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ABSTRACT 

Growth-dependent signals link cell cycle entry to cell growth 

Robert Sommer 

 Cell growth and its coupling to cell division is a fundamental yet 

underappreciated aspect of life.  It is astonishing that the field studying 

the regulation of growth and size is relatively new as the first cells must 

have evolved mechanisms that ensured cell growth and division were 

coordinated to ensure survival and evolutionary fitness.  The 

mechanisms that coordinate cell growth with cell division are most 

likely fundamental processes that are conserved from bacteria to 

multicellular eukaryotes.  In the following chapters, I have investigated 

how cells coordinate growth with cell cycle entry by studying the most 

upstream activator, the early G1 cyclin Cln3, and how this cyclin is 

regulated by overall growth, growth rate, and by nutrient availability.  I 

also investigate the role of Cln3’s reported target Whi5, which prevents 

cell cycle entry from occurring in early and mid-G1.  Later in chapter III, 

I investigate possible mechanisms that could play a role in activating 

Cln3 in late G1 to cell cycle entry occurs at the appropriate size based 

on the growth rate.  We have many years ahead of us before we may 

truly understand the great mystery of how cells regulate their size.  

 “You miss 100% of the shots that you don’t take. - Wayne Gretsky”  - Doug Kellogg 
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CHAPTER I:  INTRODUCTION 

Cyclin-dependent kinase controls the cell cycle 

 The cell cycle governs one of the most basic processes of cellular life - 

creation of two daughter cells.  The earliest cells needed to control the many 

processes that come with producing another cell, such as duplication and 

segregation of the many cellular components required to produce two new 

cells.  The cell cycle is comprised of the ordered steps for creation of two new 

cells.  As multicellular organisms populated the evolutionary tree of life, the 

regulation of the cell cycle became even more important as each cell type 

depended on the surrounding tissue.  Problems with the cell cycle are 

detrimental to organismal fitness, a primary example being uncontrolled cell 

division in cancer. 

 The cell cycle is composed of four phases (G1, S, G2, and Mitosis), 

the progression through which is tightly regulated to ensure proper duplication 

and segregation of cellular components.  Cyclin-dependent kinases (CDKs) 

are responsible for regulating progression through the cell cycle, as well as 

promoting cell cycle-specific processes such as DNA duplication and 

segregation.  Cell cycle specificity of CDK is determined by cyclins, proteins 

that are produced specifically for the stage of the cell cycle in which they are 

needed.  In budding yeast, one CDK regulates all steps of the cell cycle when 

bound to one of nine cyclins. 
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Cell Cycle Entry 

 Late in G1 phase cells make a consequential decision. Cells can exist 

in a quiescent state in G1 phase or they can enter the cell cycle and commit 

to a round of cell division.  The decision to enter the cell cycle occurs in late 

G1.  In budding yeast, the decision point is called “Start”.  Cells assess 

whether conditions are favorable before passing Start.  Once a cell has 

enough nutrients and does not detect mating pheromones, inhibition of the 

transcriptional inhibitor Whi5 triggers its exit from the nucleus, marking Start.  

The heterodimeric transcription factors SBF (composed of Swi4 and Swi6) 

and MBF (composed of Swi6 and Mbp1) transcribe the nearly 200 genes, 

collectively called the G1/S regulon, that drive cell cycle entry and the first 

steps in forming a new daughter cell. 

 The early G1 cyclin Cln3 bound to CDK is the activator of cell cycle 

entry.  In late G1, Cln3-CDK inactivate Whi5 to allow SBF to begin 

transcription of the late G1 cyclins Cln1 and Cln2.  The late G1 cyclins bind to 

CDK and work in a positive feedback loop to induce their own transcription 

while also fully phosphorylating and inhibiting Whi5 causing Whi5 to exit the 

nucleus.  Genetic evidence suggests that the early G1 cyclin Cln3 and the 

mysterious protein Bck2 are the two proteins that inhibit Whi5.  Loss of either 

Cln3 or Bck2 causes cells to spend more time in G1 and reach a larger cell 

size.  Deletion of both Cln3 and Bck2 is lethal, unless the cell also lacks Whi5. 
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Figure 1.1:  Cell cycle entry in budding yeast 

The early G1 cyclin Cln3, when bound to Cdk1, triggers cell cycle entry by 
inhibiting Whi5.  The transcription factor SBF transcribes the late G1 cyclins, 
which participate in a positive feedback loop by fully inhibiting Whi5 protein.  
SBF also transcribes the ~200 genes called the G1/S regulon which are 
involved in driving events in S phase. 

 The principle components of cell cycle entry are mostly known, but the 

regulation of this network is still unclear.  Little is known about how the cell 

regulates early G1 cyclin production.  Cln3 protein levels clearly have a huge 

impact on cell cycle entry.  Cln3 is a dose-dependent activator, whereby any 

change in Cln3 production or stability is directly translated to a change in cell 

size.  Cells without Cln3 are very large, while overexpression or stabilization 

of Cln3 results in very small cells.  Recent work found that Cln3 accumulates 

gradually with growth, suggesting Cln3 receives signals proportional to growth 
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to activate cell cycle entry when sufficient growth has occurred.  Cln3 contains 

a PEST domain that instills a rapid turnover rate.  Phosphorylation of the 

PEST domain recruits ubiquitin ligases to induce rapid degradation by the 

proteosome.  As a rapid turnover protein, Cln3 can quickly reflect changes in 

growth, making it a good candidate to link cell growth with initiation of cell 

cycle entry when sufficient growth has occurred. 

Cell Growth Control 

 Cellular growth is a crucial yet underappreciated process during the 

cell cycle.  Every cell must grow in order to generate two identical daughter 

cells.  For example, the plasma membrane must undergo enough growth so 

that both newborn cells are large enough to function after cell division.  The 

cell ensures that enough growth has occured before proceeding through the 

cell cycle through mechanisms that are very poorly understood.  Defects in 

growth control are hallmarks of cancer. 

 The earliest evidence for control of cell growth came from Lee Hartwell 

in the budding yeast Saccharomyces cerevisiae.  Budding yeast undergo 

asymmetric cell division, producing a large mother cell and a smaller daughter 

cell.  Hartwell observed that small daughter cells spent more time in G1 

phase before entering the cell cycle compared to their mothers (Hartwell and 

Unger 1977).  Hartwell proposed that daughter cells needed to spend more 
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time growing in G1 before entering the cell cycle.  While these experiments 

were performed over 40 years ago, we still have little understanding of how 

growth is controlled. 

 Many cell types exhibit growth control mechanisms to maintain cell 

size homeostasis.  Fission yeast cells arrested in S phase continue to grow to 

a large size.  This demonstrates that growth does not require cell cycle 

progression.  After released from the arrest, fission yeast cells undergo cell 

divisions at a faster rate until they reach their intended cell size, after which 

they resume normal cell growth and cell cycle progression.  Two distantly 

related bacteria, Escherichia coli and Caulobacter crescentus, both 

demonstrate tight cell size homeostasis.  Single-cell imaging found that these 

two bacteria grow a set volume during each cell cycle.  Therefore, 

perturbations in one cell cycle, such as growing too large, would be corrected 

after a few generations.  Additionally, studies on amoeba from the early 

1900’s found that amoeba whose cytoplasm was periodically partially 

removed would never divide.  The amoeba continued to grow, but never 

reached enough growth to divide due to the surgical amputations of the 

cytoplasm.   

 In metazoans, cell growth control during development is crucial for 

development from everything from the nervous system to organs and 

appendages.  We find that each type of tissue contains cells centered around 

a particular mean cell size.  Extraordinary mechanisms ensure that, for 
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example, cell size homeostasis is maintained in opposing limbs during 

development.  These growth control mechanisms are underappreciated but 

become apparent when considering the symmetry achieved in every 

metazoan. 

 Cells assure that enough growth has occurred at many points in the 

cell cycle before allowing progression to the next stage.  While long 

overlooked as a passive process during the cell cycle, cellular growth is 

arguably the most crucial stage of cellular duplication before division.  We 

now know that cell growth is required for cell cycle progression at several 

points during the cell cycle.  Budding yeast regulate the amount of cell growth 

at cell cycle entry (G1/S), the entry into mitosis, and the metaphase-anaphase 

transition.  Each of these cell cycle transitions ensure that enough growth has 

occurred before progressing to the next phase of the cell cycle. 

 Many aspects of cellular growth are required for progress through the 

cell cycle and ultimately cell division.  While observations about cell size 

control and cell size homeostasis abound, we are only at the tip of the iceberg 

in unveiling the complexity of this fundamental, inescapable aspect of life. 

Nutrient Modulation of Cell Size 

 Several observations about cell growth control have helped elucidate 

the mechanisms responsible for cell growth control.  One of these 
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observations came from studying cells growing in different nutrient conditions.  

Cells growing in poor nutrients are smaller than cells growing in rich.  Why is 

this?  The growth rate in poor nutrients is slower, but cells also spend more 

time growing in poor nutrients before entering the cell cycle.  These 

observations demonstrate that nutrient modulation of cell size is not achieved 

by growing at different growth rates for the same period of time.  Also, cells 

extend the growth phase when in poor nutrients such that enough cell growth 

can occur for a round of cell division, a crucial aspect of cell growth control. 

 Budding yeast cells can quickly adapt their growth requirements when 

rapidly shifted from rich to poor carbon, becoming smaller to adjust to growth 

in poor nutrients.  Budding yeast grown in rich nutrients are nearly twice the 

size of cells grown in poor nutrients.  While many proteins have been found to 

affect cell size, only a couple have been found that affect nutrient modulation 

of cell size.  Our lab found that Rts1, the regulatory subunit of the 

phosphatase PP2A, is required for both cell size control and the nutrient 

modulation of cell size.  In both rich and poor carbon, rts1∆ cells are 

abnormally large.  Also, the size of rts1∆ cells is nearly the same as those 

growing in rich carbon.  These results suggest that a mechanism that links 

cell size with nutrients functions through PP2ARts1. 

 The early G1 cyclin Cln3 is also regulated by nutrients.  Cln3 protein 

levels are high when cells are grown in rich nutrients, while cells grown in 

poor nutrients have low levels of Cln3.  Some models suggest that Cln3 must 
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reach a threshold before cells trigger cell cycle entry.  However, cells in poor 

nutrients enter the cell cycle with much less Cln3 protein and at a smaller size 

than cells growing in rich nutrients.  It remains a mystery as to how different 

levels of Cln3 trigger cell cycle entry in rich and poor nutrients.  One idea 

could be that the signals that control cell growth also regulate either the 

amount of Cln3 required for cell cycle entry or influence the activity of Cln3 

when sufficient growth has occurred. 

Models for Cell Size Control 

 Several models have been proposed to explain how cells control their 

size.  None of the proposed models accounts for all cell size control 

observations across many orders of life.  Several organisms have been used 

to study cell size control, but not all observations lead to the logical 

conclusion of a single cell size control mechanism that would’ve evolved in 

the earliest cells.  

 Work done in bacteria (and in mammalian cells) suggests that cells 

add a set amount of growth during every cell cycle (Campos et al. 2014).  

This “adder” model states that smaller cells and larger cells add the same 

amount of growth during each cell cycle.  Subsequently, the population of 

cells would reach a size homeostasis.  Cells that became larger than the 

population would eventually become smaller with each symmetric cell 
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division.  Small cells would add a relatively large amount of growth, resulting 

in cells growing in size after several cell divisions.   

 Single-cell analysis of budding yeast in G1 found that the growth rate 

during G1 is proportional to the size at cell cycle entry (Ferrezuelo et al. 

2012).  Cells growing a slower growth rate pass Start at a smaller size than 

faster growing cells.  This model does a good job explaining how cells of 

different sizes in the same conditions enter the cell cycle at different sizes.  

Growth rate would also be one way that cells could adjust the required 

amount of growth based on the nutrient conditions, a phenomenon called 

nutrient modulation of cell size. 

 A relatively new model suggests that cell size control could be 

explained through relative scaling the concentration of activators and 

inhibitors of cell cycle entry (Schmoller et al. 2015).    The “inhibitor dilution 

model” states that the inhibitor of cell cycle entry Whi5 is produced only 

during S/G2/M phases of the cell cycle.  The mother and daughter cells inherit 

equal amount of Whi5 protein at cell division.  The mother cell will have grown 

enough to dilute the Whi5 protein, entering the next cell cycle rather quickly.  

On the other hand, the daughter cell will need to grow to dilute Whi5 before 

cell cycle entry.  The activator of Start would be proposed proportionally to 

growth such that it stays at the same concentration.  Eventually, the amount 

of Cln3 would overcome Whi5 and trigger cell cycle entry.  However, the data 

supporting this model make observations difficult.  Schmoller et al. 2015 used 
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a mutant allele of Cln3 that lacks the post-translational regulatory domain, 

drastically limiting the natural turnover rate.  The only test of the model for 

Whi5 dilution in the Schmoller et al. 2015 study was to add extra copies of the 

WHI5 gene.  This merits of this study has also been raised into question 

because of misrepresentation of their data, such as utilizing trend lines to hide 

the majority of cells diluting very little Whi5 protein in G1.   

 Cells grow a relatively small proportion of their overall cell size in G1 

phase (Leitão and Kellogg 2017).  The observed dilution of Whi5 was only 

about 20-30% during G1 (Schmoller et al. 2015).  Conceptually, it is unclear 

how such a small dilution of a protein could make a robust switch-like 

response to initiate cell cycle entry.  As shown later in Chapter II, aberrant 

Whi5 synthesis has little effect on cell size.  Additionally, Whi5 is most likely 

bound to SBF and MBF transcription factors in the nucleus during G1.  

  Another model for how Cln3 activates cell cycle entry in budding yeast 

suggests that a period of high Cln3 levels is required before cell cycle entry 

can be triggered (Liu et al. 2015).  The model states that Whi5 integrates the 

Cln3 signal over a certain period of time during G1, such that stochastic 

peaks of Cln3 protein (that may be rapidly degraded to prevent cell cycle 

entry) would not be enough to inhibit Whi5.  Cells must have high levels of 

Cln3 for a period of time before Whi5 is inhibited.  One concern about this 

model, and the Schmoller et al 2015 model is that all data is performed using 
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mutant alleles of Cln3 and only by microscopy which may have artifacts 

depending on the method used. 

