids, in turn, would lead to inactivation of Fpk1/2 and a consequent loss of 

Ypk1/2 and Dnf1/2 phosphorylation.  A decrease in sphingolipids would also cause 

increased activity of TORC2, which stimulates Ypk1/2 to hyperphosphorylate 

Orm1/2.  The Ypk1/2 signaling network has also been proposed to respond to 

membrane stress (Berchtold et al., 2012).  Thus, an alternative model is that blocking 

delivery of vesicles to the plasma membrane triggers membrane stress that activates 

the pathway. 
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Figure 1.1 Sphingolipids are depleted at the plasma membrane upon growth 
arrest.  
(A) Proteins in the Ypk1/2 signaling network that showed a large change in 
phosphorylation upon growth arrest are highlighted in red. (B)YPK1-6xHA cells with 
or without the sec6-4 allele were released from G1 arrest at 22C and shifted to 34C 
after 60 minutes.  Ypk1-6xHA phosphorylation was assayed by western blot.  The 
same blot was probed for Nap1 to provide a loading control. (C) YPK1-6xHA sec6-4 
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cells were released from G1 arrest at 22C and shifted to 34C after 60 minutes.  10 
µM phytosphingosine was added to one half of the culture (+) immediately before the 
60 minute time point.  Ypk1 phosphorylation was assayed by western blot. The same 
blot was probed for Nap1 to provide a loading control. (D) Cells with or without the 
sec6-4 allele were released from G1 arrest at 22C and shifted to 34C after 45 
minutes.  TORC2-dependent phosphorylation of Ypk1-T662P was assayed by 
western blot with a phospho-specific polyclonal antibody that recognizes TORC2 
sites on Ypk1 and Ypk2.  A non-specific background band that serves as a loading 
control is marked with an asterisk. (E) Flag-ORM2 cells with or without the sec6-4 
allele were released from G1 arrest at 22C and shifted to 34C after the 45 minute 
time point. Flag-Orm2 phosphorylation (*) was assayed by running samples on a 
Phos-Tag gel followed by western blot. 

Inactivation of Ypk1/2 causes a failure in Pkc1 phosphorylation that is rescued 

by exogenous sphingolipids 

 We next used ypk1-as ypk2∆ cells to test whether Ypk1/2 are required 

for normal control of Pkc1 phosphorylation.  Wild type control cells and ypk1-as 

ypk2∆ cells were released from a G1 arrest and 3-MOB-PP1 was added to both 

cultures before cells had initiated bud emergence.  Addition of inhibitor to ypk1-as 

ypk2∆ cells caused a failure in Pkc1 hyperphosphorylation (Figure 1.2A), as wells as 

a failure in mitotic entry that was detected as a failure to produce the mitotic cyclin 

Clb2 (Figure 1.2B).  It also caused delayed bud emergence (Figure 1.2C).  The fact 

that bud emergence still occurred when Ypk1/2 were inhibited indicated that the 

failure in Pkc1 phosphorylation was not due simply to a failure in bud growth. To 

determine whether the delay in bud emergence was due to decreased Pkc1 activity, 

we expressed a constitutively active version of PKC1 (PKC1*) in ypk1-as ypk2∆ cells 

(Watanabe et al., 1994).  We used basal expression from the uninduced CUP1 

promoter to achieve low level expression of PKC1* (Thai et al., 2017).  Expression of 

PKC1* rescued the delay in bud emergence (Figure 1.2C).  Together, these 
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observations suggest that inhibition of Ypk1/2 causes decreased phosphorylation of 

Pkc1, as well as decreased Pkc1 activity.  
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Figure 1.2 Ypk1 is required for Pkc1 hyperphosphorylation. 
(A) The indicated cells were released from a G1 arrest at 25C and 50 µM 3-MOB-
PP1 was added to each strain at 10 min after release.  Pkc1 phosphorylation was 
assayed by western blot. A background band from the same blot was used as a 
loading control.  (B) A western blot showing levels of the mitotic cyclin Clb2 from the 
same samples as panel A. (C) Cells were released from a G1 arrest at 25C and 50 
µM 3-MOB-PP1 was added at 10 min after release.  The percentage of budded cells 
was determined by counting the number of budded cells in a total of at least 200 
cells for each time point.  The percentage of budded cells was averaged for three 
biological replicates.  Error bars represent the standard error of the mean for three 
biological replicates.  

 Inhibition of Ypk1/2 should lead to decreased synthesis of 

sphingolipids due to hyperactivity of Orm1/2 (Figure 1.1A) (Breslow et al., 2010; 

Roelants et al., 2011; Sun et al., 2012).  We therefore added exogenous 

phytosphingosine to test whether failure to phosphorylate Pkc1 when Ypk1/2 are 

inhibited is a consequence of decreased sphingolipid production.  Addition of 

phytosphingosine largely restored hyperphosphorylation of Pkc1 when Ypk1/2 were 

inhibited before bud emergence, although Pkc1 phosphorylation was slightly delayed 

(Figure 1.3A, compare the fraction of Pkc1 that reaches the ful ly 

hyperphosphorylated form).   

The buds that emerged during Ypk1/2 inhibition were elongated (Figure 1.3B 

and Figure supplement 1.1B).  Cell elongation was quantified by measuring the 

average ratio of bud length to width (Figure 1.3C).  Addition of phytosphingosine 

largely eliminated the elongated bud phenotype (Figure 1.3B, C).  Previous studies 

showed that bud elongation can be a consequence of decreased activity of Pkc1 or 

mitotic Cdk1 (Lew and Reed, 1993; Anastasia et al., 2012). 

Although inhibition of Ypk1/2 in G1 phase blocked Pkc1 phosphorylation, 

inhibition of Ypk1/2 later in the cell cycle, during polar bud growth, did not cause a 

rapid loss of Pkc1 phosphorylation (Figure supplement 1.2A).  Thus, Pkc1 
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phosphorylation is independent of Ypk1/2 activity during polar growth.  This 

observation suggests that Ypk1/2 are unlikely to control Pkc1 phosphorylation 

directly, and that rapid dephosphorylation of Pkc1 caused by inactivation of Sec6 

during polar bud growth is unlikely to be due to stimulation of the TORC2-Ypk1/2 

network.  Rather, Ypk1/2 could promote Pkc1 phosphorylation by stimulating 

production of sphingolipids earlier in the cell cycle. The relationship between Pkc1 

phosphorylation and Pkc1 kinase activity is unknown so these data do not establish 

whether sphingolipids promote Pkc1 activity.  However, previous studies found that 

increased activity of Pkc1 suppresses defects caused by inhibition of serine 

palmitoyltransferase, and that sphingolipids may promote Pkc1 activity via activation 

of Rho1 (Friant et al., 2000; Niles and Powers, 2014; Olson et al., 2015; Hatakeyama 

et al., 2017).  Together, the data suggest that sphingolipids promote Pkc1 activation, 

potentially by promoting Pkc1 phosphorylation. 
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Figure 1.3  Ypk1 signals to Pkc1 via sphingolipid production. 
(A) ypk1-as ypk2∆ cells were released from a G1 arrest at 25C and the indicated 
compounds were added at 10 min after release.  Pkc1 phosphorylation was assayed 
by western blot. A background band from the same blot was used as a loading 
control.  (B) Fixed cells from the 120 minute time point of panel A were imaged by 
DIC microscopy.  White bars are 8 µm.  (C) Bud polarity of the imaged cells in panel 
B were determined by calculating the ratio of the bud length to width of buds for 50 
cells and then plotting the average ratio.  Error bars represent the standard error of 
the mean. The average polarity ratios were also converted to ovals whose shape can 
be directly compared.  
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Sphingolipids are also thought to regulate Pkh1/2, which directly 

phosphorylate Pkc1 on a site that stimulates its activity (Inagaki et al., 1999; Sun et 

al., 2000; Friant et al., 2001; Roelants et al., 2004; Liu et al., 2005).  Since Pkh1/2 

phosphorylate Pkc1 on a single site, they are unlikely to be directly responsible for 

the gradual multi-site hyperphosphorylation of Pkc1 that occurs during polar 

membrane growth.  However, Pkh1/2 could activate Pkc1 to undergo 

autophosphorylation.  To test for a contribution of Pkh1/2, we utilized an analog-

sensitive allele of PKH1 in a pkh2∆ background (pkh1-as pkh2∆) (Sun et al., 2012).  

Inactivation of Pkh1/2 during polar growth caused a rapid and complete loss of 

Pkh1/2-dependent phosphorylation of Ypk1, but did not cause a loss of Pkc1 

phosphorylation (Figure 1.4A).  These results indicate that dephosphorylation of 

Pkc1 in response to an arrest of membrane growth is not likely to be caused by loss 

of Pkh1/2 activity.  We also found that hyperphosphorylation of Pkc1 occurred 

normally in fpk1∆ fpk2∆ cells, which rules out a model in which loss of Pkc1 

phosphorylation is due to loss of Fpk1/2 activity (Figure supplement 1.2B). Addition 

of exogenous phytosphingosine did not rescue loss of Pkc1 phosphorylation caused 

by inactivation of Sec6 (Figure 1.4B).  This suggests that vesicle traffic from the 

Golgi to the plasma membrane is required for sphingolipids to influence Pkc1 

phosphorylation.   
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Figure 1.4 Pkh1/2 are not required for Pkc1 hyperphosphorylation. 
(A) pkh1-as pkh2∆ were released from a G1 arrest and DMSO or 15 µM 3-BrB-PP1 
were added at 30 min after release.  Pkc1 phosphorylation was assayed by western 
blot. Pkh1/2-dependent phosphorylation of Ypk1-T504 was assayed by western blot 
using a phosphospecific antibody.  Blots are from the same samples so timing can 
be directly compared. (B) sec6-4 cells were released from a G1 arrest at 25C.  At 60 
minutes the culture was split into 4 aliquots and the indicated amounts of 
phytosphingosine were added to cultures shifted to 34C.  Pkc1 phosphorylation was 
assayed by western blot. 
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Inhibition of sphingolipid production causes reduced phosphorylation of Pkc1 

To further define the contribution of sphingolipids, we utilized a temperature 

sensitive allele of LCB1 (lcb1-100), which encodes an essential subunit of serine 

palmitoyltransferase (Meier et al., 2006).  Inactivation of Lcb1 caused a decrease in 

Pkc1 hyperphosphorylation during polar growth, which could be seen as a failure to 

produce the most hyperphosphorylated forms of Pkc1 (Figure 1.5).  Analysis of 

mitotic cyclin levels revealed that inactivation of Lcb1 also caused delayed mitotic 

entry and a prolonged mitosis (Figure 1.5).  Cells budded when Lcb1 was inactivated 

so the delay was not due to a failure in bud growth.  Addition of exogenous 

phytosphingosine partially rescued Pkc1 hyperphosphorylation and fully rescued the 

mitotic delay, which suggests that the effects of lcb1-100 were due to a failure to 

produce sphingolipids (Figure 1.5).   

 Together, the data indicate that an arrest of membrane growth causes 

an abrupt decrease in sphingolipid-dependent signals.  The data further suggest that 

the TORC2-Ypk1/2 network monitors vesicle-dependent transport of sphingolipids to 

the plasma membrane, rather than synthesis of sphingolipids at the endoplasmic 

reticulum.  Finally, the data suggest that delivery of sphingolipids to the plasma 

membrane plays a role in controlling Pkc1 phosphorylation. 

 An intriguing interpretation of the data is that the sphingolipid signaling 

network functions to coordinate aspects of cell growth.  The network constitutes a 

feedback loop in which sphingolipids control the activities of TORC2 and Ypk1/2, 

while TORC2 and Ypk1/2 control production of sphingolipids.  Sphingolipids are 

precursors for synthesis of components of the plasma membrane.  Thus, the 

feedback loop could help ensure that growth of the plasma membrane is coordinated 

with synthesis of precursors at the endoplasmic reticulum.  Since TORC2 and Ypk1/2 
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are also thought to control diverse aspects of cell growth, the feedback loop could 

work more broadly to coordinate events of cell growth.  A previous study found that 

myriocin, an inhibitor of the first step in sphingolipid synthesis, causes a dose 

dependent hyperphosphorylation of the Orm1/2 proteins (Breslow et al., 2010).  This 

observation suggests that the signaling network can measure the amount of 

sphingolipids transported to the plasma membrane, rather than simply measuring 

whether they are being transported.  In this case, the network could generate signals 

that are proportional to the amount of sphingolipids transported to the plasma 

membrane.  This kind of proportional growth signal could be used to measure and 

control cell size.  Indeed, the data suggest that growth-dependent phosphorylation of 

Pkc1 may be dependent upon signals from sphingolipids. 

 The mechanism by which sphingolipids are sensed remains unknown. 

The location at which sphingolipids are sensed is also uncertain.  The data suggest 

that sensing occurs at the plasma membrane; however, it remains possible that 

sphingolipids at the plasma membrane are internalized by endocytosis and detected 

at internal membranes.  

 The idea that cell growth and size are controlled by lipid-dependent 

signals is appealing.  Control of cell growth and size would have been essential for 

survival of the earliest cells, so it is likely that the underlying mechanisms are ancient 

and conserved.  Membranes that allow compartmentalization are one of the most 

fundamental and conserved features of cells, so it would make sense that 

mechanisms that control membrane growth evolved early and in close association 

with membrane lipids.  Overall, we have a surprisingly limited understanding of the 

mechanisms and regulation of membrane growth during the cell cycle.  A full 

understanding of cell growth, and the mechanisms that limit growth to control cell 

size, will require a deeper understanding of these mechanisms.  
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Figure 1.5  Pkc1 hyperphosphorylation requires sphingolipid synthesis. 
Wild type and lcb1-100 cells were arrested in G1 at 30oC and released into media at 
restrictive temperature (37oC) and 10 µM phytosphingosine was added 10 minutes 
after release from the arrest.  Pkc1 phosphorylation and Clb2 protein levels were 
assayed by western blot.  A background band from the same blot was used as a 
loading control. 
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Figure supplement 1.1  The low mobility band of Orm2 is due to Ypk1. 
(A) ypk1-as ypk2∆ sec6-4 Flag-ORM2 cells were released from a G1 arrest and split 
into three identical cultures.  At 59 minutes after release, 3-MOB-PP1 was added to 
one culture and vehicle (DMSO) was added to the others.  At 60 minutes, the culture 
containing 3-MOB-PP1 was shifted to 34C along with one of the other cultures.  A 
control culture was left at room temperature.  Samples were taken from all three 
cultures at 75 minutes and Orm2 phosphorylation was detected with a phos-tag gel.  
Hyperphosphorylation of Flag-Orm2 in response to inactivation of Sec6 was 
diminished in the ypk1-as ypk2∆ background, which may be due to reduced activity 
of the ypk1-as allele. (B) Wild type and ypk1-as ypk2∆ cells were released from a G1 
arrest and 50 µM 3-MOB-PP1 inhibitor was added at 10 minutes.  Cells at the 120 
minute time point were fixed and imaged by DIC microscopy. 

Figure supplement 1.2  Ypk1 acts indirectly on Pkc1 and Fpk1/2 are not 
required for growth signaling to Pkc1. 
(A) ypk1-as ypk2∆ cells were released from a G1 arrest at 25C and the indicated 
compounds were added at 60 minutes after release when small buds were present.  
Pkc1 phosphorylation was assayed by western blot.  (B)  Wild type and fpk1/2∆ cells 
were released from a G1 arrest at 25ºC.  Pkc1 phosphorylation was assayed by 
western blot. 

�32

Pkc1

Time after release from G1 arrest (min.)
30

WT

fpk1/2∆

45 60 75 90 105 120 135

Pkc1

A

B

10 20 30 40 50 60 70 80 90
Time after release from G1 arrest (min.)

DMSO added

3-MOB-PP1 added

ypk1-as

ypk1-as



CHAPTER II:  
Phosphatidylserine relays a growth dependent 

signal to Pkc1

Introduction  

In a screen for proteins that undergo changes in phosphorylation upon an 

arrest of membrane growth, components of a pathway that controls membrane lipid 

asymmetry were identified.  Dnf2, an aminophospholipid flippase, displayed the 

greatest fold-change with 4-fold less phosphorylation in the growth arrested sec6-4 

strain compared to wild type.  Budding yeast contain five putative aminophospholipid 

flippases Dnf1, Dnf2, Dnf3, Drs2 and Neo1 which are responsible for the inward 

flipping (toward the cytoplasm) of these lipids; the majority of data suggest specificity 

of these flippases for certain lipids.  Deletion of all five, or Neo1 alone, flippases is 

lethal.  Dnf1/2 are activated by the Fpk1/2 kinases.   As discussed previously, the 

elimination of Dnf2 and Ypk1 phosphorylation upon growth arrest suggest that 

Fpk1/2 activity is decreased upon growth arrest.  We hypothesized that Pkc1 

activation could be dependent upon the inward flipping of aminophospholipids 

deposited by vesicle trafficking.  Thus, enabling cells to use Pkc1 localization and 

activity as a measure of membrane surface area and size.   

Both Pkc1 and the Rho1 GEF, Rom2, contain lipid binding domains.  Along 

these lines, several labs have shown evidence of a connection between flippase 

activity and Pkc1-Rho1 activity (Niles and Powers, 2014; Hatakeyama et al., 2017).  