Conserved TORC2 Network Regulates Growth Rate and Cell Size 

 Nutrients set the growth rate and cell size across the evolutionary tree, 

from bacteria to vertebrates.  Recent work from our lab discovered that the 

conserved TORC2 network is responsible for this phenomenon (Lucena et al. 

2018).  One of the roles of the TORC2 network is to regulate the production of 

ceramides, low abundance signaling lipids produced from sphingolipids.  

Ceramide production is required for nutrient control of growth rate and cell 

size (Lucena et al. 2018).  TORC2 promotes ceramide synthesis by activating 

the vertebrate SGK homologs Ypk1/2, which then activate ceramide synthase 

at the endoplasmic reticulum.  Ceramides are involved in a feedback loop to 

TORC2, inhibiting TORC2 activity.  Consequently, inhibition of ceramide 

synthesis causes an increase in TORC2 signaling to Ypk1/2.     

 Ceramides are proposed to set the growth rate and cell size based on 

nutrients.  Cells lacking ceramide synthase (lac1∆ lag1∆) are unable to do 

nutrient modulation of cell size (Lucena et al. 2018).  In both rich and poor 

nutrients, lac1∆ lag1∆ cells are extremely small and have a very slow growth 

rate, suggesting that ceramides are required to stimulate growth and thus an 

increased cell size.  Additionally, cells grown in rich nutrients have high 
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TORC2 activity on Ypk1/2.  When cells are shifted to poor nutrients, TORC2 

activity is rapidly decreased.  Cells eventually recover TORC2 activity but to a 

lower level, presumably to reflect the slower growth rate in poor nutrients.  

PP2ARts1 is required for the reset of TORC2 activity to this lower level after 

cells recover from a shift from rich to poor nutrients.  The acute reduction in 

TORC2 activity is Rts1-independent, but PP2ARts1 is required for nutrient 

regulation of the TORC2 network when cells are grown in different carbon 

sources for long periods of time.   

Growth-dependent Regulation of Cell Cycle Regulators 

 Here we study one of the most important questions about cell growth 

control.  How does growth signal to key cell cycle regulators to link cell cycle 

entry with cell growth?  We first test previous models of cell growth control at 

cell cycle entry by examining the relationship of two key regulators, the early 

G1 cyclin Cln3 and the inhibitor Whi5.  Next, we ask if and how Cln3 is tied to 

cell growth.  We have found that control of the protein levels of Cln3, not 

Whi5, is responsible for initiating cell cycle entry at different growth rates.  

Also, Cln3 accumulation during G1 is dependent upon membrane growth 

during G1.  We also discovered that growth in G1 occurs through 

mechanisms unlike those that occur during the rest of the cell cycle.  Vesicle 

trafficking and the exocyst complex are not required, but the membrane 

trafficking events earlier in the secretory pathway are required for growth in 

G1.  Additionally, the mammalian SGK homologs Ypk1/2 are required to drive 
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growth in G1 and regulate production of Cln3 protein.  The regulation of Cln3 

by the kinases Ypk1/2 is ultimately regulated by production of sphingolipids 

produced at the endoplasmic reticulum.  These findings further our knowledge 

of the relationship between growth and key cell cycle regulators in G1 and 

start to unravel the mysteries about the mechanisms of growth in G1. 
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CHAPTER II 

Growth-dependent signals that link cell cycle entry to cell growth in 

budding yeast 

Abstract 

 Entry into the cell cycle occurs only when sufficient growth has 

occurred.  In budding yeast, the cyclin Cln3 initiates cell cycle entry in late G1 

phase by inactivating Whi5, a repressor that blocks transcription of genes that 

drive cell cycle entry.  Growth-dependent changes in the concentrations of 

Cln3 and/or Whi5 have been proposed to link cell cycle entry to cell growth.  

However, there are conflicting reports regarding the behavior and roles of 

Cln3 and Whi5 during growth in G1 phase.  Here, we analyzed levels of Cln3 

and Whi5 as a function of growth in G1 phase.  We found no evidence that 

changes in the concentration of Whi5 play a major role in controlling cell cycle 

entry.  Rather, the data are consistent with models in which a growth-

dependent increase in the concentration of Cln3 drives cell cycle entry.  We 

further found that Cln3 accumulation is controlled by nutrient availability and 

by the budding yeast homologs of mammalian SGK kinases that are required 

for normal control of cell growth and size.   
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Introduction 

 Cell cycle progression is subservient to cell growth.  Thus, key cell 

cycle transitions occur only when sufficient growth has occurred.  A 

particularly important point at which cell growth controls cell cycle progression 

is at the end of G1 phase, when cells decide whether to commit to cell cycle 

entry.  The key molecular event that marks cell cycle entry is transcription of 

late G1 phase cyclins, which bind and activate cyclin-dependent kinases to 

initiate cell cycle events.  Transcription of the late G1 cyclins is initiated only 

when sufficient growth has occurred.    

 In budding yeast, key regulators of the cell cycle that are thought to link 

cell cycle entry to cell growth were first identified via genetic analysis.  An 

early G1 cyclin called Cln3 was found to be a dose-dependent regulator of 

cell cycle entry and cell size (Cross 1988; Nash et al. 1988).  Overexpression 

of Cln3 causes premature cell cycle entry at a reduced cell size, while loss of 

Cln3 causes delayed cell cycle entry at a large cell size.  A poorly understood 

protein called Bck2 plays redundant roles with Cln3 (Epstein and Cross 

1994).  Loss of Cln3 or Bck2 causes delayed cell cycle entry, whereas loss of 

both causes a failure in cell cycle entry.  Cln3 binds to Cdk1 and the Cln3/

Cdk1 complex triggers cell cycle entry by activating the SBF transcription 

factor, which drives transcription of late G1 phase cyclins, as well as 

hundreds of additional genes required for subsequent cell cycle events.  The 

Cln3/Cdk1 complex is thought to activate SBF by directly phosphorylating and 
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inactivating Whi5, a transcriptional repressor that keeps SBF inactive prior to 

cell cycle entry (Jorgensen et al. 2002; Costanzo et al. 2004; de Bruin et al. 

2004).  Loss of Whi5 causes premature cell cycle entry at a reduced cell size, 

which suggests that Whi5 plays an important role in the mechanisms that link 

cell cycle entry to cell growth (Jorgensen et al. 2002).  However, 

overexpression of Cln3 causes whi5∆ cells to become even smaller, which 

indicates that Cln3/Cdk1 has targets other than Whi5 that influence cell size 

(Costanzo et al. 2004).  These targets remain unknown.   

 A key question concerns how growth triggers cell cycle entry.  Most 

models for how growth triggers cell cycle entry suggest that changes in the 

concentration of key cell cycle regulators play a driving role in triggering cell 

cycle entry in response to growth.  Here, we use “concentration” to refer to 

the number of molecules per unit of cellular volume, and we use the more 

general term “protein levels” to refer to the number of molecules in the cell.   

Early studies suggested a model in which accumulation of a critical 

level of Cln3 protein drives cell cycle entry (Polymenis and Schmidt 1997; 

Jorgensen and Tyers 2004b).  Cln3 protein is rapidly turned over, which 

should make Cln3 levels highly sensitive to translation rate (Tyers et al. 

1992).  If translation rate increases with cell size, the number of Cln3 protein 

molecules in the cell could also increase with cell size, eventually leading to 

cell cycle entry.  Difficulties in detecting Cln3 protein initially made it difficult to 

test the prediction that Cln3 protein abundance increases with cell growth 
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during G1 phase.  More recent studies found that levels of the Cln3 protein 

increase gradually during G1 phase, reaching a peak around the time of bud 

emergence, as predicted by the model (Zapata et al. 2014).  Another recent 

study found that synthesis of Cln3 outpaces growth in volume so that the 

concentration of Cln3 gradually increases during growth, which could 

generate an increasing Cln3-dependent signal with more dynamic range that 

could be used to trigger cell cycle entry (Litsios et al. 2019).  In contrast, 

another study concluded that the concentration of a stabilized version of Cln3 

does not change during growth (Schmoller et al. 2015).   Overall, the 

relationship between Cln3 accumulation and cell growth remains poorly 

understood.  It is unclear whether Cln3 provides a simple readout of overall 

translation rate or whether Cln3 accumulation is influenced by other growth-

dependent signals.  It is also unclear how regulation of Cln3 transcription, 

translation, and turnover influence accumulation of Cln3 during cell growth.  

Finally, it remains unknown whether or how a threshold level of Cln3 triggers 

cell cycle entry.  

 Another model suggests that dilution of Whi5 by cell growth is the 

critical event that links cell cycle entry to cell growth (Schmoller et al. 2015).  

In this model, Whi5 protein produced during mitosis is deposited in the 

daughter cell, where it inhibits transcription of late G1 cyclins.  No new Whi5 

is produced during G1 phase so that Whi5 gradually becomes diluted as the 

daughter cell grows.  In contrast, the concentration of Cln3 protein was found 
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to remain constant because the number of Cln3 molecules per cell increases 

in a manner that is commensurate with growth.  The model postulates that 

once Whi5 protein concentration drops below a threshold, the activity of Cln3 

becomes sufficient to inactivate Whi5, thereby triggering cell cycle entry.  A 

limitation of this model is that cells undergo little growth in G1 phase 

(Ferrezuelo et al. 2012; Leitao and Kellogg 2017), which means that Whi5 

concentration could be reduced by less than 50%.  It is unclear how such 

small changes in Whi5 concentration could be translated into an effective cell 

size control decision.  Another limitation is that the effects of Whi5 protein 

concentration on cell cycle entry were analyzed only in bck2∆ cells, and only 

under poor nutrient conditions.  Finally, the behavior of Cln3 protein was 

analyzed using a mutant version of Cln3 that lacks amino acid sequences that 

target it for proteolytic destruction, which results in overexpression and loss of 

cell cycle-dependent changes in protein levels.  

 Another limitation of current models for size control in G1 phase is that 

they fail to explain proportional relationships between cell size and growth 

rate that hold across all orders of life.  Yeast cells growing slowly in poor 

nutrients are nearly 2-fold smaller than cells growing rapidly in rich nutrients 

(Johnston et al. 1977).  Moreover, a proportional relationship between cell 

size and growth rate holds even when comparing yeast cells growing at 

different rates under identical nutrient conditions (Ferrezuelo et al. 2012; 

Leitao and Kellogg 2017).  For example, cells in a population of wild type 
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yeast cells in early G1 phase show a 3-fold variation in growth rate.  The slow 

growing cells within the population undergo cell cycle entry at a reduced cell 

size compared to rapidly growing cells.  Thus, it appears that signals linked to 

nutrients and growth rate modulate the threshold amount of growth required 

for cell cycle progression. Classic experiments in fission yeast suggest that 

the threshold amount of growth required for cell cycle progression is 

readjusted within minutes of a shift to new nutrient conditions (Fantes and 

Nurse 1977).  A model that could explain the link between cell size and 

growth rate is that global signals that set growth rate also set the threshold 

amount of growth required for cell cycle progression (Lucena et al. 2018).  

However, the mechanisms by which nutrient-dependent signals modulate 

growth thresholds remain largely unknown. 

Distinguishing models will require a clear understanding of how the 

concentrations of Cln3 and Whi5 vary during growth and in response to 

changes in growth rate, and how changing concentrations influence cell size.  

However, there are conflicting reports on the behaviors of Cln3 and Whi5 

during growth in G1 phase (Tyers et al. 1993; Liu et al. 2015; Schmoller et al. 

2015; Lucena et al. 2018; Dorsey et al. 2018; Blank et al. 2018; Litsios et al. 

2019; Barber et al. 2020; Zapata et al. 2014).  Most previous studies have 

used quantitative fluorescence microscopy to analyze protein behavior in 

living cells.  Differences in fluorescent tags, nutrient conditions and imaging 

conditions, as well as potential imaging artifacts, could lead to differences in 
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results.  In addition, the low abundance of Cln3 has made it impossible to 

measure levels of wild type Cln3 by fluorescence microscopy.   

Here, we have used western blotting in synchronized cells to 

investigate how levels of Cln3 and Whi5 are related to cell growth and size in 

G1 phase.   A simple model for nutrient modulation of cell size could be that 

poor nutrients cause a reduction in Whi5 protein levels, which would reduce 

the amount of growth required to dilute Whi5 below the threshold required for 

cell cycle entry.  However, little is known about the relationship between Cln3 

and Whi5 protein levels during growth in G1 phase in differing nutrient 

conditions.  We therefore investigated how levels of the Whi5 and Cln3 

proteins are modulated during growth in G1, and how nutrient availability 

modulates levels of both proteins.  We also investigated the relationship 

between Cln3 accumulation and cell growth.   
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Results 

Cells growing in poor nutrients undergo cell cycle entry with a 

dramatically lower ratio of Cln3 to Whi5 

 We used synchronized cells to characterize the dynamics of Cln3 and 

Whi5 proteins during growth in G1 phase in rich and poor carbon.  Previous 

studies found that levels of Cln3 mRNA and protein are reduced in 

asynchronous cells growing under poor nutrient conditions (Gallego et al. 

1997; Parviz and Heideman 1998; Hall et al. 1998; Blank et al. 2018).  

However, more recent work discovered that Cln3 is also synthesized in 

mitosis (Landry et al. 2012; Zapata et al. 2014).  Therefore, analysis of Cln3 in 

asynchronous cells could not define the behavior of Cln3 during growth in G1 

phase.   

Cells were grown in a poor carbon source (YP medium containing 2% 

glycerol + 2% ethanol) and centrifugal elutriation was used to isolate small 

newborn daughter cells in early G1 phase.  The isolated cells were then 

resuspended in YP medium containing rich carbon (2% glucose) or poor 

carbon (2% glycerol + 2% ethanol) to initiate growth.  An advantage of this 

approach is that the cells growing in rich or poor carbon were previously 

grown under identical conditions and each culture contains identical numbers 

of cells so that levels of Cln3 and Whi5 can be accurate compared between 

conditions.  A disadvantage of this approach is that cells shifted from poor to 
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rich carbon may show effects that are associated with adjusting metabolic 

pathways to utliize a rich carbon source.   