Pkc1 requires its C2 domain for proper localization, this domain closely resembles 

other known phosphatidylserine (PS) binding domains {Denis:2005hz}. Furthermore, 

in vitro experiments with Pkc1 show increased kinase activity in the presence of PS 
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(Kamada et al., 1996).  Pkh1/2 and the TORC2 complex, both activators of Ypk1, are 

also known to depend on various lipids for localization and activation  (Friant et al., 

2001; Berchtold et al., 2012). Lastly, using the PS binding domain of Lactadherin 

fused to GFP, it was shown that PS localizes solely to the growing bud in yeast, and 

this localization is removed upon shut-down of growth in a sec6-4 mutant (Mioka et 

al., 2014).   Here we show that a growth proportional lipid signal is required for 

activation of the Pkc1 growth dependent mitotic checkpoint. 

Results 

Pkc1 phosphorylation is dependent upon phosphatidylserine 

Loss of Fpk1/2 or Dnf1/2 causes mild bud elongation, consistent with a failure 

in normal Pkc1 activation (Nakano et al., 2008).  We therefore considered a model in 

which the vesicles that drive polar growth deliver sphingolipids that activate Fpk1/2, 

which drive Dnf1/2 to flip phosphatidylserine to the cytosolic side of the membrane 

(Figure 2.1A).  To test this model, we analyzed Pkc1 phosphorylation and 

accumulation of the mitotic cyclin Clb2 in synchronized fpk1/2∆ and dnf1/2/3∆ cells.  

Entry into mitosis was slightly delayed in both strains, but it appeared that Pkc1 

became fully hyperphosphorylated (Figure 2.1B).  The bud elongation caused by 

fpk1/2∆ and dnf1/2/3∆ are consistent with the model, yet the data also clearly 

indicate that Fpk1/2-dependent control of Dnf1/2 is not essential for 

hyperphosphorylation of Pkc1.  A complication is that Dnf1/2 share overlapping 

functions with Dnf3 and Drs2.  A complete loss of all four flippases is lethal and well-

behaved conditional alleles are not available.  Thus, it remains possible that the 

combined activities of Dnf1/2/3 and Drs2 control accumulation of PS asymmetry that 

is required for normal Pkc1 phosphorylation.  In addition to Dnf2, the mass 

spectrometry identified Drs2, which is consistent with this possibility, although Drs2 
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did not make it into the high confidence data set because it was not identified in 

multiple biological replicates.  Nothing is known about the mechanisms that control 

Dnf3 and Drs2.  

Figure 2.1  Predicted growth dependent activation of Pkc1.  
(A) A possible model for the sphingolipid dependent membrane sensing by Pkc1. (B) 
Control, fpk1/2∆, and dnf1/2/3∆ cells were released from a G1 arrest at 25ºC. Pkc1 
phosphorylation was assayed by western blot. 

To test whether phosphatidylserine plays a role in Pkc1 regulation, we 

analyzed cells that that lack phosphatidylserine.  Cells carrying a deletion of the 

CHO1 gene, which encodes phosphatidylserine synthase, completely lack 
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phosphatidylserine (Hikiji et al., 1988).  In agreement, phosphorylation of Pkc1 during 

polar growth was almost completely eliminated in cho1∆ cells (Figure 2.2).   

 

Figure 2.2  Pkc1 phosphorylation is dependent upon phosphatidylserine.  
Wild type, cho1∆, and psd1/2∆ cells were released from a G1 arrest at 30C.  Pkc1 
phosphorylation and Clb2 proteins levels were assayed by western blot.  The Pkc1 
and Clb2 blots were carried out using the same samples to allow direct comparison.  

Phosphatidylserine can be converted to phosphatidylethanolamine in one of 

several redundant pathways for synthesis of phosphatidylethanolamine (Klug and 

Daum, 2014).  We therefore considered the possibility that the effects of cho1∆ on 
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Pkc1 phosphorylat ion  were due  to a  defect in synthesis of 

phospha t i dy le thano lam ine . Phospha t i dy l se r i ne i s conve r ted  t o 

phosphatidylethanolamine by the enzyme phosphatidylserine decarboxylase, which 

is encoded by a pair of redundant genes named PSD1 and PSD2.  Deletion of the 

genes for PSD1/2 causes a 5-fold reduction in phosphatidylethanolamine (Fairn et 

al., 2011).  Pkc1 underwent full hyperphosphorylation in psd1/2∆ cells, which 

indicates that Pkc1 phosphorylation is primarily dependent upon phosphatidylserine 

(Figure 2.2).  

Phosphorylation of Pkc1 is correlated with checkpoint signaling and cell 

growth  

 The discovery that Pkc1 phosphorylation is dependent upon 

phosphatidylserine suggests that phosphatidylserine could play an important role in 

the signals that link mitotic entry to membrane growth.  Pkc1 activates PP2ACdc55 to 

dephosphorylate Mih1, which promotes mitotic entry (Anastasia et al., 2012).  Thus, 

we used Mih1 dephosphorylation as a readout of checkpoint signaling in cho1∆ cells.  

Mih1 dephosphorylation was almost completely eliminated in cho1∆ cells, which 

suggests that accumulation of phosphatidylserine at the site of membrane growth 

contributes to Pkc1 activation in the context of checkpoint signaling (Figure 2.3A).  
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Figure 2.3  Phosphorylation of Pkc1 is correlated with checkpoint signaling.  
(A) Wild type and cho1∆ were released from a G1 arrest at 30C.  Mih1 mobility was 
assayed by western blot.  (B) Wild type cells were grown overnight to log phase in 
YEP medium containing 2% dextrose or 2% glycerol + 2% ethanol.  Cells were 
arrested in G1 in the same medium and released from the G1 arrest. Pkc1 
phosphorylation and (C) Clb2 proteins levels were assayed by western blot.  The 
Pkc1 and Clb2 blots were carried out using the same samples to allow direct 
comparison. 

 If phosphatidylserine-dependent phosphorylation of Pkc1 is indeed 

proportional to growth, one would predict that slowing growth would also slow the 

rate at which Pkc1 reaches maximal phosphorylation during the polar growth phase.  

To test this, we compared Pkc1 phosphorylation in synchronized cells growing in a 

rich or poor carbon source.  Poor carbon causes an approximately two-fold reduction 

in growth rate (Leitao et al., 2016).  In rich carbon, Pkc1 phosphorylation was 
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initiated at 10 minutes and completed by 30 minutes (Figure 2.3B).  In poor carbon, 

Pkc1 phosphorylation was initiated later in the cell cycle due to slow growth during 

G1 phase.  Pkc1 phosphorylation was initiated at 30 minutes but was not complete 

until 60 or 70 minutes.  Thus, the correlation between Pkc1 phosphorylation and 

growth holds when the rate of growth is slowed by poor carbon.  In both conditions, 

hyperphosphorylation of Pkc1 was correlated with initiation of Clb2 synthesis, 

consistent with the idea that full hyperphosphorylation of Pkc1 helps trigger signals 

that initiate activation of mitotic Cdk1 (Figure 2.3C).   These results point toward an 

intriguing model whereby membrane growth could be directly measured by Pkc1 

sensing of signaling lipids at the site of growth.   
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CHAPTER III: 
[Additional Experiments]

Introduction  

On the path to Chapter I and II, there were many experiments that proved 

exciting yet did not fit into our published story.  Chapter III focuses on these 

experiments that provide interesting results and pose exciting follow-up questions to 

the work in this dissertation. 

Results 

Ypk1 acts upstream of the mitotic checkpoint 

In order to determine if Ypk1 activity is upstream of the growth dependent 

mitotic checkpoint we created a ypk1-as ypk2∆ swe1∆ strain.  Without inhibitory 

phosphorylation by Swe1, the mitotic CDK can enter mitosis despite growth arrest or 

the absence of mitotic growth checkpoint machinery (Anastasia et al., 2012).  Upon 

inactivation of Ypk1 the accumulation of mitotic cyclin, Clb2, was severely delayed, 

however, in the ypk1-as ypk2∆ swe1∆ strain Clb2 accumulation was closer to wild 

type levels (Figure 3.1).  These results clearly place Ypk1 upstream of the growth 

dependent mitotic checkpoint.   

The idea that Ypk1 acts upstream of Pkc1 dependent pathways is not a new 

one; Deficiencies in tor2 and ypk1/2 can be rescued by overexpression of Rho1, the 

GTPase required for Pkc1 activity, and the Rho1 GEF Rom2 (Schmidt et al., 1997; 

Kamada et al., 2005).  Our data point to the hypothesis that TORC2-Ypk1 signaling 

may be solely required for sphingolipid production, because Pkc1 phosphorylation is 

dependent on PHS in a Ypk1/2 deficient strain.  It remains to be determined how 
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sphingolipids activate Pkc1, but the dependence of Fpk1/2 activated flippases on 

sphingolipids for activity remains as a unique candidate pathway. 

 

Figure 3.1  Ypk1 acts upstream of the Cdk1-Swe1 mitotic switch. 
(A) Wild type, ypk1-as ypk2∆, and ypk1-as ypk2∆ swe1∆ cells were released from a 
G1 arrest at 25°C and the inhibitor 3-MOB-PP1 was added either at 15 min, as 
indicated, after release. Accumulation of the mitotic cyclin, Clb2, was assayed by 
western blot.  