Median cell size was determined with a Coulter Channelyzer and 

plotted as a function of time (Figure 2.1A).  Since bud emergence provides a 

marker of cell cycle entry, the percentage of cells with buds was plotted as a 

function of time  (Figure 2.1B).  Finally, a plot of the percentage of cells with 

buds versus cell size provided a measure of cell size at cell cycle entry 

(Figure 2.1C).  As expected, the cells transferred to rich carbon grew faster 

and spent more time undergoing growth in G1 phase compared to cells in 

poor carbon.  The cells in rich carbon also entered the cell cycle at a larger 

size than the cells in poor carbon.  The cells that remained in poor carbon 

grew in size by only 24% before bud emergence (defined as the time at which 

20% of cells were budded).  In contrast, the cells shifted from poor to rich 

carbon increased in size by 75%, which reflects the fact that they must 

undergo an unusually extensive interval of growth to reach the increased size 

that is characteristic of cells growing in rich carbon.   

The behavior of the Whi5 and Cln3 proteins was assayed in the same 

samples. Whi5 was detected with a 3XHA tag, whereas Cln3 was detected 

with a 6XHA tag.  Cln3 tagged with 3XHA could not be detected, which 

necessitated use of the 6XHA tag.  Tagging both Cln3 and Whi5 with 6XHA 

caused the proteins to co-migrate on SDS-PAGE, which prevented use of 

identical tags.  The use of HA tags on both proteins allowed detection on the 
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same western blot so that relative levels of Cln3 and Whi5 could be compared 

in rich versus poor carbon.  However, the use of tags with different detection 

sensitivities precluded comparison of absolute protein levels between 

Cln3-6XHA and Whi5-3XHA.  Nevertheless, the fact that Whi5-3XHA is easily 

detectable, whereas Cln3-3XHA is undetectable, indicates that levels of Whi5 

far exceed those of Cln3.  Western blots comparing protein levels in rich and 

poor carbon were carried out simultaneously under identical conditions to 

allow direct comparison of protein levels between carbon sources.   

 In both conditions, Cln3 was not detectable at the zero time point 

(Figure 2.1D, see Figure 2.1 – figure supplement 1A for a longer 

exposure).  Cln3 was first detected at 10 minutes and further accumulation of 

Cln3 protein was correlated with growth in both rich and poor carbon.  Cln3 

levels peaked slightly before the first buds could be detected in both 

conditions.   Cln3 levels were dramatically reduced in poor carbon.  

Quantification of the Cln3 signal relative to the 10 minute time point in multiple 

biological replicates indicate that Cln3 protein levels increased approximately 

10-fold before bud emergence in rich carbon and 2.5-fold in poor carbon 

(Figures 2.1E and 2.1F).  Quantification of peak Cln3 levels in rich and poor 

carbon suggest that cells in poor carbon initiate cell cycle entry with 

approximately 8-fold lower levels of Cln3 than cells in rich carbon (Fig. 2.1G).   

We did not detect differences in Whi5 protein levels between the two 

carbon sources (Figure 2.1D).  A slightly longer exposure was used for the 
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western blot from cells in poor carbon  so that Cln3 could be detected (Figure 

2.1D), but quantification of Whi5 levels relative to a loading control showed no 

difference in Whi5 levels between rich and poor carbon.  Quantification of 

multiple biological replicates indicated that the Whi5 protein signal did not 

change substantially before bud emergence in rich or poor carbon, which 

suggests that no new Whi5 is synthesized in G1 phase, consistent with a 

previous report (Figures 2.1A and Figure 2.1-figure supplement 1B)

(Schmoller et al. 2015).  A fraction of Whi5 shifted to lower electrophoretic 

mobility forms at the time of bud emergence, which likely corresponds to the 

activity of a previously described positive feedback loop in which the late G1 

cyclins Cln1 and Cln2 activate Cdk1 to phosphorylate and inactivate Whi5 

(Cross and Tinkelenberg 1991; Costanzo et al. 2004). 

Together, the data show that Cln3 protein levels are correlated with the 

extent of growth in G1 phase in both rich and poor carbon, reaching a peak 

near the time of bud emergence.  In addition, overall Cln3 protein levels in G1 

phase are correlated with the growth rate set by carbon source.  Thus, Cln3 

levels are high in rich carbon and low in poor carbon.  In contrast, Whi5 

protein levels are not modulated by carbon source.  As a result, cells growing 

in poor carbon enter the cell cycle at a much lower ratio of Cln3 to Whi5 

protein compared to cells in rich carbon.  We estimate that there is a nearly 8-

fold increase in the ratio of Whi5 to Cln3 at cell cycle entry in poor carbon 
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compared to rich carbon.  These results suggest that the threshold amount of 

Cln3 needed to enter the cell cycle is modulated by nutrient availability. 

A previous study utilized quantitative fluorescence microscopy to 

analyze accumulation of a mutant stabilized version of Cln3 and concluded 

that the concentration of Cln3 does not change during growth in poor carbon, 

because Cln3 synthesis is matched by cell growth (Schmoller et al. 2015).  To 

estimate changes in wildtype Cln3 concentration before bud emergence, we 

divided the Cln3 signal from western blots by cell volume at each time point 

(Figure 2.1I).  Using this approach, we quantified the increase in Cln3 

concentration between the 10 minute time point and the time of bud 

emergence for multiple biological replicates (Figure 2.1-figure supplement 

1C).  This showed that the concentration of Cln3 increased 7-fold prior to bud 

emergence in rich carbon, and 2-fold in poor carbon.  Similar results were 

obtained in a previous study that used targeted proteomics to analyze 

changes in Cln3 concentration during G1 phase (Litsios et al. 2019).   

We carried out a similar analysis for Whi5 and found that Whi5 

concentration decreased by approximately 25% in rich carbon and 20% in 

poor carbon, consistent with the fact that Whi5 protein levels do not change 

and there is only a small increase in cell size in G1 phase (Figure 2.1-figure 

supplement 1D).  These results are consistent with several previous studies 

that observed a relatively small increase in cell volume in G1 phase 
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(Ferrezuelo et al. 2012; Leitão and Kellogg 2017) and little or no change in 

Whi5 concentration (Dorsey et al. 2018; Litsios et al. 2019).  

Cln3 protein levels respond rapidly to changes in nutrient availability 

 In both budding yeast and fission yeast, cells rapidly readjust the 

threshold amount of growth required for cell cycle progression when shifted to 

nutrient conditions that support different growth rates (Fantes and Nurse 

1977; Johnston et al. 1979; Lucena et al. 2018).  In fission yeast, the 

threshold appears to be readjusted within minutes after a shift from rich to 

poor nutrients.  Therefore, cell cycle regulators that link cell cycle progression 

to cell growth should show a similar rapid response to changes in nutrients.  A 

previous study found that Cln3 protein levels decrease within 30 minutes after 

a shift from rich to poor nitrogen, but did not assay the behavior of Whi5 or 

the effects of carbon source (Gallego et al. 1997).  We therefore analyzed the 

behavior of Cln3 and Whi5 during a shift from rich to poor carbon.  

Asynchronous cells were shifted from rich to poor carbon and western blotting 

was used to assay Cln3 and Whi5 at regular intervals after the shift. 

Cln3 underwent rapid changes in abundance when cells were shifted 

from rich to poor carbon (Figure 2.2).  The amount of Cln3 protein transiently 

increased within 5 minutes and then rapidly disappeared so that it was nearly 

undetectable 15 minutes after the shift from rich to poor carbon.  In contrast, 

Whi5 levels remained constant (Figure 2.2).  Whi5 phosphorylation was 
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slowly lost during the time course, consistent with previous studies showing 

that cells in poor nutrients spend more time in early G1 phase (Hartwell and 

Unger 1977).   

Overexpression of WHI5 does not cause large effects on cell size 

 The discovery that cells in rich or poor carbon undergo cell cycle entry 

with a large difference in the ratio of Whi5 to Cln3 suggests that Whi5 protein 

concentration may not have a major influence on cell cycle entry.  To 

investigate further, we carried out additional tests of how the concentration of 

Whi5 influences cell cycle entry and cell size.  A previous study found that an 

additional copy of WHI5 causes an increase in cell size (Schmoller et al. 

2015).  However, the effects of an additional copy of WHI5 were only tested in 

poor carbon and in cells that lack Bck2, a poorly understood inducer of cell 

cycle entry that becomes essential in cells lacking Cln3.  In addition, the extra 

copy of WHI5 was tagged, which could influence function, and it included both 

the promoter and part of the coding sequence of a gene neighboring WHI5.  

We constructed an integrating vector that includes only the wild type 

untagged WHI5 gene with the normal upstream and downstream control 

regions.  The WHI5 construct fully rescued the size defects of whi5∆ (Figure 

2.3-figure supplement 1A).  We found that integration of the plasmid into 

wild type cells to introduce an extra copy of WHI5 had little effect on the size 

of cells growing in YP medium containing rich or poor carbon (Figure 2.3A).  
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In contrast, independent experiments carried out by another group found that 

the same plasmid causes an approximately 10% increase in cell size in cells 

growing in synthetic complete media containing rich or poor carbon (J. 

Skotheim, personal communication).   

To test the effects of a larger increase in Whi5 protein levels, we put 

WHI5-3xHA under the control of the TEF1 promoter.  In rich carbon, TEF1-

WHI5-3xHA produced 12-fold more Whi5 protein than the endogenous 

promoter, but caused only a modest effect on cell size (Figures 2.3B,C).  In 

poor carbon, the TEF1 promoter produced 10-fold more Whi5-3XHA and 

caused a slightly larger increase in cell size compared to rich carbon.  TEF1-

WHI5-3xHA caused greater effects on the size of bck2∆ cells (Figure 2.3-

figure supplement 1B).   Finally, we found that expression of WHI5-3XHA 

from the GAL1 promoter caused a 23-fold increase in Whi5 protein levels but 

only a modest increase in cell size (Figure 2.3-figure supplement 1C).  

Several previous studies observed stronger effects of GAL1-WHI5 on cell size 

(de Bruin et al. 2004; Barber et al. 2020). 

 We next directly tested the effects of TEF1-WHI5-3XHA on cell size at 

cell cycle entry in G1 phase.  To do this, we grew TEF1-WHI5-3XHA 

CLN3-6XHA cells in poor carbon and used centrifugal elutriation to isolate 

small unbudded cells in early G1 phase.  The cells were then released into 

rich or poor carbon and levels of Cln3-6XHA and Whi5-3XHA were analyzed 

by western blot.  A previous study found that no new Whi5 mRNA or protein is 
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synthesized during G1, which is essential for dilution of the Whi5 protein 

during growth (Schmoller et al. 2015). Here, we found that the TEF1 promoter 

drove a gradual increase in Whi5 protein levels during G1, which would 

prevent dilution of Whi5 (Figures 2.3D and S2.3D).  TEF1-WHI5-3XHA had 

little effect on cell size at cell cycle entry in rich or poor carbon (Figures 

2.3E,F,G).  A recent study that utilized a different heterologous promoter to 

control Whi5 production also concluded that synthesis of Whi5 during G1 

phase has no effect on cell size (Barber et al. 2020).   

 Since Whi5 is diluted by less than 50% during growth, one might 

expect a 2-fold increase in Whi5 to have a substantial effect on cell size if 

Whi5 dilution plays an important role in cell size control.  The fact that 

changes in Whi5 of 10-fold or greater have relatively modest effects on cell 

size, combined with the finding that synthesis of Whi5 during growth also 

causes modest effects, suggests that growth-dependent changes in Whi5 

concentration are unlikely to play a major role in cell size control.   

  

Blocking membrane trafficking events required for cell growth prevents 

accumulation of Cln3  

 Together, the preceding experiments suggest that changes in the 

concentration of Whi5 do not play a substantial role in mechanisms that link 

cell cycle entry to cell growth.  Rather, the data confirm and extend previous 

studies that suggested that accumulation of Cln3 could be the critical readout 
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of growth that triggers cell cycle entry.  We therefore next investigated the 

relationship between accumulation of Cln3 and cell growth.  As a first step, we 

tested whether accumulation of Cln3 protein in G1 phase is dependent upon 

growth.  To do this, we first searched for ways to enforce a rapid block to 

growth during G1 phase.  In budding yeast, vesicular traffic that drives bud 

growth occurs along actin cables and depolymerization of actin causes rapid 

cessation of bud growth.  However, we discovered that addition of the actin 

depolymerizing drug latrunculin A and the microtubule depolymerizing drug 

nocodazole had no effect on growth during G1 phase, even though bud 

emergence was completely blocked (Figures 2.4 A,B).   

We next tested whether proteins that drive early steps in membrane 

trafficking pathways are required for growth in G1 phase.  Sec7 is required for 

ER-to-Golgi transport (Lupashin et al. 1996; Deitz et al. 2000).  Inactivation of 

Sec7 using an auxin-inducible degron (sec7-AID) caused a rapid and 

complete block of growth in G1 phase (Figure 2.4C), as well as a complete 

block of bud emergence (Figure 2.4D).  Inactivation of Sec7 also blocked the 

gradual accumulation of Cln3 protein that normally occurs during cell growth 

in G1 phase (Figure 2.4E).  Thus, accumulation of Cln3 in G1 phase is 

dependent upon early membrane trafficking events that drive membrane 

growth.  We obtained similar results using a temperature sensitive allele of 

SEC7 (sec7-1) (not shown). 
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One possible explanation of the effects of inactivating Sec7 is that 

blocking membrane traffic causes a general decrease in the rate of protein 

synthesis, which leads to a failure to accumulate Cln3.  However, previous 

work found that protein synthesis continues after membrane traffic is blocked 

(Novick and Schekman 1979).  Moreover, we found that accumulation of a 

loading control protein occurred normally, which argues against a general 

decrease in the rate of protein synthesis (Figures 2.4E and Figure 4-figure 

supplement 1).  Finally, we directly measured the rate of protein synthesis in 

SEC7-AID cells via incorporation of 35S-methionine.  To do this, auxin was 

added to asynchronously growing SEC7-AID cells and to control cells and the 

rate of incorporation of 35S-methionine was measured within 15 minute 

intervals before and after addition of auxin (Figure 2.4F).  We detected a few 

changes in the pattern of proteins synthesized in the SEC7-AID cells, which is 

likely caused by a failure in post-translation processing of proteins in the 

secretory pathway.  However, we did not detect a decrease in the rate of 

protein synthesis.  We obtained similar results when we induced destruction 

of SEC7-AID in synchronized cells undergoing growth in G1 phase (not 

shown). 