Flippases are required for nutrient modulation of cell size 

In an effort to determine whether flippase activity influences cell size or the 

mitotic growth checkpoint we measured cell size in strains deficient for or 

overexpressing flippase genes.  As predicted, wild type cells show a nutrient 

dependent decrease in cell size in galactose versus dextrose.  Overexpression of 

DNF2 from the galactose promotor showed no change in cell size.  Interestingly, the 

dnf1/2/3∆ strain shows a decrease in average size of 9fL compared to wild type, and 

this strain also fails to undergo nutrient modulation of size when shifted to galactose 

(Figure 3.2).  Since flippase mutants are known to be delayed in polar growth it is 

possible that this delay could compensate for the smaller division size of wild type 

cells in poor nutrients.  Even more intriguing is the idea that flippases act 
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downstream of nutrient sensing machinery.  Indeed, our unpublished data shows that 

upon shift to poor nutrients Ypk1 shows a decrease in Fpk1/2 dependent 

phosphorylation, as seen in the decrease in the low mobility band of Ypk1.  Thus, it is 

likely that modulation of Fpk1/2 activity and their targets, Dnf1/2, is important for 

nutrient modulation of cell size. 

 

Figure 3.2  Flippase activity is required for nutrient modulation of cell size. 
Culture counter data was gathered for wild type, gal-DNF2, gal-DNF2 fpk1/2∆, and 
dnf1/2/3∆ strains.  Cultures were started from saturation in either YPD or YEP+ 2% 
galactose for each strain and grown at 30ºC overnight.  Cells were fixed and 
measured in triplicate.  The average maxima of the size curve was averaged for 
each condition and displayed as a bar graph. 

Activity of Ypk1 on Orm2 during the cell cycle 

Since inactivation of growth results in a decrease in sphingolipid signaling, 

Fpk1/2 phosphorylation of Ypk1, and increased phosphorylation of Orm2 by Ypk1 we 
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set out to test whether Ypk1 activity changes upon inactivation of Sec6.  It has been 

previously shown that Ypk1 readily phosphorylates the several sites on the N-

terminus of Orm2 (Roelants et al., 2011).  Indeed, when Ypk1-HA was 

immunoprecipitated it showed strong incorporation of P32  in the presence of GST-

Orm2 peptide (Figure 3.3A).  However, Ypk1 did not show a change in activity upon 

inactivation of growth in a sec6-4 strain despite maintaining growth dependent 

dephosphosphorylation (Figure 3.3B and C).  When compared to total protein Ypk1 

activity shows a gradual increase after release from G1 (Figure 3.3C)  These results 

suggest that the observed Orm2 phosphorylation in vivo upon growth arrest are 

either localization dependent or independent of Ypk1.  Increased TORC2 

phosphorylation of Ypk1, and a lack of inhibitory Fpk1/2 phosphorylation, suggest 

that Ypk1 activity increases upon growth arrest.  Since our in vitro data do not 

support previous data it seems likely that targeting of Ypk1 activity in vivo must 

involve scaffolding or complex regulation of localization, a hypothesis that is 

supported by work showing the dependence of Slm1/2 binding for TORC2 

phosphorylation of Ypk1 (Berchtold et al., 2012). 
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Figure 3.3  Ypk1 phosphorylation state has no effect on activity toward Orm2 in 
vitro. 
(A) Ypk1-3xHA was immunoprecipitated using either anti-GST (control) or anti-HA 
beads from log phase cells from 1.6, 5, 10, or 20 mL of culture.  Beads were 
incubated with [γ-32P]ATP and 0.5µg Orm2 1-85 peptide as described in methods.  
(B)  Whole cell extracts were probed for Ypk1-HA both before and after shift to 
restrictive temperature to asses Ypk1 phosphorylation.  (C)  Ypk1-HA cells with and 
without the sec6-4 allele were synchronized in G1 and released.  Cells were shifted 
to the restrictive temperature of 34ºC after 60 minutes.  Samples were taken at the 
indicated time points and Ypk1-HA was immunoprecipitated on anti-HA beads and 
incubated with [γ-32P]ATP and 0.5µg Orm2 1-85 peptide as described in methods. 

A phosphosite map of the  PP2ACdc55 complex during prolonged polar growth 
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The septins form a ring at the yeast bud neck that is believed to act as a 

diffusion barrier from mother to daughter cell and is required for cytokinesis.  

Disruption of septin proteins are known to cause delays in mitotic progression.  

Specifically, deletion of the septin associated serine/threonine kinase ELM1 results in 

highly elongated cellular morphology due to the delay in G2 and inability to undergo 

cytokinesis.  The effect of an elm1∆ can be rescued by a deletion of SWE1 placing it 

upstream of the mitotic checkpoint.  There is evidence that Elm1 acts to recruit Hsl1 

to the bud neck which enables subsequent recruitment and degradation of Swe1, a 

requirement for mitotic progression.  Moreover, Elm1 has been shown to interact 

genetically with PP2ACdc55 (Blacketer et al., 1993).  How PP2ACdc55 is modified in 

pathways important for polar growth timing is poorly understood and important in 

order to elucidate the mechanisms behind the mitotic growth checkpoint.     

To search for modifications to the PP2ACdc55 complex that are due to Elm1 

signaling and prolonged polar growth we immunoprecipitated Cdc55-HA from wild 

type and elm1∆ cells.  Western blotting for Zds1, a known member of the PP2A 

complex, was done to verify the co-immunoprecipitation of known complex members.  

Proteolytic peptides from each complex were phospho-enriched, covalently modified 

by reductive dimethylation to generate heavy (wild type) and light (elm1∆) stable 

isotope labeled pools and the two complexes were analyzed by LC-MS/MS (Villén 

and Gygi, 2008; Kettenbach and Gerber, 2011). The ratios of phosphorylated 

peptides from elm1∆ cells versus wild type cells were log2 transformed. Thus, 

negative values indicate increased phosphorylation in elm1∆ peptides, while positive 

values indicate increased phosphorylation in wild type peptides (Table 3.1).  There 

were 15 peptides identified including known components of the PP2ACdc55 

complex: Cdc55, Zds1, Zds2, Pph22 and a poorly characterized protein Gis3.  
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Residues of particular interest are Cdc55 S124, and Pph22 S56/57 which 

strengthens previous data showing dephosphorylation and phosphorylation, 

respectively, upon expression of constitutively active PKC1* (Thai et al., 2017).  The 

appearance of Cdc55 S124 and Pph22 S56/57 in our data highlight the point that 

these sites might be relevant to the PP2A complex during periods of prolonged polar 

growth and not simply relegated to the elm1∆ phenotype.   

Similarly, Cdc55 S124 is a strong hit, showing increased phosphorylation in 

the elm1∆ peptides, and when compared to Thai et al. 2017 suggests that 

dephosphorylation of this site is important for timely exit from polar growth.  Of lower 

interest are Zds1 S28/S445/S691 due to lower hit strength, yet the sites corroborate 

well with previous data.  These combined data, alongside observations that show 

Zds1 dephosphorylation upon expression of PKC1* and mitotic progression, suggest 

that  dephosphorylation of Zds1 S28/S445/S691 by  PP2ACdc55 is an important step 

in the growth dependent mitotic checkpoint (Anastasia et al., 2012).  
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Table 3.1 Peptides of the PP2ACdc55  complex exhibiting changes in 
phosphorylation between wild type and elm1∆ cells. 

Pkc1 phosphorylation recovers after growth arrest in a growth dependent 

manner 

To better understand the growth dependent mitotic checkpoint we wanted to 

know how Pkc1 can be phosphorylated and dephosphorylated in a growth 

proportional manner.  One important question left unanswered by the data previously 

discussed is whether the growth checkpoint can recover after dephosphorylation of 

Pkc1 upon growth arrest.  When sec6-4 cells were incubated at 34ºC and then 

returned to permissive temperature at 25ºC we noticed that Pkc1 phosphorylation re-

accumulates on the order of 20-30 minutes (Figure 3.4A).  Interestingly, 20 minutes 

is on scale with the time it takes a cell to complete polar growth phase and enter 

mitosis, which suggested to us that perhaps the Pkc1 measurement of growth is 

being re-set upon growth arrest.  Furthermore, when the same cells were followed by 

DIC microscopy the sec6-4 cells showed elongated buds or multiple bud sites at 40 

minutes after release to permissive temperature when compared to wild type controls 

(Figure 3.4B).  These results further corroborate with the theory that growth arrest 

triggers a “reset” of cell growth sensing machinery. 
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Figure 3.4  Pkc1 phosphorylation recovers after growth arrest 
(A) Cells with the sec6-4 allele were synchronized in G1 and released at 25ºC.  The 
culture was shifted to 34ºC after budded cells appeared at 50 minutes after G1.  
Cells were held at 34ºC for 10 minutes then placed at permissive temperature of 
25ºC.  Samples were taken at the indicated times following return to permissive 
temperature.  Pkc1 phosphorylation was assayed by western blotting.  (B)  Wild type 
and sec6-4 cells were treated as in (A) and fixed at 40 minutes post-shift back to 
permissive temperature.  Cells were imaged by DIC microscopy. 

Size dependent localization of active Rho1 at the site of polar growth 

Anastasia et al. present a model for how a cell signal could be generated that 

is proportional to polar growth (Anastasia et al., 2012). Vesicles deliver Rho1-

GTPase in its GDP (inactive) form to the site of growth where it is activated by GEFs 

that allow Pkc1 binding and activation (Yamochi et al., 1994; Andrews and Stark, 

2000; Abe et al., 2003).  Based on this model we hypothesized that GTP-bound 
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Rho1 would increase in a manner that is proportional to growth.  To test this model 

we used an anti-Rho1-GTP gifted from the Ohya lab that only binds active Rho1 .  

Our preliminary results show that larger buds have a higher density of Rho1-GTP 

than smaller buds that have undergone less growth (Figure 3.5).  One caveat to this 

result was that staining was irregular and the anti-Rho1-GTP images could not be 

used for accurate quantification data. 

 

Figure 3.5  Rho1-GTP increases in a growth proportional manner 
Cells were stained with an antibody that specifically recognizes active Rho1. A 
rhodamine stain was used to outline the cell. DAPI staining was used to image the 
nucleus.  The cell at lower right has a small bud, while the cell at the upper left has a 
larger bud and more intense staining. 

Pkc1 phosphorylation corresponds to growth in multiple slow growth 

conditions 
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A key prediction of the growth dependent mitotic checkpoint is that Pkc1 

phosphorylation is responding to the amount of polar growth that has occurred.  

Alternatively, Pkc1 phosphorylation could be correlated with, but not responding to, 

polar growth.  Pkc1 hyperphosphorylation usually corresponds with the beginning of 

Clb2 accumulation, suggesting that peak Pkc1 phosphorylation is required.  We 

asked the question: Is Pkc1 phosphorylation coupled to cell growth in conditions 

where polar growth is occurring more slowly?  To answer this question we assayed 

Pkc1 phosphorylation in synchronized cells growing in conditions of poor carbon, or 

at semi-permissive temperatures in secretory pathway mutants, which complete the 

cell cycle at drastically slower rates.   

As shown in Chapter II, when compared to Pkc1 hyperphosphorylation 

timing, duration, and Clb2 levels in Dextrose (rich carbon source) cells grown in 

Glycerol/Ethanol (poor carbon source) are delayed (Figure 3.6A).  Partial inactivation 

of Sec9, a t-SNARE required for vesicle fusion at the site of polar growth, is possible 

at semi-restrictive temperature in a sec9-4 allele, leading to a nutrient-independent 

tool for slowing cell growth.  The sec9-4 strain at 30ºC shows the most drastic 

reduction of Pkc1 phosphorylation and mitotic timing, yet, Pkc1 phosphorylation 

correlates with an increase in the mitotic cyclin Clb2 as predicted (Figure 3.6B).  

These results are congruent with a model whereby Pkc1 activity is not only 

correlated with growth, but a readout of the amount of polar growth occurring during 

G2.   

�50



Figure 3.6  Pkc1 is phosphorylated in a growth proportional manner 
(A) Wild type cells were grown overnight to log phase in YEP medium containing 2% 
dextrose or 2% glycerol + 2% ethanol.  Cells were arrested in G1 in the same 
medium and released from the G1 arrest. Pkc1 phosphorylation and Clb2 proteins 
levels were assayed by western blot.  The Pkc1 and Clb2 blots were carried out 
using the same samples to allow direct comparison. (B) Wild type and sec9-4 cells 
were grown overnight to log phase at 30ºC, arrested in G1 and released 30ºC.  Pkc1 
phosphorylation and Clb2 proteins levels were assayed by western blot.  The Pkc1 
and Clb2 blots were carried out using the same samples to allow direct comparison. 

Fpk1 activity is reduced upon growth arrest 

As discussed in Chapter I, Fpk1/2 are known to be the activating kinase for 

Dnf1/2 flippases (Nakano et al., 2008; Roelants et al., 2010).  The effect of growth 
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arrest on Ypk1 phosphorylation led to the hypothesis that Fpk1 activity is decreasing 

upon inactivation of Sec6.  We therefore hypothesized that overexpression of Fpk1 

might delay the effect of growth arrest.  Ypk1 dephosphorylation upon growth arrest 

is delayed in a gal-FPK1 sec6-4 strain when compared to a sec6-4 control (Figure 

3.7A).  In agreement with published data, Ypk1 completely lacks the low mobility 

band in an fpk1/2∆ strain (Figure 3.7A).  Contrary to our predictions, Pkc1 

phosphorylation occurs normally when FPK1 is overexpressed, as well as in an 

fpk1/2∆ strain (Figure 3.7B).  These data support our hypothesis that Fpk1 activity is 

decreased upon growth arrest.  The lack of effect seen on Pkc1 upon Fpk1 

overexpression could be due to the heavy dependence of Fpk1 on continual 

sphingolipid delivery to the plasma membrane, or other components delivered by 

growth, making it hard to interpret these results.  
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Figure 3.7  FPK1 expression rescues Ypk1 but not Pkc1 phosphorylation. 
(A) Ypk1-6xHA cells with the indicated strain variances were grown overnight in 
galactose to log phase and synchronized in G1.  Strains were released and shifted to 
34ºC at 70 minutes.  Ypk1 phosphorylation was assayed by western blot. (B) The 
indicated strains were grown overnight in galactose to log phase and synchronized in 
G1.  Strains were released and Pkc1 phosphorylation was assayed by western blot. 

Informative negative results 

Upon completion of the mass spectrometry data collection in Chapter I, we 

began a fairly unbiased approach of validating the peptides identified that had been 

previously associated with polar growth and cell cycle regulation.  We HA-tagged 

and probed for the candidate proteins in cell cycle time course western blots in order 

to identify proteins that undergo growth dependent regulation similar to that seen in 

Pkc1 during polar growth.  Many of the proteins probed on western blot show unruly 

banding patterns that could be due to their size, structure and glycosilation.  These 

include: Dnf2, Sec24, and Sec8.  An interesting follow up for these proteins, 

especially Dnf2 which is known to undergo changes in Fpk1 dependent 

phosphorylation, would be to HA-tag a cytosolic portion of the protein to assay 

changes in Fpk1 activity.  We also identified several proteins that do not lend 

themselves to assay by western blot due to the lack of a phospho-shift on SDS-

PAGE.  Slt2, Rck2, Pik1, and Gis4 all display a single band when probed on western 

blots and would be difficult to assay for phospho-shift.  Alternatively, a Phos-Tag 

SDS-PAGE method could lend itself well to these proteins.   
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Ypk1 displayed a strong banding pattern on western blot and a large 

response to Sec6 inactivation, which lead to the bulk of our studies in Chapter I.  

However, several proteins assayed during the cell cycle displayed interesting cycle-

dependent band patterns including: Cdc1, Bud6, Exo84, and Kin2.  These proteins 

offer exciting follow up opportunities because of their instrumental roles in cell growth 

and polarization.   
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DISCUSSION

An arrest of polar membrane growth causes abrupt changes in lipid-dependent 

signaling  

 Ypk1 and Dnf2 are phosphorylated by the Fpk1/2 kinases, which 

require the complex sphingolipid MIPC for their activity (Roelants et al., 2010; 

Nakano et al., 2008).  Our results show a rapid decrease in Fpk1/2 dependent 

phosphorylation of Ypk1 and Dnf2 upon growth arrest.  The fact that Dnf2 is a lipid 

flippase suggests that the orientation of signaling lipids could be regulated in 

response to an arrest of membrane growth.   Data showing the depletion of a PS 

probe upon sec6-4 inactivation bolster the hypothesis that PM growth is required for 

aminophospholipid asymmetry (Mioka et al., 2014). 

 Inactivation of Ypk1/2 caused a loss of Pkc1 phosphorylation that was 

rescued by exogenous sphingolipids.  In contrast, the loss of Pkc1 phosphorylation 

caused by an arrest of membrane growth was not rescued by exogenous 

sphingolipids.  Together, these observations suggest that sphingolipids promote 

phosphorylation of Pkc1, but indirectly, and only if they can be transported to the 

plasma membrane.  Sphingolipid activation of Fpk1/2, and thus lipid flippases, 

provides an intriguing model for the route by which membrane growth activates 

Pkc1. 