Accumulation of Cln3 during G1 phase is dependent upon the budding 

yeast homologs of mammalian SGK kinases 
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 To further explore the relationship between cell growth and gradual 

accumulation of Cln3, we searched for signals that influence cell growth and 

size in G1 phase, with the goal of testing whether these signals also influence 

Cln3 accumulation.  Polar bud growth that occurs after G1 phase requires 

cyclin-dependent kinase (CDK) activity (McCusker et al. 2007).  We therefore 

first tested whether CDK activity is required for growth in G1 phase.  There 

are two cyclin-dependent kinases that play overlapping roles in G1 phase: 

Cdk1 and Pho85.  We utilized a strain that is dependent upon analog-

sensitive alleles of both kinases (cdk1-as pho85-as) to test whether cyclin-

dependent kinases are required for growth in G1 phase.  Inhibition of both 

kinases had no effect on growth in G1 phase (Figure 2.5-figure supplement 

1).  This observation, along with discovery that actin is not required for growth 

in G1 phase (Figure 2.4A), suggests that there may be differences between 

the mechanisms that drive growth in G1 phase and those that drive growth of 

the daughter bud.    

 We next tested Tor kinase signaling pathways, which play conserved 

roles in control of cell growth.  Tor kinases are assembled into two distinct 

multi-protein signaling complexes called TORC1 and TORC2 (Loewith et al. 

2002).  A key downstream target of TORC1 is the Sch9 kinase, a member of 

the AGC kinase family that is thought to be the functional ortholog of 

vertebrate S6 kinase, which mediates TORC1-dependent control of ribosome 

biogenesis (Urban et al. 2007).  Cells that lack Sch9 are viable but proliferate 

34



slowly and show a large decrease in cell size (Jorgensen et al. 2002; 

Jorgensen and Tyers 2004a).  Inhibition of an analog-sensitive allele of SCH9 

(sch9-as) had no effect on growth rate (Figure 2.5A) but caused a slight 

delay in bud emergence (Figure 2.5B).  Inactivation of sch9-as caused a 

reduction in Cln3 levels but did not block gradual accumulation of Cln3 during 

growth in G1 phase (Figure 2.5C).   

 We next tested whether components of the TORC2 signaling network 

are required for growth in G1 phase.  A key function of TORC2 is to activate a 

pair of redundant kinase paralogs called Ypk1 and Ypk2, which are members 

of the AGC kinase family and are the budding yeast homologs of vertebrate 

SGK kinases (Casamayor et al. 1999; Kamada et al. 2005).  Previous work 

has shown that Ypk1/2 are required for normal control of cell growth and size 

(Lucena et al. 2018).  For example, loss of Ypk1 causes a large decrease in 

cell size, as well as a reduced rate of proliferation.  Loss of both Ypk1 and 

Ypk2 is lethal.   

 To test whether Ypk1/2 influence cell growth and accumulation of Cln3 

in G1 phase, we utilized an analog-sensitive allele of YPK1 in a ypk2∆ 

background (ypk1-as ypk2∆) (Sun et al. 2012).  Inhibition of ypk1-as in early 

G1 phase caused a decrease in growth rate and a complete failure in bud 

emergence (Figures 2.6A,B).  It also caused a rapid and complete loss of 

Cln3 protein (Figure 2.6C).  In wild type control cells, the inhibitor caused a 

slight decrease in growth rate but had little effect on Cln3 levels (Figure 2.6-
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figure supplement 1A).  The loss of Cln3 after inhibition of ypk1-as did not 

appear to be caused by a general shutdown of protein synthesis because 

growth continued and levels of a loading control protein increased (Figures 

2.6A, 2.6C and Figure 2.6-figure supplement 1C).  We further discovered 

that ypk1∆ alone causes a substantial reduction in Cln3 levels in 

asynchronous cells in both rich and poor carbon (Figure 2.6D).   

Ypk1/2 undergo complex regulation and are phosphorylated by 

multiple kinases.  We found that changes in Cln3 protein levels that occur 

during a shift from rich to poor carbon closely paralleled changes in the 

phosphorylation state of Ypk1 that can be detected via shifts in electrophoretic 

mobility (Figure 2.6E).  Thus, the transient increase in Cln3 levels 

immediately after a shift to poor carbon was correlated with a loss of Ypk1 

phosphorylation, and the decrease in Cln3 levels starting at 10 minutes was 

correlated with an increase in Ypk1 phosphorylation.  A reappearance of Cln3 

at the end of the time course was accompanied by another decrease in Ypk1 

phosphorylation.  The phosphorylation of Ypk1 that can be detected by 

electrophoretic mobility shifts appears to be due at least partly to related 

kinase paralogs called Fpk1 and Fpk2; however, the functions of these 

phosphorylation events are poorly understood (Roelants et al. 2010).  

Nevertheless, the close correlation between changes in Ypk1 phosphorylation 

and changes in Cln3 protein levels provide further evidence for a connection 

between Ypk1 signaling and Cln3 protein levels.  
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TORC2-dependent phosphorylation of Ypk1 and Ypk2 can be detected 

with a phospho-specific antibody that recognizes a site found on both kinases 

(referred to as T662 in Ypk1) (Niles et al. 2012).  Previous studies have 

shown that a shift from rich to poor carbon causes rapid loss of TORC2-

dependent phosphorylation of Ypk1/2 (Lucena et al. 2018).  Here, we found 

that loss of TORC2-dependent phosphorylation of Ypk1/2 upon a shift to poor 

carbon was immediate and preceded the decrease in Cln3 levels by 

approximately 10 minutes (Figure 2.6E, bottom panel).  The increase in 

Cln3 that occurred later in the time course as cells adapted to the new carbon 

source was correlated with an increase in TORC2-dependent phosphorylation 

of Ypk1/2.  Thus, changes in Cln3 levels were partially correlated with 

TORC2-dependent phosphorylation of Ypk1/2. 

 A key function of Ypk1/2 is to control the activity of a biosynthetic 

pathway that builds sphingolipids and ceramide lipids (Aronova et al. 2008; 

Roelants et al. 2011; Sun et al. 2012; Muir et al. 2014).  Ypk1/2 stimulate the 

enzyme that initiates production of sphingolipids, and also stimulate the 

activity of ceramide synthase, which builds ceramide from sphingolipid 

precursors.  Sphingolipids and ceramides both play poorly understood roles in 

signaling.  In previous work, we showed that Ypk1/2-dependent control of the 

ceramide synthesis pathway is required for normal control of cell growth and 

size (Lucena et al. 2018).  For example, myriocin, a small molecule inhibitor 

of sphingolipid synthesis, causes a dose-dependent decrease in growth rate 
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in G1 phase and a corresponding decrease in cell size at cell cycle entry.  

Similarly, loss of ceramide synthase causes a large reduction in cell size, as 

well as complete failures in nutrient modulation of cell size, growth rate, and 

TORC2 activity. 

 To test whether Ypk1/2 control Cln3 levels via sphingolipids or 

ceramides, we first tested the effects of myriocin, which inhibits the first step 

in production of sphingolipids.  In previous work, we analyzed the effects of 

sub-lethal doses of myriocin on cell growth and size in G1 phase (Lucena et 

al. 2018).  Here, we used a higher concentration of myriocin that blocks 

proliferation.  Addition of myriocin caused a large reduction in growth rate in 

G1 phase and delayed bud emergence but caused only a modest decrease in 

Cln3 levels (Figures 2.7A-C).  Myriocin also caused cells to initiate bud 

emergence at a smaller size (Figure 2.7D).  Thus, the complete loss of Cln3 

caused by inhibition of Ypk1/2 is not due to a loss of sphingolipid-dependent 

signals.   

In previous work, we found that ceramide-dependent signals modulate 

TORC2 activity in a feedback loop and are also required for normal control of 

cell growth and size (Lucena et al. 2018; Alcaide-Gavilan et al. 2018).  We 

therefore also tested the effects of inactivating ceramide synthase, which 

builds ceramide from sphingolipid precursors.  The catalytic subunit of 

ceramide synthase is encoded by a pair of redundant paralogs called Lac1 

and Lag1.  In contrast to myriocin, we found that lac1∆ lag1∆ caused a 
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substantial decrease in levels of Cln3 in asynchronous cells (Figure 2.7E).  

This was surprising, because both myriocin and inactivation of ceramide 

synthase will block production of ceramide, yet they appear to have different 

effects on Cln3.  An explanation could be that inactivation of ceramide 

synthase leads to a build-up of sphingolipids that inhibit production of Cln3.  

To test this, we added exogenous phytosphingosine to cells.  In previous 

work, we found that addition to phytosphingosine to cells causes a rapid and 

dramatic decrease in TORC2 signaling to Ypk1/2 (Lucena et al. 2018).  The 

decrease in TORC2 signaling was dependent upon ceramide synthase, which 

provided evidence for ceramide-dependent feedback signaling to TORC2.  

Here, we found that exogenously added phytosphingosine caused a rapid 

loss of Cln3 in wild type cells (Figure 2.7F).  In wild type cells, the Cln3 levels 

recover, due most likely to conversion of the added phytosphingosine to 

ceramide.  In contrast, Cln3 levels did not recover in lac1∆ lag1∆ cells.  

Together, the data are consistent with a model in which sphingolipids inhibit 

production of Cln3. 
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Discussion 

The concentration of Cln3 protein increases during growth in G1 phase 

and is modulated by nutrients 

One class of models for cell size control suggests that accumulation of 

Cln3 during G1 phase is a key reporter of cell growth (Jorgensen and Tyers 

2004b; Turner et al. 2012).  However, there have been conflicting reports 

about the behavior of Cln3 in G1 phase, and little was known about how 

nutrient availability influences accumulation of Cln3 during growth.  One 

recent study used quantitative microscopy to analyze accumulation of a 

mutant stabilized version of Cln3 and concluded that Cln3 concentrations do 

not change in G1 phase.  Several other studies analyzed levels of Cln3 

mRNA and protein in rich versus poor nutrients in unsynchronized cells 

(Gallego et al. 1997; Parviz and Heideman 1998; Blank et al. 2018).  

However, these studies could not discern the behavior of Cln3 during growth 

in G1 phase because there is a major peak of Cln3 in mitosis (Landry et al. 

2012; Zapata et al. 2014).  Here, we analyzed the behavior of Cln3 and Whi5 

in the same cells during growth in G1 phase in rich versus poor carbon.  We 

discovered that the number of Cln3 molecules per cell increases 

approximately 10-fold before cell cycle entry in rich carbon and 2.5 fold in 

poor carbon.  When combined with growth data, these data suggest that Cln3 

concentration increases 7-fold before bud emergence in rich carbon and 2-
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fold in poor carbon.  In both conditions, synthesis of Cln3 protein outpaces the 

overall rate of protein synthesis that would be needed for the less than 2-fold 

increase in cell size that occurs during growth in the same interval.  Thus, 

changes in Cln3 concentration could generate a signal with substantial 

dynamic range that could be used to trigger cell cycle entry.  Similar 

conclusions were reached in a previous study that used an in vivo reporter to 

analyze Cln3 translation rates and targeted proteomics to analyze Cln3 

protein levels (Litsios et al. 2019).   

We also found that Cln3 protein levels are exquisitely sensitive to 

changes in carbon source that influence growth rate.  Thus, a shift from rich to 

poor carbon, which causes a rapid decrease in growth rate, causes a 

transient increase in Cln3 protein levels within 5 minutes, followed by a 

dramatic reduction in Cln3 levels.  

The threshold amount of Cln3 required required for cell cycle entry is 

dramatically reduced in poor carbon 

Simple models could suggest that cell cycle entry at a reduced cell size 

in poor carbon could be achieved by reducing the levels of Whi5 protein, or by 

increasing levels of Cln3.  However, we found that Cln3 are reduced nearly 

10-fold in poor carbon, while levels of Whi5 do not change.  Thus, cells in 

poor carbon undergo cell cycle entry despite a nearly 10-fold decrease in the 

ratio of Cln3 to Whi5.  One estimate suggests that there could be as few as 
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100 molecules of Cln3 per cell in rich carbon (Cross et al. 2002), which would 

suggest that there could be as few as 10-20 molecules of Cln3 per cell in poor 

carbon.  In contrast, Whi5 could be present at approximately 2500 molecules 

per cell, although there is considerable variance in estimates of the 

abundance of Whi5 protein (Ho et al. 2018; Dorsey et al. 2018).  The 

mechanisms that set the threshold amount of Cln3 required to overcome 

Whi5 inhibition to initiate cell cycle entry are key to understanding how cell 

cycle progression is linked to cell growth yet remain one of the central 

enigmas of cell size control.   

The concentration of Whi5 protein has little influence on cell size 

 To investigate the role of changes in Whi5 concentration in controlling 

cell cycle entry, we tested whether overexpression of Whi5 influences cell 

size.  We found that an extra copy of untagged Whi5 expressed from its own 

promoter had little effect on cell size in wild type cells growing in rich or poor 

carbon.  In contrast, a previous study found that an extra copy of Whi5 had 

more substantial effects on cell size (Schmoller et al. 2015).  The reasons for 

the different results are unknown.  We also found that overexpression of Whi5 

from the TEF1 promoter caused only a modest effect on cell size in rich 

carbon, despite an approximately 12-fold increase in Whi5 protein levels.  

Overexpression of WHI5 in poor carbon caused a more substantial increase 

in cell size, which could be due to the large decrease in Cln3 levels in poor 
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carbon.  Overexpression of Whi5 by 23-fold from the GAL1 promoter caused 

a larger increase in cell size but did not cause a cell cycle arrest as might be 

expected for a critical dose-dependent inhibitor of G1 phase progression.  For 

comparison, a previous study observed similar effects of expressing WHI5 

from the GAL1 promoter (Barber et al. 2020), whereas another study 

observed much stronger effects (de Bruin et al. 2004).  The effects of Whi5 

overexpression on cell size has been the primary mechanistic test of the Whi5 

dilution model; however, increased dosage of Whi5 could also influence a 

postitive feedback loop that promotes cell cycle entry, which complicates 

interpretation of the results.  A more stringent test of the model is to examine 

the effects of synthesizing Whi5 during G1 phase to prevent dilution.  A 

previous study tested this using a heterologous promoter to drive Whi5 

accumulation during G1 phase and did not observe the effects predicted by 

the Whi5 dilution model.  Here, we found that Whi5 overexpressed 12-fold 

from the TEF1 promoter was synthesized and accumulated gradually during 

G1 phase, but did not cause major defects in cell size.  We conclude that 

dilution of Whi5 during growth is unlikely to play a major role in measuring cell 

size in G1 phase.  Three recent studies reached similar conclusions (Dorsey 

et al. 2018; Litsios et al. 2019; Barber et al. 2020).   

Dilution models for cell size control present a number of unresolved 

mechanistic issues.  For example, dilution models require that key factors 

show a concentration-dependent activity.  Whi5 is not an enzyme, and its only 
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known activity is to bind and inhibit the SBF transcription factor.  For Whi5 to 

repress transcription at SBF promotors in early G1 phase, it must be present 

in excess over SBF binding sites and bind with sufficient affinity to achieve 

high occupancy at promoters.  Moreover, to achieve high occupancy at SBF 

promoters Whi5 must be present at a concentration substantially higher than 

the Kd for its interaction with SBF.  Estimates of the concentration of Whi5 in 

the nucleus based on nuclear volume and one estimate of the number of 

Whi5 molecules in the cell suggest that Whi5 could be present in the nucleus 

in the low micromolar range (Jorgensen et al. 2007; Ho et al. 2018).  The Kd 

for the interaction between Whi5 and SBF is unknown, but it could easily be in 

the low nM range.  For comparison, the Rb transcriptional inhibitor binds to 

the E2F transcription factor with a Kd of 40 nM (Burke et al. 2010).  Thus, the 

concentration of Whi5 in the nucleus may be orders of magnitude above the 

Kd for binding to SBF promoter complexes.  In this case, a less than 2-fold 

change in cell volume would have little effect on occupancy of Whi5 at SBF 

promoters, which is the only known activity of Whi5.   It is proposed that 

growth-dependent dilution causes a change in the ratio of Cln3 to Whi5.  

However, under the poor carbon conditions used to test the dilution model, 

the concentration of Whi5 could easily be 50 to 100-fold higher than the 

concentration of Cln3, so a less than 2-fold change in Whi5 concentration will 

have little effect on the ratio.  Phosphorylation of Whi5 by Cdk1 could reduce 

the affinity of Whi5 for SBF, but in that case there may be no reason to 
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hypothesize that anything other than rising Cln3 levels lead to inactivation of 

Whi5.   

Accumulation of Cln3 during G1 phase is dependent upon membrane 

trafficking events that drive cell growth 

 Previous studies have proposed that accumulation of Cln3 protein 

could be a key readout of cell growth.  To provide a measure of growth, 

accumulation of Cln3 must be dependent upon growth.  To test this, we used 

an auxin-inducible degron allele of SEC7 to block membrane trafficking 

events that drive cell growth.  Inactivation of SEC7 in early G1 phase blocked 

cell growth, as well as accumulation of Cln3.   

In previous work we found additional evidence that membrane 

trafficking events that drive cell growth generate signals that are correlated 

with growth, which could be used to measure cell growth.  For example, 

delivery of vesicles to the plasma membrane of growing daughter buds 

generates signals that lead to phosphorylation of the kinase Pkc1 and two 

related kinases called Gin4 and Hsl1 (Anastasia et al. 2012; Jasani et al. 

2020).  In each case, multi-site phosphorylation of these kinases occurs 

gradually during bud growth, and phosphorylation appears to be dependent 

upon growth and correlated with the extent of growth.  The signals relayed by 

these kinases are required for normal regulation of the duration and extent of 

bud growth.   
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Cln3 protein levels are controlled by the budding yeast homologs of 

mammalian SGK kinases 

 We also searched for signals that drive growth-dependent 

accumulation of Cln3.  Growth of the daughter bud after cell cycle entry is 

dependent upon Cdk1 activity (McCusker et al. 2007).  However, growth in 

G1 phase and accumulation of Cln3 showed no dependence on Cdk1 activity.  

Growth was also independent of the activity of Pho85, a related Cdk that has 

been implicated in control of early cell cycle events.  Surprisingly, growth in 

G1 phase was also not dependent upon actin filaments, which are required 

for bud growth.  The fact that bud growth is strongly dependent upon Cdk1 

and actin filaments, whereas growth in G1 phase is not, suggests that there 

may be substantial differences in the mechanisms that drive cell growth at 

different stages of the cell cycle.  

 Inhibition of the protein kinase Sch9, a key downstream target of 

TORC1 that controls ribosome biogenesis, had little effect on the rate or 

extent of growth in G1 phase, and caused relatively minor defects in 

accumulation of Cln3.  This was surprising because sch9∆ causes a large 

decrease in both growth rate and cell size (Jorgensen and Tyers 2004a). Our 

results suggest that these defects could be a long term consequence of a 

decreased rate of ribosome biogenesis.  For example, it is possible that cells 

in early G1 phase have sufficient ribosome capacity to get through the early 

stages of the cell cycle so that strong effects of loss of Sch9 only become 
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apparent when the existing pool of ribosomes becomes insufficient as more 

growth occurs.   

Inhibition of Ypk1/2, the budding yeast homologs of human SGK 

kinases, caused a rapid and complete loss of Cln3 protein.  Previous studies 

have shown that Ypk1/2 are required for normal control of cell growth and 

size, consistent with a role in controlling levels of Cln3 protein (Lucena et al. 

2018).  Ypk1/2 are direct targets of TORC2 and TORC2-dependent signaling 

is strongly modulated by carbon source, which suggests that TORC2 could 

play a role in modulating Cln3 levels (Kamada et al. 2005; Niles and Powers 

2012; Lucena et al. 2018; Alcaide-Gavilan et al. 2018).  However, there are 

additional kinases that phosphorylate Ypk1/2 and regulation of Ypk1/2 

remains poorly understood. (Casamayor et al. 1999; Roelants et al. 2010).  

Thus, it is also possible that there are signals that act in parallel with TORC2 

to modulate Cln3 levels via Ypk1/2.  A further complication is that Ypk1/2 relay 

poorly understood feedback signals that regulate their upstream kinases, 

which can make it difficult to clearly delineate upstream signal networks 

(Roelants et al. 2010; 2011; Berchtold et al. 2012; Lucena et al. 2018; 

Alcaide-Gavilan et al. 2018).   

 There was an important difference between the effects of inhibiting 

Ypk1/2 and the effects of inhibiting Sec7.  Inhibition of Ypk1/2 caused a 

reduced rate of growth and a rapid and complete loss of Cln3.  In contrast, 

inhibition of Sec7 completely blocked cell growth and blocked further 
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accumulation of Cln3, but did not cause a loss of Cln3.  These observations 

suggest that the effects of inhibiting Ypk1/2 are not a simple consequence of 

a slow down in overall growth, and that Ypk1/2 could play a more direct role in 

control of Cln3 levels.  A key function of Ypk1/2 is to stimulate production of 

sphingolipids and ceramides, which relay signals that influence cell growth 

and size.  Myriocin, an inhibitor of the first step of sphingolipid synthesis, did 

not block accumulation of Cln3.  Similarly, loss of ceramide synthase reduced, 

but did not eliminate, Cln3.  Thus, the disappearance of Cln3 upon inhibition 

of Ypk1/2 is not due to a failure in synthesis of sphingolipids and ceramides.  

Rather, it is likely that there is another target of Ypk1/2 that influences Cln3 

levels.   

The different effects of Sec7, Ypk1/2 and myriocin on Cln3 levels are 

puzzling.  Previous studies found that myriocin, inhibition of Ypk1/2, and 

inhibition of membrane traffic all cause increased TORC2-dependent 

phosphorylation of Ypk1/2, which is thought to lead to increased activity of 

Ypk1/2 (Niles et al. 2014; Clarke et al. 2017; Lucena et al. 2018).  In each 

case, the increased TORC2-dependent phosphorylation of Ypk1/2 is thought 

to be due to poorly understood negative feedback loops in the TORC2 

signaling network.  We confirmed that each of these conditions also cause 

increased TORC2-dependent phosphorylation of Ypk1/2 during growth in G1 

phase (not shown).  Each of these conditions causes a decrease in growth 

rate.  Yet each causes different effects on accumulation of Cln3.  We also 
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found that addition of exogenous sphingolipids to cells causes a rapid decline 

in Cln3 levels that is not dependent upon conversion of sphingolipids to 

ceramides.   

What kind of model could explain these observations?  One possibility 

is that a fraction of Ypk1/2 that is locally activated at the endoplasmic 

reticulum promotes accumulation of Cln3, while sphingolipids produced at the 

endoplasmic reticulum inhibit the Ypk1/2 that promotes Cln3 accumulation.  In 

this model, Ypk1/2 directly promote accumulation of Cln3, so loss of Ypk1/2 

activity causes rapid loss of Cln3. Inactivation of Sec7 would lead to 

accumulation of sphingolipids in the endoplasmic reticulum because they fail 

to be processed and transported to the Golgi apparatus, which would inhibit 

the Ypk1/2-dependent increase in Cln3 levels during cell growth.  Finally, 

myriocin would lead to loss of inhibitory sphingolipids at the endoplasmic 

reticulum so that Ypk1/2 drive an increase in Cln3, even though growth has 

stopped.  Finally, addition of exogenous sphingolipids would lead to a large 

increase in sphingolipid-dependent signals that inhibit Ypk1/2, leading to loss 

of Cln3.  Several previous studies have suggested that Cln3 is localized to the 

endoplasmic reticulum and that regulation of Cln3 is closely associated with 

endoplasmic reticulum function (Vergés et al. 2007; Yahya et al. 2013). 

Data from previous studies are consistent with a model in which there 

are multiple differentially regulated pools of TORC2 and Ypk1/2.  Ypk1/2 must 

carry out functions at the endoplasmic reticulum because the Orm1/2 proteins 
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and ceramide synthase, two well-established direct targets of Ypk1/2, are 

localized there.  Yet TORC2 and Ypkl1/2 are also found at the plasma 

membrane (Berchtold and Walther 2009; Niles et al. 2012), and transport of 

sphingolipids or ceramide to the plasma membrane appears to be essential 

for relaying negative feedback signals that inhibit TORC2-dependent 

phosphorylation of Ypk1/2, consistent with the existence of signaling events at 

the plasma membrane (Clarke et al. 2017).  Thus, there may be distinct, 

differentially regulated pools of Ypk1/2 at the endoplasmic reticulum and the 

plasma membrane.   