Growth-dependent phosphorylation of Pkc1 is dependent upon 

phosphatidylserine 
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 More evidence for changes in lipid-dependent signaling in response to 

blocking membrane growth came from the discovery that hyperphosphorylation of 

Pkc1 is dependent upon phosphatidylserine.  In previous work, we found that 

hyperphosphorylation of Pkc1 is rapidly lost when membrane growth is blocked 

(Anastasia et al., 2012).  Moreover, Pkc1 is localized to the site of polar membrane 

growth and has a putative phosphatidylserine binding domain (Andrews and Stark, 

2000; Fairn et al., 2011; Kamada et al., 1996; Denis and Cyert, 2005).  

Phosphatidylserine is highly enriched at sites of polar growth, and inactivation of 

Sec6 causes it to become delocalized (Fairn et al., 2011). Together, these 

observations suggest that gradual accumulation of phosphatidylserine at the site of 

membrane growth helps drive Pkc1 phosphorylation, and that loss of Pkc1 

phosphorylation when membrane growth is blocked is caused, at least in part, by a 

loss of phosphatidylserine at the site of growth.  Analysis of lipids by mass 

spectrometry has shown that phosphatidylserine can constitute as little as 1-2% of 

the total lipids in budding yeast, yet is highly concentrated to sites of polar membrane 

growth, which suggests that it may play a signaling role (Klose et al., 2012). 

 The mechanism by which phosphatidylserine promotes Pkc1 

phosphorylation are highly discussed yet remain unknown (Dey et al., 2017; 

Hatakeyama et al., 2017; Nomura et al., 2017).  It could drive a conformational 

change that causes Pkc1 to undergo autophosphorylation, or it could recruit Pkc1 to 

the plasma membrane where it is phosphorylated by another kinase.  The relative 

contributions of Rho1 and phosphatidylserine to regulation of Pkc1 are also 

unknown. Both have been shown to stimulate activity of Pkc1 in vitro (Kamada et al., 

1996), so it is possible that PS and Rho1 serve as a site of incidence detection by 

Pkc1.   
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 Since Pkc1 phosphorylation is dependent upon phosphatidylserine, the 

implication is that sphingolipids control accumulation of phosphatidylserine at the site 

of membrane growth.  How might this occur?  Our mass spectrometry analysis 

revealed that blocking membrane growth disrupts a sphingolipid-dependent signaling 

network that controls phospholipid flippases.  Indeed, a phosphorylation site on the 

flippase Dnf2 showed the largest change in phosphorylation in the proteome when 

membrane growth was blocked (Table S4).  We therefore considered a model in 

which the vesicles that drive polar growth deliver sphingolipids that activate Fpk1/2, 

which then activate Dnf1/2 to flip phosphatidylserine to the cytosolic side of the 

membrane (Figure 2.1A).  Loss of Fpk1/2 or Dnf1/2 causes mild bud elongation, 

consistent with a failure in normal Pkc1 activation.  Interestingly, Pkc1 

hyperphosphorylation appeared normal during the cell cycle in synchronized fpk1/2∆ 

and dnf1/2/3∆ cells.  A complication is that Dnf1/2 share overlapping functions with 

Dnf3 and Drs2.  Thus, it remains possible that the combined activities of Dnf1/2/3 

and Drs2 control asymmetric accumulation of phosphatidylserine that is required for 

normal Pkc1 phosphorylation. 

The role of phosphatidylserine in growth-dependent signaling 

 In previous work, we found that Pkc1 undergoes gradual 

hyperphosphorylation during polar growth of the daughter cell membrane, and that 

Pkc1 hyperphosphorylation is dependent upon and proportional to membrane 

growth.  Moreover, maximal hyperphosphorylation of Pkc1 is correlated with signals 

that activate mitotic Cdk1, leading to mitotic entry.  Once mitotic Cdk1 is activated, it 

triggers cessation of the polar growth phase.   Together, these observations suggest 

that hyperphosphorylation of Pkc1 is a readout of growth-dependent signaling events 
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that are used by the cell to determine when an appropriate amount of polar growth 

has occurred. 

 Here, we found that phosphatidylserine is required for gradual 

phosphorylation of Pkc1 during membrane growth.  Phosphatidylserine is also 

required for the ability of Pkc1 to fully activate PP2ACdc55 in the pathway that triggers 

activation of mitotic Cdk1.  Finally, we found that phosphorylation of Pkc1 is slowed 

when the rate of bud growth is slowed, which furthers the correlation between Pkc1 

phosphorylation and growth.  Together, these observations suggest the possibility 

that the amount of phosphatidylserine at the site of membrane growth is proportional 

to growth, and that cells measure phosphatidylserine to determine when sufficient 

growth has occurred.  

 Hyperphosphorylation of Pkc1 and localization of phosphatidylserine 

at the site of membrane growth are both rapidly lost when vesicle delivery is blocked 

(Fairn et al., 2011; Anastasia et al., 2012).  There are several possible mechanisms 

by which phosphatidylserine could be lost.  In a previous study, we found that 

depolymerization of actin, which blocks delivery of vesicles to the site of polar 

membrane growth, causes rapid dephosphorylation of Pkc1 in the same manner as 

inactivation of Sec6, which indicates a normal response to an arrest of membrane 

growth (Anastasia et al., 2012).  Since depolymerization of actin also blocks late 

steps of endocytosis, this observation suggests that completion of endocytosis is not 

required for loss of phosphatidylserine.  However, early steps of endocytosis are not 

dependent upon actin, so it remains possible that phosphatidylserine is segregated 

into early endocytic sites when membrane growth is arrested, where it is not 

competent to bind Pkc1.  The early steps of endocytic site assembly are poorly 

understood and are driven by highly redundant mechanisms, so it has been difficult 

to test whether they play a role in controlling Pkc1 phosphorylation.  A related 
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possibility is that phosphatidylserine is sequestered into lipid rafts, is flipped down its 

gradient of asymmetry, or diffuses from the site of active polar growth when 

membrane growth is blocked.  

 If accumulation of phosphatidylserine at the site of growth is opposed 

by a mechanism that removes phosphatidylserine, how could Pkc1 undergo gradual 

hyperphosphorylation during membrane growth?  One possibility is that delivery of 

phosphatidylserine and Rho1 by vesicles leads to activation of Pkc1 at the site of 

membrane growth, which promotes the genesis and delivery of more vesicles.  This 

would constitute a feedback loop between the site of growth and the endoplasmic 

reticulum or Golgi apparatus in which successful delivery of vesicles to the site of 

growth promotes delivery of more vesicles.  In principle, such a feedback loop could 

cause the rate of vesicle delivery, as well as accumulation of phosphatidylserine at 

the site of membrane growth, to increase in a manner that is proportional to the size 

of the growing bud, such that delivery of phosphatidylserine to the site of growth 

outpaces the mechanisms that remove phosphatidylserine.  Modulation of signals in 

such a feedback loop could ensure that the rate of vesicle genesis and delivery is 

matched to biosynthetic capacity when cells are growing more slowly in poor 

nutrients.  Overall, we have a surprisingly limited understanding of the mechanisms 

and regulation of membrane growth during the cell cycle.  A full understanding of cell 

growth, and the mechanisms that limit growth to control cell size, will require a 

deeper understanding of these mechanisms. 

The idea that cells measure accumulation of specific lipids to determine how 

much growth has occurred is appealing.  Control of cell size would have been 

essential for survival of the earliest cells, so it is likely that cell size control 

mechanisms are ancient and conserved.  Membranes that a l low 

compartmentalization are one of the most fundamental and conserved features of 
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cells, so mechanisms that drive and control membrane growth must have evolved 

early, and it would perhaps make sense that they evolved in close association with 

membranes. 
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MATERIALS AND METHODS

Yeast strains, culture conditions and plasmids 

Most strains used in this study are in the W303 strain background (leu2-3,112 

ura3-1 can1- 100 ade2-1 his3-11,15 trp1-1 GAL+ ssd1-d2), except for DDY903 and 

YSY1269, which are in the S288C background (his3-Δ200 leu2-3, 112, ura3-52). The 

additional features of the strains used this study are listed in Table S5. Cells were 

grown in YEPD media (1% yeast extract, 2% peptone, 2% dextrose) supplemented 

with 40 mg/L adenine, or in YEP media (1% yeast extract, 2% peptone) 

supplemented with 40 mg/L adenine and with different carbon sources, as noted. 

One-step PCR-based gene replacement was used for making deletions and 

adding epitope tags at the endogenous locus (oligonucleotide sequences available 

upon request) (Longtine et al., 1998; Janke et al., 2004). To make a strain that 

expresses an analog-sensitive allele of PKH1, the PKH1 gene was amplified and 

cloned into vector pRS306 (URA3). Site directed mutagenesis was then used to 

introduce mutations L203A and F187V to make plasmid pJZ5A (pkh1-as, URA3), as 

previously described (Sun et al., 2012). DK2547 was made by digesting plasmid 

pJZ5A with MscI to target integration at the PKH1 locus in pkh2∆ cells. After 

selection for plasmid integration, recombination events that loop out the plasmid 

were selected on FOA, and sequencing was used to identify looping out events that 

left the mutants behind. DK2876 was constructed similarly by digesting the vector 

pRS306-YPK1-as (ypk1-L424A URA3) with AflII, and integrating at YPK1 in ypk2∆ 

cells, followed by selection on URA3 and subsequent selection on FOA (Sun et al., 

2012).  
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Table of strains used 

Table S5  Yeast strains used in this study. 