At this point, numerous alternative models are possible, and our ability 

to construct detailed models is constrained by our limited understanding of 

the signals that control Ypk1/2.  Nevertheless, the fact that Cln3, a critical 

dose-dependent regulator of cell size, is strongly influenced by signaling from 

key components of the TORC2 network, suggests that a full understanding of 

cell size control will require a much better understanding of growth control 

and the TORC2 network. 
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Figure 2.1:  Wild type cells were grown to mid-log phase in poor carbon 
(YPG/E) and small unbudded cells were isolated by centrifugal elutriation.  
Cells were released in either rich carbon (YPD) or poor carbon (YPG/E) at 
25ºC and samples were taken at 10 minute intervals.  All data in the Figure 
are from the same biological replicate.  (A)  Median cell size (fL) was 
measured using a Coulter Counter and plotted as a function of time.  (B)  The 
percentage of budded cells as a function of time.  (C)  The percentage of 
budded cells plotted as a function of median cell size at each time point.   
(D)  The behavior of Cln3-6xHA and Whi5-3xHA were analyzed by western 
blot on the same blot for each carbon source.  An anti-Nap1 antibody was 
used a loading control.  (E) Quantification of Cln3-6xHA protein levels as a 
function of time.  At each time point, the Cln3 signal was calculated as a ratio 
over the 10 min time point. (F) The fold change in Cln3 protein signal was 
calculated as a ratio of the signal from the time point with peak Cln3 over the 
signal from the 10 min time point.  The data represent the average of three 
biological replicates, and the error bars represent SEM. (G) The difference in 
peak Cln3 between rich and poor carbon was calculated by first normalizing 
the peak Cln3 signal to the loading control in each carbon source, and then 
comparing the signal between carbon sources.  (H) Quantification of 
Whi5-3xHA from western blots in (D).  The change in protein abundance over 
time was measured by calculating the ratio over the zero time point for each 
time point.  (I) The relative change in Cln3 concentration over time was 
calculated by taking the ratio of the Cln3 signal over cell size at each time 
point.  The bud emergence data from panel (B) are included for reference. 
n=3. 
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Figure 2.1 - figure supplement 1:  (A) A longer exposure of the western 
blots from Fig. 2.1D.  (B) The fold change in Whi5 protein levels was 
calculated by taking the ratio of the Whi5 signal from the time point with peak 
Cln3 over the Whi5 signal from the zero minute time point.  The data show the 
average of three biological replicates. (C) The fold change in Cln3 
concentration before bud emergence was calculated by taking the ratio of the 
value for peak Cln3 concentration over the value from the 10 min time point.  
The data show the average of three biological replicates.  (D) The fold change 
in Whi5 concentration before bud emergence was calculated by taking the 
ratio of the value for Whi5 concentration at peak Cln3 levels over the value 
from the zero min time point.  The data show the average of three biological 
replicates.  Error bars represent SEM. 
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Figure 2.2:  Rapidly growing cells in rich carbon (YPD) were shifted to poor 
carbon (YPG/E) at 25ºC and the behavior of Cln3-6xHA and Whi5-3xHA was 
analyzed by western blot on the same blot.  The levels of Cln3 and Whi5 
protein were quantified relative to the 0 min time point of each protein.  An 
anti-Nap1 antibody was used as a loading control.  Quantification was 
calculated to adjust each Cln3 or Whi5 signal for equal protein loading by 
dividing by the Nap1 signal at each time point. 
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Figure 2.3: (A) Wild type and 2xWHI5 cells were grown to log phase in rich or 
poor carbon and cell size was measured using a Coulter Counter.  (B) Cells 
with CLN3-6XHA and either WHI5-3XHA or TEF1-WHI5-3XHA were grown to 
mid log phase in rich carbon (YPD) or poor carbon (YPG/E).  Cln3-6xHA and 
Whi5-3xHA were imaged on the same blot.  An anti-Nap1 antibody was used 
as a loading control.  The TEF1-WHI5-3XHA signal was quantified relative to 
the WHI5-3XHA signal after each signal was normalized to the loading 
control.  (C) Wild type and TEF-WHI5 cells were grown to log phase in rich or 
poor carbon and cell size was measured using a Coulter Counter.  (D-F) TEF-
WHI5-3XHA cells were grown to mid log phase in poor carbon (YPG/E) and 
small unbudded cells were isolated via centrifugal elutriation.  Cells were then 
released into rich (YPD) or poor (YPG/E) carbon and samples were collected 
at 10 minute intervals.  (D) The behavior of Whi5-3xHA was analyzed by 
western blot.  See Figure 2.3 - figure supplement  1E for a loading control.   
(E) Percentage of budded cells as a marker for cell cycle entry.  (F) Median 
cell size was measured using a Coulter counter and plotted against bud 
emergence to show cell size at cell cycle entry.  (G) Cell size at 20% budding 
for wild type and TEF-WHI5 cells.  Graph shows the average of three 
biological replicates.  Errors bars are S.E.M. 
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Figure 3 - figure supplement 1
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Figure 2.3 - figure supplement 1:  (A) Cells of the indicated genotypes were 
grown to log phase in YPD and cell size was measured with a Coulter 
Counter.  (B) Cells of the indicated genotypes were grown to log phase in rich 
(YPD) or poor (YPG/E) carbon and cell size was measured with a Coulter 
counter. (C) Wild type and GAL-WHI5 cells were grown in YPGal overnight to 
mid log phase and cell size was measured using a Coulter Counter.  (D) Whi5 
protein levels were quantified from the blots in Fig. 2.3D relative to the 0 min 
time point in rich or poor.  (E) The samples from Figure 3D were probed with 
an anti-Nap1 antibody protein to provide a loading control and levels of Nap1 
were quantified relative to the zero time point. 
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Figure 2.4:  (A-B) Wild type cells were grown to mid-log phase in poor 
carbon (YPG/E) and small unbudded cells were isolated by centrifugal 
elutriation.  The cells were split into two cultures and were then released into 
rich carbon (YPD) at 25ºC.  After 20 min, 100 µM of Latrunculin A and 20 µM 
nocodazole were added to one culture (arrow).  (A) Median cell size was 
measured using a Coulter Counter and plotted as a function of time. (B) The 
percentage of budded cells as a function of time.  (C-E) SEC7-AID cells were 
grown to mid log phase in poor carbon and small unbudded cells were 
isolated by centrifugal elutriation.  The cells were split into two cultures and 
were then released into rich carbon at 25ºC.  After 30 min, 1 mM auxin was 
added to one culture (arrow).  (C) Median cell size was measured using a 
Coulter Counter and plotted as a function of time.  (D) The percentage of 
budded cells as a function of time.   (E) The behavior of Cln3-6xHA in the 
sec7-AID cells was analyzed by western blot.  An anti-Nap1 antibody was 
used for a loading control. (F) Autoradiogram of 35S-methionine labeling to 
detect de novo protein synthesis. SEC7-AID cells were grown to mid log 
phase.  After auxin or vehicle addition, 1.2 ml samples were labeled with 35S-
methionine for 15min intervals starting every 20min to measure the rate of 
protein synthesis within the 15 min intervals. 
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Figure 2.4 - figure supplement 1:  Quantification of Nap1 protein levels in 
the western blots in Fig. 2.4E.  Changes in Nap1 levels were quantified by 
taking a ratio of the Nap1 signal at each time point over the Nap1 signal at the 
zero time point. 
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Figure 2.5:  sch9-as cells were grown to mid log phase in poor carbon (YPG/
E) and small unbudded cells were isolated via centrifugal elutriation.  The 
cells were split into two cultures and were released into rich carbon (YPD, not 
supplemented with additional adenine (see Methods)).  After 45 min, 250 nM 
1-NM-PP1 was added to one culture (arrow).  (A) Median cell size was 
measured using a Coulter Counter and plotted as a function of time.  (B) The 
percentage of budded cells as a function of time.  (C)  The behavior of 
Cln3-6xHA in the sch9-as cells was analyzed by western blot.  
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Figure 2.5 - figure supplement 1:  cdk1-as pho85-as cells were grown to 
mid log phase in poor carbon (YPG/E) and small unbudded cells were 
isolated via centrifugal elutriation. The cells were divided into two cultures and 
were then released into rich carbon (YPD, not supplemented with additional 
adenine (see Methods)).  10µM 1-NA-PP1 and 10µM 1-NM-PP1 were added 
to one culture.  Median cell size was measured using a Coulter counter and 
plotted as a function of time. 
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Figure 2.6: (A-C) ypk1-as ypk2∆ cells were grown overnight in poor carbon 
(YPG/E) to mid log phase and small unbudded cells were isolated by 
centrifugal elutriation.  The cells were divided into two cultures and were then 
released into rich carbon (YPD, not supplemented with additional adenine 
(see Methods)).  After 30 min 25 µM 3-MOB-PP1 was added to one culture.  
(A) Median cell size was measured using a Coulter counter and plotted as a 
function of time.  (B) The percentage of budded cells as a function of time. (C) 
The behavior of Cln3-6xHA in the ypk1-as ypk2∆ cells was analyzed by 
western blot.  An anti-Nap1 antibody was used for a loading control. Arrow 
indicates when 3-MOB-PP1 was added.  (D) Wild type and ypk1∆ cells were 
grown to mid log phase in rich or poor carbon.  The levels of Cln3-6xHA 
protein were analyzed by western blot.  An anti-Nap1 was used for a loading 
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control.  Levels of Cln3-6XHA protein were quantified relative to levels of 
Cln3-6XHA in wild type cells in rich carbon.  Cln3 protein levels were first 
normalized to the loading control.  (E) Wild type cells were grown to mid log 
phase in rich carbon and then shifted to poor carbon at 25ºC.  The behavior of 
Cln3-6xHA, TORC2-dependent phosphorylation of Ypk1/2 and Ypk1 protein 
were assayed by western blot.  A phosphospecific antibody was used to 
detect TORC2-dependent phosphorylation of Ypk1/2 on T662 (ref).  The 
antibody detects phosphorylated forms of both Ypk1 and Ypk2.  Total Ypk1 
protein was detected with an anti-Ypk1 antibody.  Asterisk indicates a 
background band that also serves as a loading control. 
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Figure 2.6 - figure supplement 1: (A-B) Wild type cells were grown to mid 
log phase in poor carbon (YPG/E) and small unbudded daughter cells were 
isolated by centrifugal elutriation.  The cells were split into two cultures and 
released into rich carbon at 25ºC.  After 30 min, 25 µM 3-MOB-PP1 was 
added to one culture (arrow).  (A)  Median cell size was measured using a 
Coulter counter and plotted as a function of time.  (B) The behavior of 
Cln3-6xHA was analyzed by western blot.  Arrow indicates when 3-MOB-PP1 
was added. (C) Quantification of Nap1 blots from Fig. 2.6C.  Protein levels at 
each time point represent a ratio over the signal from the zero minute time 
point. 
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Figure 2.7: (A-D) Wild type cells were grown overnight in poor carbon (YPG/
E) and small unbudded cells were isolated via centrifugal elutriation.  The 
cells were split into two cultures and released into rich carbon (YPD) at 25ºC. 
After taking the initial time point, 5 µg/ml myriocin was added to one culture 
(arrow). (A) Median cell size was measured using a Coulter counter and 
plotted as a function of time.  (B) The percentage of budded cells as a 

67

Figure 7

A CB

E F

D

Control
Myriocin

0 40 80 120 160 200 240
0

20

40

60

80

100

Minutes after release into rich nutrients

%
Bu

dd
ed

ce
lls

Control

Myriocin

Control

Myriocin

0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180

Minutes after release into rich nutrients_____

Cln3-6xHA

__
__
__
__
__
__
__
_

15 20 25 30 35 40 45
0

20

40

60

80

100

Cell size (fL)

%
Bu

dd
ed

ce
lls

Control
Myriocin

WT

Rich Poor

WT

__________

Poor
__________

__________

Rich
__________

lac1∆
lag1∆

lac1∆
lag1∆

Cln3-6xHA

Loading control

WT WT lac1∆
lag1∆

lac1∆
lag1∆

0.0
0.2
0.4
0.6
0.8

1.2
1

C
ln
3
pr
ot
ei
n
(a
.u
.)

0 40 80 120 160 200 240
0

10

20

30

40

50 Control
Myriocin

Minutes after release into rich nutrients

C
el
ls
iz
e
(fL
)

0 5 10 15 30 60 90
______________________________Minutes after addition of PHS

Wild type

lac1∆ lag1∆

Wild type

lac1∆ lag1∆

Cln3-6xHA

Loading control
__
__
__
__
__
__

__
__
_

Loading control

__
__
__
__
_



function of time. (C) The percentage of budded cells plotted as a function of 
cell size at each time point.   (D) The levels of Cln3-6xHA protein were 
analyzed by western blot.  An anti-Nap1 antibody was used for a loading 
control. (E) Wild type and lac1∆ lag1∆ cells were grown to mid log phase in 
rich and poor carbon.  The levels of Cln3-6xHA protein were analyzed by 
western blot.  An anti-Nap1 antibody was used for a loading control.  Levels of 
Cln3-6XHA protein were quantified relative to levels of Cln3-6XHA in wild type 
cells in rich carbon.  Cln3 protein levels were first normalized to the loading 
control.  (F) Wild type and lac1∆ lag1∆ cells were grown to mid log phase in 
rich carbon (YPD).  20 µM phytosphingosine (PHS) was added to each 
culture and the cultures were incubated at 25ºC.  The levels of Cln3-6xHA 
protein were analyzed by western blot.  An anti-Nap1 antibody was used for a 
loading control. 
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METHODS 

Yeast strains and media:  All strains are in the W303 background (leu2-3, 

112 ura3-1 can1-100 ade2-1 his3-11,15 trp1-1 GAL+ ssd1-d2).  All strains are 

derived from the parent strain DK186 with the exception of DK2961, which is 

derived from Y3507 (Gift from James R. Broach, Penn State).  Table 1 shows 

additional genetic features.  One-step, PCR-based gene replacement was 

used for making deletions and adding epitope tags at the endogenous 

locus(Longtine et al. 1998; Janke et al. 2004).  A plasmid carrying a copy of 

WHI5 was made by amplifying the WHI5 gene with 329bp upstream of the 

start codon and 159bp downstream of the stop codon from genomic DNA with 

oligos GCGGGATCCCCGTCTTCCTTGTGCTGTTTATG and 

GCGGAATTCGCGGATGTTGATCGGCGGAT.  The PCR fragment was 

cloned into the BamH1 and EcoR1 sites of YIplac211 to create plasmid 

pRAS1.  To integrate an extra copy of WHI5 into the genome the plasmid was 

cut with Stu1 to target integration at the URA3 locus.  The empty vector 

YIplac211 was integrated to create isogenic control strains.   

 Cells were grown in YP medium (1% yeast extract, 2% peptone) that 

contained 40 mg/L adenine and a carbon source.  Rich carbon medium (YPD) 

contained 2% dextrose, while poor carbon medium (YPG/E) contained 2% 

glycerol and 2% ethanol.  In experiments using the ATP analog inhibitors 1-

NM-PP1, 1-NA-PP1, or 3-MOB-PP1, no additional adenine was added to the 

media.   
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 Myriocin (Sigma) was solubilized in 100% methanol to make a 500 µg/

mL stock solution.  We have observed significant batch-to-batch differences in 

the effective concentration of myriocin from the same supplier.  All ATP analog 

inhibitors were solubilized in 100% DMSO.  3-MOB-PP1 was a gift from the 

Shokat lab (UCSF).  Auxin (indole-3-acetic acid) (Aldrich) stock was prepared 

at 50 mM in 100% EtOH and used at 1mM. 

Cell size analysis and bud emergence: Cells were grown in YPD or YPG/E 

medium overnight at 22ºC to mid-log phase (OD600 less than 0.7).  Cells were 

fixed with 3.7% formaldehyde for 30 min and were then washed with PBS + 

0.02% Tween-20 + 0.1% sodium azide before measuring cell size using a Z2 

Coulter Channelyzer as previously described (Lucena et al. 2018) using Z2 

AccuComp v3.01a software.  For log phase cultures, each cell size plot is an 

average of three independent biological replicates in which each biological 

replicate is the average of three technical replicates.  For 2xWHI5 

measurements, three independent strain isolates generated by integration of 

the WHI5 plasmid pRAS1 were measured in more than three independent 

biological replicates and averaged.  Similarly, the isogenic control strain 

integrated with empty vector is an average of two independent isolates 

measured in more than three independent biological replicates and averaged.  

The percentage of budded cells was calculated by counting >200 cells at 

each time point using a Zeiss Axioskop 2 (Carl Zeiss).    
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Isolation of small, unbudded cells by centrifugal elutriation:  Strains were 

grown in YPG/E medium overnight to OD600 0.4-0.8 at 30ºC except for strains 

harboring temperature-sensitive alleles and the ypk1-as ypk2∆ strain, which 

were grown overnight at 22ºC.  Cells were harvested by spinning at 4,000rpm 

in a JLA 8.1 rotor at 4ºC for six minutes.  Cell pellets were resuspended in 

~100ml cold YPG/E, then sonicated for one minute at duty cycle 0.5 using a 

Braun-Sonic U sonicator with a Braun 2000U probe at 4ºC.  Cells were 

loaded onto a Beckman JE-5.0 elutriator in a Beckman Coulter J6-MI 

centrifuge spinning at 2,900rpm at 4ºC.  After 10 minutes of equilibration, 

small, unbudded cells were collected and then pelleted by spinning in a JA-14 

rotor at 5,000rpm for five minutes.  Cells were resuspended into fresh 

medium at OD600 0.4-0.6 and grown at 25ºC in a shaking water bath.  

Samples were collected and fixed with 3.7% formaldehyde for 15-30 minutes  

for cell size measurements and to calculate the percentage of budded cells.  

Median cell size was calculated by the Coulter AccuComp software for each 

time point.  We found that cell size measurements of ypk1-as ypk2∆ cells 

isolated from centrifugal elutriation were more consistent when cells were not 

fixed with formaldehyde but were measured live after washing once with 

PBTA to remove YP media. 
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Western Blotting:  For western blotting, cells 1.6 ml samples taken from 

cultures were pelleted in a microfuge at 13,200rpm for 15 sec before 

aspirating the supernatant and adding 250 µL of glass beads and freezing on 

liquid nitrogen.  Cells were lysed in 140 µL of 1X SDS-PAGE sample buffer 

(65 mM Tris-HCl, pH 6.8, 3% SDS, 10% glycerol, 100 mM β-

glycerophosphate, 50 mM NaF, 5% β-mercaptoethanol, 2 mM PMSF, and 

bromophenol blue) by bead beating in a Biospec Mini-Beadbeater-16 at 4ºC 

for two minutes.  The lysate was centrifuged for 15 seconds to bring the 

sample to the bottom of the tube and was then incubated in a 100ºC water 

bath for 5 minutes followed by a centrifugation for five minutes at 13,200 rpm.  

Lysates were loaded into 10% acrylamide SDS-PAGE gels that were run at a 

constant current setting of 20 mA per gel at 165 V.  Gels were transferred to 

nitrocellulose membrane in a BioRad Trans-Blot Turbo Transfer system.  Blots 

were probed overnight at 4ºC in 4% milk in western wash buffer (1x PBS + 

250 mM NaCl + 0.1% Tween-20) with mouse monoclonal anti-HA antibody 

(12CA5, Gift of David Toczyski, University of California, San Francisco), 

polyclonal anti-Nap1 antibody, polyclonal anti-Ypk1 antibody, or polyclonal 

rabbit anti-T662P antibody (Gift from Ted Powers, University of California, 

Davis).  Western blots using anti-T662P antibody were first blocked using 

TBST (10 mM Tris-Cl, pH 7.5, 100 mM NaCl, and 0.1% Tween-20) + 4% milk, 

followed by one wash with TBST, then overnight incubation with anti-T662P 

antibody in TBST + 4% BSA.  Western blots were incubated in secondary 
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donkey anti-mouse (GE Healthcare NA934V) or donkey anti-rabbit (GE 

Healthcare NXA931 or Jackson Immunoresearch 711-035-152) antibody 

conjugated to HRP at room temperature for 60-90 min before imaging with 

Advansta ECL chemiluminescence reagents in a BioRad ChemiDoc imaging 

system. 

Log Phase Nutrient Shift:  Cells were grown to mid-log phase (OD600 

0.4-0.7) in rich carbon (YPD) at 22ºC.  Cells were shifted to poor carbon 

(YPG/E) using a vacuum filter apparatus with a 0.45 µM HAWP mixed 

cellulose ester filter.  Cells were washed three times with room temperature 

YPG/E and then resuspended in room temperature YPG/E by pipetting and 

grown in a shaking water bath at 25ºC.  

Western blot quantification:  Western blots were quantified using BioRad 

Imagelab software v6.0.1.  Relative signal was calculated by setting all other 

samples to a reference of either the zero or ten minute time point (see figure 

legend for details).  For time courses with elutriated cells, no Cln3 signal was 

detected at the zero minute time point, so the ten minute time point was used 

as reference for that set of samples.  Log phase samples were quantified by 

using the loading control band to correct for differences in total protein 

between samples.    
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35S-Methionine labeling:  Strains were grown to log phase overnight at room 

temperature to mid-log phase in CSM –methionine media containing 2% 

dextrose.  The culture was concentrated to an OD600 of 0.7 and incubated in a 

shaking water bath at 25ºC.  The vehicle or drug was added to the 

appropriate flask and at the indicated times a 1.2 ml sample of culture was 

transferred to a 1.6ml screw top tube and the labeling reaction was initiated 

by adding 1 ul of EasyTag L-[35S]-Methionine from PerkinElmer at a stock 

concentration of 1 µCi/µL.  The sample was mixed by vortexing and then 

placed into the 25ºC shaking water bath.  Labeling reactions were allowed to 

progress for 15min, during which time samples were mixed by inversion every 

~5min.  Labeling reactions were performed during 15 minute intervals starting 

every 20 minutes.  Samples were centrifuged at 13,200rpm for 30sec, the 

supernatant was removed, and 250µL of acid-washed beads were added 

before freezing on liquid nitrogen.  Samples were prepared for SDS-PAGE 

similarly to samples described for western blotting.  After running the gel to 

the dye front, polyacrylamide gels were stained in R-250 Coomassie stain 

and then dried on Whatman paper using a BioRad Gel Dryer.  The dried gel 

was exposed film. 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CHAPTER III 

The Role of the Molecular Chaperone Ydj1 in Cell Size Control 

ABSTRACT 

 The mechanisms that link cell growth with cell size entry are largely 

unknown.  The early G1 cyclin is a key regulator of cell cycle entry and 

accumulates as cells grow during G1.  However, it is unknown how increasing 

Cln3 protein levels initiate cell cycle entry only after sufficient growth has 

occurred.  The molecular chaperone Ydj1 is necessary for the linking of cell 

growth rate to cell cycle entry at Start and has been reported to regulate Cln3 

activity during G1.  Here, we found that Ydj1 is required for regulation of Cln3 

protein levels.  Ydj1 is responsible for intiating cell cycle entry through a 

mechanism dependent upon the repressor Whi5, but also through an 

unknown mechanism independent of Whi5.  Ydj1 is also required for a proper 

Cln3 protein response to a shift from rich to poor nutrients.  Additionally, loss 

of Ydj1 also results in a metaphase delay that may work independently of 

Swe1.  Together, these results support a model whereby Ydj1 controls cell 

size by regulating Cln3 but also other unknown regulators of cell cycle entry. 
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INTRODUCTION 

 The early G1 cyclin Cln3 is a dose-dependent regulator of cell cycle 

entry.  When bound to cyclin-dependent kinase (Cdk1), Cln3/Cdk1 initiate cell 

cycle entry by phosphorylating and inhbiting the repressor Whi5, allowing the 

transcription factor SBF to transcribe the ~200 genes that drive cell cycle 

entry.  Some of the first genes transcribed by SBF are the late G1 cyclins 

CLN1 and CLN2.  Cln1/2 bind to Cdk1 and fully phosphorylate and inhibit 

Whi5, participating in a positive-feedback loop that ensures a switch-like, 

irreversible decision to enter the cell cycle.  Therefore, the activation of the 

early G1 cyclin Cln3 is the initiating step of cell cycle entry. 

 It is thought that the concentrations of the key cell cycle entry 

regulators play an important role in their activation.  Increased amount of Cln3 

protein results in premature cell cycle entry at a smaller size, while loss of 

Cln3 protein results in large cells and delayed cell cycle entry (Cross et al. 

1988; Nash et al. 1988).  However, whether overexpressed or absent, Cln3 

phenotypes still maintain a relationship between cell size at Start and growth 

rate during G1 (Ferrezuelo et al. 2015).   

 During growth in G1, it has recently been shown that Cln3 protein 

levels increase as cells grow during G1 (Zapata et al. 2014).  It has remained 

a mystery how Cln3 does not activate cell cycle entry with increasing levels of 

Cln3.  Some models suggest that Cln3 protein levels reach a threshold before 
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activating cell cycle entry, but the low abundance of Cln3 protein levels have 

made it difficult to test this model.  Recently, Cln3 has been observed to be 

bound at the endoplasmic reticulum during early and mid-G1, only to be 

released into the nucleus at the initiation of cell cycle entry (Verges et al. 

2008).  In the nucleus, Cln3/Cdk1 can phosphorylate and inhibit the 

transcriptional repressor Whi5, initiating cell cycle entry. 

 The anchoring of Cln3 protein in the cytoplasm during early and mid-

G1 requires the inactive J domain within the Cln3 protein.  J domains are 

involved in assembly and disassembly of proteins and are generally found in 

Hsp70-chaperone regulators (Kampinga and Craig 2014).  These co-

chaperones are essential for the ATPase-dependent release of proteins 

bound by Hsp70 chaperone proteins.  The J domain in Cln3 lacks the critical 

HPDK tetrapeptide sequence required for the release step from Hsp70 

(Verges et al. 2008).  Thus, Cln3 contains an “inactive” J domain (Ji), 

incapable of promoting the ATPase-dependent release of Cln3 from Hsp70.   

 The inactive J domain in Cln3 is responsible for retaining Cln3 at the 

ER prior to initiation of cell cycle entry.  Deletion of the Ji domain in Cln3, as 

well as substitution of the Ji domain for an active J domain, results in 

premature nuclear accumulation of Cln3 protein.  However, the deletion of the 

Ji domain in Cln3 does not rescue the large cell size of cln3∆ cells.  The ER-

retention mechanism plays a role in association of Cln3 with CDK, thus 

activating Cln3. 
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 An early study suggested that Ydj1 associates with the C-terminus of 

Cln3 and promotes the phosphorylation of Cln3 by CDK, resulting in 

degradation of Cln3 protein (Yaglom et al. 1996).  However, various problems 

made it hard to glean much information from these experiments.  The Aldea 

group found that the J chaperone Ydj1 is responsible for releasing Cln3 from 

Hsp70 proteins at the ER during late G1.  Their ER retention model suggests 

that Cln3 protein is held in active during early and mid-G1 until sufficient 

growth has occurred, after which Ydj1 releases Cln3/Cdk1 from the ER.  Cln3/

Cdk1 then enter the nucleus whereby it phosphorylates and inhibits Whi5 to 

initiate cell cycle entry. 

  Cell size at cell cycle entry is proportional to the growth rate during 

G1, such that cells growing at a faster growth rate enter the cell cycle at a 

larger cell size than cells with a slower growth rate (Ferrezuelo et al. 2015).  

While perturbation of many proteins in the regulatory network at Start affect 

the size at which cells enter the cell cycle, nearly all of these mutant strains 

maintain the relationship between growth rate and cell size at cell cycle entry.  

The chaperone Ydj1 is the only protein known to be required for maintaining 

this relationship.   

 The chaperone Ydj1 may have a central role in regulation of cell size at 

cell cycle entry as well as regulation of Cln3 protein.  The following 

experiments were performed to determine how Ydj1 regulates Cln3 protein 

during the cell cycle.  In this study, we found that Ydj1 regulates Cln3 protein 
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in multiple ways but also regulates cell cycle progression through other 

mechanisms, both at cell cycle entry and in mitosis.  Ydj1 is responsible for 

regulating the levels of Cln3 protein both in G1 and in mitosis.  Additionally, 

Ydj1 is required for regulation of Cln3 in response to a change in nutrient 

availability, both in phosphorylation and protein levels.  Further experiments 

found that Ydj1 also regulates cell cycle entry through an unknown 

mechanism independent of Whi5.  We also found that Ydj1 has a role in cell 

cycle progression during mitosis that works through both Swe1-dependent 

and Swe1-independent pathways.  The protein phosphatase 2A with the 

regulatory subunit Rts1 (PP2ARts1) may also regulate Ydj1 in production of 

Cln3 during the cell cycle.  Together, these results suggest a role for the 

chaperone Ydj1 in the regulation of many key cell cycle regulators.   

88



RESULTS 

Cln3 Accumulation is Defective in Cells Lacking Ydj1 

 The large cell size phenotype of ydj1∆ cells suggests a defect in 

promoting cell cycle entry, possibly through misregulation of the early G1 

cyclin Cln3.  Therefore, we looked at Cln3 protein accumulation throughout 

the cell cycle in wild type and ydj1∆ cells.  Wild type and ydj1∆ cells 

containing CLN3-6xHA alleles were grown to mid-log phase in YPD, arrested 

in G1 by addition of α-factor, then released from that arrest to assay 

Cln3-6xHA protein levels throughout the cell cycle. 

 In wild type cells, Cln3 protein levels peak at cell cycle entry ~30min 

after release and Cln3 protein becomes hyperphosphorylated, as seen by the 

electrophoretic mobility shift, before being degraded shortly thereafter (Figure 

3.1A).  As seen previously, Cln3 also peaks in mitosis (Figure 3.1A), when 

peak levels of mitotic cyclin Clb2 are high (Figure 3.1B).  In ydj1∆ cells, the 

late G1 peak and the mitotic peak of Cln3 protein are delayed.  Additionally, 

Cln3 protein accumulates to far higher levels than in wild type cells, both in 

late G1 as well as in mitosis.  Cln3 protein also mostly exists as faster 

migrating bands, indicating that Cln3 protein is failing to be 

hyperphosphorylated in ydj1∆ cells.   

 These results suggest that the delay in cell cycle entry in ydj1∆ cells is 

not due to a failure to accumulate Cln3 protein.  Ydj1 may be required for 

89



Cln3 protein to function in triggering cell cycle entry.  Phosphorylation of 

Cln3’s C-terminal PEST domain results in the ubiquitination and degradation 

of Cln3 protein.  The lack of Cln3 hyperphosphorylation and higher overall 

Cln3 protein levels suggests that Cln3 is stabilized in ydj1∆ cells. 

Ydj1 and PP2ARts1 Regulate Cln3 Accumulation Throughout the Cell 

Cycle 

 The protein phosphatase 2A with the regulatory subunit Rts1 

(PP2Aᴿᵗˢ¹) is a master regulator of cell size and is required for nutrient 

modulation of cell size (Zapata et al. 2014).  PP2ARts1 regulates CLN3 

transcription as cells growth during G1 through the protein Ace2, an inhibitor 

of CLN3 transcription.  Loss of Rts1 causes Cln3 protein to accumulate to 

lower levels in both G1 and mitosis compared to wild type (Zapata et al. 

2014).  In a phosphoproteomic screen looking for targets of PP2ARts1, Ydj1 

was found to be hyperphosphorylated at two phosphosites, suggesting that 

PP2Aᴿᵗs1 could regulate Ydj1 to post-translationally regulate Cln3 protein in 

addition to its role in regulating CLN3 transcription (Zapata et al. 2014). 

 Since loss of Rts1 or loss of Ydj1 cause increases in cell size similar to 

cln3∆ cells, we hypothesized that PP2ARts1 and Ydj1 both promote activity of 

Cln3.   

We performed a cell cycle time course to analyze Cln3 protein levels 

throughout the cell cycle.  As seen previously, Cln3 levels in rts1∆ cells were 
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reduced and delayed in G1, while also having much lower mitotic Cln3 than 

wild type (Figure 3.1A).  The ydj1∆ rts1∆ cells had lower Cln3 protein levels 

in G1 than ydj1∆ cells but higher than that of rts1∆ cells.  Also, Cln3 protein in 

G1 failed to become hyperphosphorylated in ydj1∆ rts1∆ cells.  The most 

striking effect was the reduction in mitotic Cln3 protein levels, which were 

similar to the low levels seen in rts1∆ cells (Figure 3.1A).  These results 

suggest that PP2ARts1 may be upstream of Ydj1 in the regulation of Cln3. 