Cell cycle time courses 

To synchronize cells in G1 phase, cells were grown overnight to log phase in 

YEPD at room temperature. Cells at an OD600 of 0.6 were arrested in G1 by addition 

of alpha factor to 0.5 µg/ml (bar1- strains) or 15 µg/ml (BAR+ strains). Cells were 
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Strain Genotype Background Reference
DK1449 MATa Novick	lab Brennwald	et	al.	1994
DDY903 MATa   S288C	 Gift	of	Y.	Sun	and	D.	Drubin
DK186 MATa bar- W303 Altman	and	Kellogg,	1997
DK3018 MATa bar- 3xFLAG-ORM2::natNT2 W303 This	study
DK3050 MATa bar- 3xFLAG-ORM2::natNT3 sec6-4::kanMX W303 This	study
HT195 MATa bar- CDC55-3xHA::HIS5 W304 This	study
DK2060 MATa bar- CDC55-3xHA::HIS5 elm1::URA3 W303 This	study
DK3214 MATa bar- cho1::kanMX W303 This	study
DK2112 MATa bar- CUP1-PKC1*::URA3 W303 Anastasia	et	al.	2012
DK2922 MATa bar- dnf1::HIS3  dnf2::natNT2  dnf3::kanMX  W303 This	study
DK2675 MATa bar- fpk1::kanMX  fpk2::natNT2 W303 This	study
DK2700 MATa bar- fpk1::kanMX  fpk2::natNT2 sec6-4::HIS3 W303 This	study
DK2704 MATa bar- pGal-3xHA-DNF2::KanMX W303 This	study
DK2763 MATa bar- pGal-3xHA-DNF2::KanMX fpk1::kanMX  fpk2::natNT2 W303 This	study
DK2817 MATa bar- pGal-FPK1::URA3 W303 This	study
DK2663 MATa bar- pGal-FPK1::URA3 sec6-4::KanMX W303 This	study
DK3144 MATa bar- psd1::HPH psd2::HIS3 W303 This	study
DK1475 MATa bar- sec6-4::kanMX W303 Anastasia	et	al.	2012
DK2812 MATa bar- YPK1-6xHA::URA3 W303 This	study
DK2517 MATa bar- YPK1-6xHA::URA4 sec6-4::kanMX W303 This	study
DK2876 MATa bar- YPK1-as(L424A) ypk2::HIS3 W303 This	study
DK2987 MATa bar- YPK1-as(L424A) ypk2::HIS3 CUP1-PKC1*::URA3 W303 This	study
DK2992 MATa bar- YPK1-as(L424A) ypk2::HIS3 swe1::URA3 W303 This	study
YSY1269 MATa lcb1-100 S288C	 Gift	of	Y.	Sun	and	D.	Drubin
DK2547 MATa PKH1-as(L203A F187V) pkh2::LEU2 W303 This	study
DK2133 MATa sec9-4 Novick	lab Brennwald	et	al.	1994



arrested at room temperature for 3.5 hours and released by washing 3X with fresh 

YEPD. Time courses were carried out at 25oC unless otherwise noted. To prevent 

cells from re-entering the cell cycle, alpha factor was added back at 90 minutes after 

release from arrest. For time courses using analog-sensitive alleles, the cells were 

grown in YEPD media without supplemental adenine.  

Western blotting 

To prepare samples for western blotting, 1.6 ml of culture were collected and 

centrifuged at 13000 rpm for 30s. The supernatant was removed and 250 µl of glass 

beads were added before freezing in liquid nitrogen. Cells were lysed by bead-

beating in 140µl of 1X sample buffer (65 mM Tris-HCl, pH 6.8, 3% SDS, 10% 

glycerol, 50 mM NaF, 100 mM beta-glycerolphosphate, 5% 2-mercaptoethanol, 2 mM 

phenylmethylsulfonyl fluoride (PMSF) and bromophenol blue). The PMSF was added 

immediately before lysis from a 100 mM stock in ethanol. Cells were lysed in a mini-

beadbeater-16 (Biospec Products) at top speed for 2 minutes. The samples were 

then centrifuged for 15 seconds at 13000 rpm, placed in boiling water bath for 5 min, 

and centrifuged for 5 min at 13000 rpm. SDS-PAGE was carried out as previously 

described using a 10% acrylamide gel (Harvey et al., 2005). Gels were run at a 

constant current of 20 mA until a prestained molecular weight marker of 57.6 kD was 

near the bottom of the gel. 

For western blotting, protein was transferred to nitrocellulose membranes (or 

PVDF membranes for Pkc1 probing) for 1h 30min at 800 mA at 4oC in a Hoeffer 

transfer tank in buffer containing 20 mM Tris base, 150 mM glycine, and 20% 

methanol. Blots were probed overnight at room temperature with affinity-purified 

rabbit polyclonal antibodies raised against Pkc1, Clb2, or HA peptide (Anastasia et 
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al., 2012). Anti-FLAG rabbit polyclonal antibody was from Sigma- Aldrich. TORC2-

dependent phosphorylation of Ypk1 was detected using rabbit polyclonal anti-

phospho-Ypk1(T662) (Gift of Ted Powers) and Pkh1/2-dependent phosphorylation of 

Ypk1 and Ypk2 was detected using a phospho-specific antibody that recognizes 

Ypk1 phosphorylated at T504 (Santa Cruz Biotechnology, Dallas, TX; Catalog 

number: sc-16744 P). 

PhosTagTM gels were used to resolve phosphorylated forms of Orm2-Flag 

(Kinoshita et al., 2006). Samples were loaded onto 10% polyacrylamide gels 

containing 50 µM Phos-tag (Wako Chemicals USA, Richmond, VA) and 100 µM 

MnCl2. Gels were rinsed twice for 10 min in transfer buffer containing 2 mM EDTA. 

Gels were transferred to nitrocellulose using the Trans- Blot® TurboTM transfer 

system (BioRad USA, Hercules, CA).  

Analysis of bud emergence and polarity 

To analyze bud emergence and polarity, samples from synchronized cultures 

were fixed with 3.7% formaldehyde and analyzed by light microscopy or by 

immunofluorescence, as previously described (Pringle et al., 1991). Bud polarity was 

analyzed in samples taken 120 minutes after release from G1 phase arrest. ImageJ 

was used to measure bud length and width, and the ratio was averaged for at least 

50 cells in each sample. The average length and width of each strain were depicted 

as ovals (lines represent standard error) included with the bar graph whose relative 

shape and size can be directly compared.  
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In vitro kinase assays 

An immune-complex kinase assay was performed by immobilizing Ypk1 and 

assaying Orm2(aa’s 1-85) peptide phosphorylation.  Protocol as adapted from 

Altman and Kellogg, 1996 and Harvey et al. (Harvey et al., 2005).  Briefly: time 

courseYpk1-6xHA cells were inoculated in 200mL YPD  in a 500mL flask and grown 

to log phase overnight at room temperature.   Cell cycle time course was run as 

previously described and samples were frozen.   900 µl of 4ºC Lysis Buffer (50 mM 

Tris-HCl, 7.5, 700 mM NaCl, 150 mM NaF, 150 mM  β-glycerophosphate, 1 mM 

EGTA, 5% glycerol, 0.25% Tween-20, and 2 mM PMSF) was added and the tubes 

were placed immediately in a Biospec Multibeater-8 and beat at top speed for 30s. 

The unusually high concentrations of phosphatase inhibitors present in this buffer 

were required to preserve the endogenous phosphorylation state of Ypk1. Tubes 

were removed and cooled in an ice water bath before a 5-min spin in the 4ºC 

microfuge.  Tubes were again bead beat for 30s followed by incubation on ice for 5 

min to remove cell clumps.  800 µl of supernatant was removed and replaced with 

800 µl of fresh buffer and bead beating was repeated.  Supernatants were pooled 

followed by a 5 min spin at 4ºC.  Immuno-precipitation and kinase assay were 

performed as previously. Kinase buffer conditions: 50 mM KOH-Hepes, pH 7.6, 1 

mM EGTA, 2 mM MgCl2, 0.05%, Tween-20, 10% glycerol, 1 mM DTT- add before 

use, 200 µM ATP- add before use, 100 μM [γ-32P]ATP - add before use (do not add 

during the washing), 0.5 µg Orm1-85 per reaction- add before use (do not add during 

the washing).  
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Preparation of samples for mass spectrometry 

To prepare samples for mass spectrometry, wild type and sec6-4 cells were 

grown in YEPD medium overnight at room temperature to an optical density of O.D.

600 0.8. Cells were arrested in G1 with mating pheromone and released from the 

arrest at room temperature. At 70 minutes after release from the G1 arrest, cells 

were shifted to a 34ºC water bath and samples for mass spectrometry were taken 5 

minutes after the shift. Samples for western blotting were collected before and after 

the shift to confirm that Pkc1 underwent dephosphorylation. 

For each sample, 50 ml of cells were harvested by centrifuging 1 minute at 

3800 rpm in 34ºC buckets. The cells were resuspended in 1 ml of 34ºC YPD and 

transferred to a 2 ml screw-top tube. The cells were pelleted for 30 seconds, the 

supernatant was removed, and 250 µL of glass beads were added before freezing 

the cells on liquid nitrogen. All tubes, centrifuge buckets, and media were pre- 

warmed to 34oC to maintain restrictive temperature during cell collection. 

To lyse the cells, 500 µl of ice cold lysis buffer (8 M urea, 75 mM NaCl, 50 

mM Tris-HCl pH 8.0, 50 mM NaF, 50 mM ß-glycerophosphate, 1 mM sodium 

orthovanadate, 10 mM sodium pyrophosphate, 1 mM PMSF) were added to the 

harvested cells before lysis using a Biospec Multibeater-16 at top speed for three 

cycles of 1 min, each followed by a 1 min incubation on ice to avoid over-heating. 

Samples were centrifuged at 13000 rpm for 10 minutes at 4oC and the lysates were 

transferred to fresh 1.6 ml tubes and spun again before transferring to new 1.6 ml 

tubes. A 5 µL aliquot was taken from each sample for Bradford assay and protein 
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quantification before flash freezing in liquid nitrogen. Three biological replicates for 

each strain were collected and analyzed by mass spectrometry. 

Disulfide bonds were reduced by adding dithiothreitol to a final concentration 

of 2.5 mM and incubating at 56°C for 40 min. The extract was allowed to cool to 

room temperature and the reduced cysteines were alkylated by adding 

iodoacetamide to 7.5 mM and incubating for 40 min in the dark at room temperature. 

Alkylation was quenched with an additional 5 mM dithiothreitol. Peptide digestion and 

labeling by reductive dimethylation were carried out as previously described (Zapata 

et al., 2014).  

Phosphopeptide enrichment by SCX/TiO2 

Phosphopeptides were enriched using a modified version of the two-step, 

SCX-IMAC/TiO2 protocol employing step elution from self-packed solid-phase 

extraction strong cation exchange (SCX) chromatography cartridges as previously 

described with some changes (Villén and Gygi, 2008). Peptides were resuspended in 

1 ml SCX buffer A (7 mM KH2PO4, pH 2.65, 30% ACN) and loaded onto pre-

equilibrated syringe-barrel columns packed with 500 mg of 20 µm, 300 Å, 

polysulfoethylA resin (poly LC). The loading flow-through was collected and pooled 

with a 2 ml wash with buffer A. Seven additional fractions were collected after 

sequential addition of 3 ml of SCX buffer A containing increasing concentrations of 

KCl; 10, 20, 30, 40, 50, 60 and 100 mM KCl. All fractions were frozen in liquid 

nitrogen, lyophilized, resuspended in 1 ml of 1% FA, and desalted on 50 mg Sep-

paks. Peptides were eluted with 500 µl of 70% ACN, 1% FA. Five percent of each 

fraction was taken off for protein abundance analysis. The remaining peptides were 

dried in a speed vac. TiO2 enrichment was performed as in (Kettenbach and Gerber, 
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2011). Dried peptides were resuspended in 300 µl wash/binding buffer (50% ACN, 2 

M lactic acid) and incubated with 90 mg of pre-washed Titansphere TiO2 beads (GL 

Sciences, #5020-75000) with vigorous shaking for 60 minutes at room temperature. 

The beads were washed two times with 300 µl of wash/binding buffer and then two 

times with 300 µL 50% ACN/1% FA. Phosphopeptides were eluted in two steps by 

sequential treatments with 75 µl 50 M KH2PO4, pH 10.7. The eluates were acidified 

by the addition of FA to 2% final concentration, desalted on STAGE tips (Rappsilber 

et al., 2003), and dried in a speed vac. Eight fractions were analyzed by LC-MS/MS.  

Mass spectrometry 

Phosphopeptide samples were analyzed on a LTQ Orbitrap Velos mass 

spectrometer (Thermo Fisher Scientific) equipped with an Accela 600 quaternary 

pump (Thermo Fisher Scientific) and a Famos microautosampler (LC Packings, 

Sunnyvale, CA). Nanospray tips were hand-pulled using 100 µm I.D. fused-silica 

tubing and packed with 0.5 cm of Magic C4 resin (5µm, 100 Å, Michrom 

Bioresources, Auburn, CA) followed by 20 cm of Maccel C18AQ resin (3µm, 200 Å, 

Nest Group, Southborough, MA). Peptides were separated using a gradient of 3% to 

28% ACN in 0.125% FA over 70 min with an in column flow rate of ~300-500 nL/min. 

Peptides were detected using a data-dependent Top20-MS2 method. For 

each cycle, one full MS scan of m/z = 300-1500 was acquired in the Orbitrap at a 

resolution of 60,000 at m/z = 400 with AGC target = 1x106 and maximum ion 

accumulation time of 500 mS. Each full scan was followed by the selection of the 

most intense ions, up to 20, for collision induced dissociation (CID) and MS2 analysis 

in the LTQ. An AGC target of 2x103 and maximum ion accumulation time of 150 mS 
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was used for MS2 scans. Ions selected for MS2 analysis were excluded from re-

analysis for 60 sec. Precursor ions with charge = 1+ or unassigned were excluded 

from selection for MS2 analysis. Lockmass, employing atmospheric 

polydimethylsiloxane (m/z = 445.120025) as an internal standard was used in all 

runs to calibrate orbitrap MS precursor masses. Each sample was analyzed twice for 

a total of 48 runs.  

Peptide identification and filtering 

MS2 spectra were searched using SEQUEST v.28 (rev. 13) (Eng et al., 1994) 

against a composite database containing the translated sequences of all predicted 

o p e n r e a d i n g f r a m e s o f S a c c h a r o m y c e s c e r e v i s i a e ( h t t p : / /

downloads.yeastgenome.org, downloaded 10/30/2009) and its reversed 

complement, using the following parameters: a precursor mass tolerance of ±20 

ppm; 1.0 Da product ion mass tolerance; lysC digestion; up to two missed cleavages; 

static modifications of carbamidomethylation on cysteine (+57.0214), dimethyl 

adducts (+28.0313) on lysine and peptide amino termini; and dynamic modifications 

for methionine oxidation (+15.9949), heavy dimethylation (+6.0377) on lysine and 

peptide amino termini, and phosphate (+79.9663) on serine, threonine, and tyrosine 

for phosphopeptide enriched samples. 

Peptide spectral matches were filtered to 1% FDR using the target-decoy 

strategy (Elias and Gygi, 2007) combined with linear discriminant analysis (LDA) 

(Huttlin et al., 2010) using several different parameters including Xcorr, ΔCn’, 

precursor mass error, observed ion charge state, and predicted solution charge 

state. Linear discriminant models were calculated for each LC-MS/MS run using 

peptide matches to forward and reversed protein sequences as positive and negative 
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training data. Peptide spectral matches within each run were sorted in descending 

order by discriminant score and filtered to a 1% FDR as revealed by the number of 

decoy sequences remaining in the data set. The data were further filtered to control 

protein level FDRs. Peptides from all fractions in each experiment were combined 

and assembled into proteins. Protein scores were derived from the product of all LDA 

peptide probabilities, sorted by rank, and filtered to 1% FDR as described for 

peptides. The FDR of the remaining peptides fell dramatically after protein filtering. 

Remaining peptide matches to the decoy database were removed from the final 

dataset. 

For inclusion in quantitative calculations, peptides were required to have a 

minimum signal-to-noise ratio of ≥ 5 or a maximum value ≥ 10 for heavy and light 

species. Ratios were normalized to recenter the distribution at 1:1 (log2 = 0). 

Phosphorylation site ratios were calculated from the median of all quantified 

phosphopeptides harboring each site in each replicate. 

Phosphorylation site localization analysis was done using the Ascore 

algorithm (Beausoleil et al., 2006). These values appear in Tables S1 and S2. 
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SUPPLEMENTARY TABLES

[Attached separately]

Mass Spectrometry Data:  

Table S1. All identified phosphorylation sites. 

Table S2. All identified phosphopeptides. 

Table S3. Sites that show a significant decrease in phosphorylation in 
response to an arrest of membrane growth. 

Table S4. Sites that show a significant increase in phosphorylation in response 
to an arrest of membrane growth. 
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