Ydj1 and PP2ARts1 Regulate Cln3 Protein in a Response to a Shift from 

Rich to Poor Nutrients 

 Budding yeast grown in rich nutrients are larger than those cells grown 

in poor nutrients.  Cells can rapidly adjust the cell size thresholds when 

shifted from rich to poor carbon.  Since Cln3 is a rapid turnover, low 

abundance regulator of cell cycle progression, we hypothesize that nutrient 

modulation of cell size could occur through regulation of Cln3. To study the 

response of Cln3 protein to a shift in nutrient availability, we grew cells to log 

phase in rich nutrients, then rapidly switched cells to poor carbon using a 

vacuum filtration apparatus.  Using this method, we can study Cln3 protein as 

early as 2.5 minutes after shifting cells to poor nutrients, providing a unique 

look at the rapid regulation after a change in nutrients. 
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 When wild type cells are rapidly shifted from rich to poor carbon, Cln3 

protein levels rapidly increase after the shift, followed by 

hyperphosphorylation and degradation of Cln3 within 10min (Figure 3.2).  

Based on the observations of Ydj1 regulation on Cln3 protein levels during 

the cell cycle, we hypothesized that Ydj1 may regulate Cln3 protein during a 

shift to poor nutrients.  After shifting ydj1∆ cells to poor nutrients, Cln3 protein 

levels remained high and failed to be hyperphosphorylated and rapidly 

degraded (Figure 3.2).  Cln3 protein was still detectable 30min after the 

nutrient shift, suggesting a failure in regulation of Cln3 protein synthesis or 

turnover.   

 PP2ARts1 is required for nutrient modulation of cell size and is a potent 

regulator of Cln3.  We asked whether Rts1 was required for regulation of Cln3 

after a shift to poor nutrients.  rts1∆ cells in log phase exhibited low levels of 

Cln3 protein (Figure 3.2).  Cln3 protein was hyperphosphorylated and nearly 

completely degraded by 7.5 minutes after the shift, which was earlier than 

degradation seen in wild type cells.  We predict that the earlier disappearance 

of Cln3 protein is due to the low levels of Cln3 protein and CLN3 transcription 

in rts1∆ cells.  However, this result is unexpected because rts1∆ cells fail to 

undergo nutrient modulation of cell size.  The fact that Cln3 protein responds 

normally to a shift in nutrients in these cells suggests that there are PP2ARts1 

independent mechanisms for post-translational regulation of Cln3 in response 

to nutrients. 
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 To determine a pathway by which Cln3 could be regulated in the 

nutrient shift, we asked whether PP2ARts1 regulates Ydj1 to control Cln3 

protein levels.  We performed genetic epistasis analysis for these two 

regulators of Cln3 to further elucidate their roles.  We shifted ydj1∆ rts1∆ cells 

from rich to poor nutrients and found that Cln3 protein levels remained 

abnormally high for the duration of the time course, although the level of Cln3 

protein was lower than in ydj1∆ cells.  These results suggest that PP2ARts1 

and Ydj1 both regulate Cln3 in response to a nutrient shift but does not 

provide evidence for regulation of Ydj1 by PP2ARts1.  Additionally, the defects 

in Cln3 phosphorylation in rts1∆ ydj1∆ cells are similar to that seen in ydj1∆ 

cells, suggesting that Ydj1, not PP2Aᴿᵗˢ¹, is responsible for regulating Cln3 

phosphorylation. 

Ydj1 Promotes Cell Cycle Entry through Cln3-dependent and Cln3-

independent Mechanisms 

 Initial inhibition of Whi5 is thought to be done by Cdk1 bound to Cln3, 

but little is known about how this occurs.  Previous data from the Aldea lab 

predicts that Ydj1 promotes cell cycle entry through activation of Cln3 (Verges 

et al. 2008).  Additionally, ydj1∆ cells completely lose coordination of growth 

rate with cell size at cell cycle entry, however this relationship is maintained in 

cln3∆ cells, suggesting Ydj1 regulates other targets at cell cycle entry.  To test 
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if Ydj1 could be acting downstream of Cln3 protein to promote cell cycle entry, 

we performed a genetic epistasis analysis of Ydj1 and Cln3 and examined the 

behavior of Cln2 protein in wild type, cln3∆, ydj1∆, and cln3∆ ydj1∆ cells after 

release from a G1 arrest. 

 In wild type cells, Cln2 protein is produced in late G1 phase and is then 

degraded prior to mitotic entry (Figure 3.3A).  Cln2 protein exists primarily in 

a slower-migrating form indicative of its hyperphosphorylation.  Consistent 

with cln3∆ cells spending more time in G1, Cln2 protein appears later in cln3∆ 

cells, but Cln2 protein behaves similar to wild type cells in its phosphorylation 

and degradation patterns (Figure 3.3A).  The loss of Ydj1 causes a similar 

delay in Cln2 protein synthesis as cln3∆ cells, however Cln2 protein shows 

abnormal phosphorylation patterns in the absence of Ydj1.  A large proportion 

of Cln2 protein is present is the faster migrating forms in ydj1∆ cells, 

consistent with a defect in phosphorylation of Cln2.  This result suggests that 

Ydj1 could either support the role of Cln3/Cdk1 in the production and function 

of the late G1 cyclins, or Ydj1 may play a more direct role in late G1 cyclin 

function. 

 To test whether Ydj1 has an additional role in the regulation of cell 

cycle entry downstream of Cln3/Cdk1, we generated a ydj1∆ cln3∆ strain and 

followed Cln2 protein throughout the cell cycle.  Loss of both Cln3 and Ydj1 

results in an additive delay in Cln2 accumulation, suggesting that Ydj1 
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promotes cell cycle entry both through a Cln3-dependent mechanism as well 

as a Cln3-independent mechanism (Figure 3.3A). 

Ydj1 Promotes Cell Cycle Entry Independently of Whi5 

 All known upstream activators of cell cycle entry work through the 

inhibitor Whi5, which prevents activation of the transcription factors required 

to promote cell cycle entry.  To determine how Ydj1 activates cell cycle entry 

through a Cln3-independent mechanism, we asked whether the delay in Cln2 

protein in ydj1∆ cells is Whi5-dependent.  We followed Cln2 protein 

throughout the cell cycle in wild type, whi5∆, ydj1∆, and whi5∆ ydj1∆ cells 

after release from a G1 arrest to determine the onset of cell cycle entry.  Cln2 

accumulation occurred earlier than wild type in whi5∆ cells, appearing 20 

minutes after release from the G1 arrest (Figure 3.4A).  If the delay to cell 

cycle entry in ydj1∆ cells is dependent upon Whi5 inhibition, ydj1∆ whi5∆ cells 

should produce Cln2 protein similarly to that of whi5∆ cells.  However, 

deletion of WHI5 in ydj1∆ cells caused a slight rescue of Cln2 synthesis but 

not a full rescue (Figure 3.4A).  Since Ydj1 still causes a delay in cell cycle 

entry even in the absence of the inhibitor of cell cycle entry Whi5, Ydj1 is 

regulating cell cycle entry in a Whi5-independent manner through an 

unknown mechanism. 
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Ydj1 Regulates Mitotic Progression Independently of Swe1 

 Cells lacking Ydj1 display a severe defects in cell size and cell growth 

regulation.  From previous experiments studying the loss of Ydj1 on Cln3 

accumulation throughout the cell cycle, we noticed that ydj1∆ cells have a 

delay in mitotic progression as seen by the delayed accumulation and 

extended peak of the mitotic cyclin Clb2 (Figure 3.1B).  Previous work done 

by our lab member Jessica Zapata found that the early G1 cyclin Cln3 is 

degraded after cell cycle entry but then synthesized during mitosis, peaking in 

metaphase (Zapata et al. 2014).  The role of mitotic Cln3 is unknown.  The 

defect in mitotic Cln3 levels in ydj1∆ cells suggests that Ydj1 may have a role 

in progression through mitosis.  

 Mitotic progression is regulated by the Wee1 homolog Swe1 in budding 

yeast, which inhibits cyclin-dependent kinase (Cdk1) by phosphorylation at 

tyrosine 19.  Previous work has shown that Swe1 undergoes complex 

electrophoretic mobility shifts as cells progress from G2 through mitosis 

(Harvey et al. 2005).  During G2, Swe1 becomes activated which is seen by 

an electrophoretic mobility shift on a SDS-PAGE gel (see 40 and 50min time 

points, Figure 3.5).  Swe1 becomes fully hyperphosphorylated as cells 

progress through the metaphase-anaphase transition (70min time point), 

before becoming fully dephosphorylated.  When we looked at Swe1 protein 

levels and phosphorylation in ydj1∆ cells, we saw that Swe1 protein becomes 

partially phosphorylated in G2 similar to wild type but fails to become fully 
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hyperphosphorylated which would lead to its inactivation (Figure 3.5).  

Therefore, the mitotic delay in caused by loss of Ydj1 could be due to a failure 

in the inactivation of the Cdk1 inhibitor Swe1. 

 To further test the interaction of Ydj1 and Swe1, we asked whether the 

mitotic delay seen in ydj1∆ cells could be rescued by deletion of Swe1.  

swe1∆ cells exhibit premature entry into mitosis at a smaller cell size.  

Previous work has demonstrated that deletion of SWE1 rescues mitotic 

delays caused by upstream regulators of Swe1/Cdk1.  The cell cycle 

progression of ydj1∆ swe1∆ cells was similar to that of ydj1∆ cells, suggesting 

a Swe1-independent role in mitotic progression (Figure 3.6B).   

 We also asked whether Swe1 could rescue the effects of ydj1∆ on 

mitotic Cln3.  swe1∆ cells exhibited Cln3 protein phosphorylation and levels 

similar to wild type (Figure 3.6A).  In ydj1∆ swe1∆ cells, Cln3 protein levels 

and phosphorylation were similar to ydj1∆ cells in G1.  Mitotic Cln3 levels 

were slightly reduced compared to ydj1∆ cells, and Cln3 exhibited a similar 

phosphorylation pattern to that of ydj1∆ cells (Figure 3.6A).   These results 

suggest that the mitotic delay caused by loss of Ydj1 is independent of Swe1, 

and Ydj1 may regulate mitotic progression through regulation of mitotic Cln3 

protein. 
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Loss of Ydj1 Causes a Mitotic Delay with Abnormally Low Swe1 Activity   

 Ydj1 is required for normal timing of cell cycle progression.  The loss of 

proteins involved in promoting mitotic entry tend to cause abnormally high 

levels of inhibitory Cdk1 phosphorylation that is dependent upon Swe1.  Cells 

lacking Rts1 exhibit delayed mitotic entry and have high levels of CDK 

inhibitory phosphorylation (Figure 3.7).  Loss of Ydj1, however, has a delayed 

mitosis but with lower levels of Cdk1 Y19 phosphorylation than wild type.  

ydj1∆ rts1∆ cells maintain lower levels of Y19 phosphorylation for a much 

longer time than either single mutant. 

DISCUSSION 

Ydj1 Regulates Multiple Targets of Cell Cycle Entry 

 Cells regulate how much growth has occurred in late G1 before 

entering the cell cycle.  Cytokinesis generates a large mother cell and a small 

newborn daughter cell.  Early observations by Hartwell and others found that 

small daughter cells spend a longer period of time in G1 before formation of a 

new bud than large mother cells (Hartwell and Unger 1977).  The cell size 

control field stil has yet to discover the mechanisms by which this process 

occurs.  Many of the genes involved in cell size control were found through 

screens of yeast mutants that displayed abnormal cell sizes (Jorgensen et al. 
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2002).  However, the size defects in each strain could be due to defects in 

any part of the cell cycle.   

 Recent work has found that the growth rate during early and mid-G1 

can predict the size at which cells enter the cell cycle.  This relationship also 

helped explain the phenomenon of cells growing in the same environment 

having different size thresholds at cell cycle entry.  Large cells grow more 

quickly than smaller cells, presumably due to a greater capacity for growth.  

Cells that were smaller than the mean grew at a slower growth rate and 

subsequently entered the cell cycle at a smaller size than its isogenic 

neighbors of faster growth rates.   

 The Aldea lab also studied the growth rate/size at Start relationship in 

mutants known to have defects in cell size.  Interestingly, nearly all cell size 

mutants maintained the relationship between cell size and growth rate in G1.  

Large cell size mutants had overall faster growth rates compared to wild type 

and entered the cell cycle at a proportionately larger size, maintaining the 

relationship between growth rate and size.  This suggests that the 

mechanisms controlling cell size are still able to function without one of these 

cell size control genes.  The chaperone Ydj1 was the only gene required to 

link growth rate with cell size in G1.  ydj1∆ cells have zero relationship 

between cell size and growth rate in G1, such that slower growing cells and 

faster growing cells have an equal probability of entering the cell cycle at a 
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small or large size.  This observation places Ydj1 in a key role at the junction 

of growth rate and cell size control. 

 The regulation of the early G1 cyclin Cln3 is critical for cell size control, 

however the mechanisms responsible for its regulation are unknown.  Ydj1 is 

necessary for proper Cln3 protein levels in both G1 and in mitosis.  

Additionally, ydj1∆ cells are large, and in combination with high levels of Cln3, 

suggests that Ydj1 is necessary for proper Cln3 function.  In otherwise wild 

type cells, any growth condition or mutation affecting Cln3 protein levels 

directly affects overall cell size.  Ydj1 has been reported to promote entry of 

Cln3 into the nucleus, where Cln3-CDK inhibit Whi5 to initiate cell cycle entry.  

Perhaps excess Cln3 protein is produced in the absence of Ydj1 in order for 

sufficient Cln3-CDK to enter the nucleus.   

 Cln3-CDK functions to initiate Start, and after the initial inhibition of 

Whi5, the late G1 cyclins Cln1/2 are produced.  Cln1/2-CDK then initiate full 

inhibition of Whi5.  The only known role for Ydj1 in late G1 is with regards to 

Cln3. We found that loss of Cln3 delays production of Cln2.  Epistasis 

analysis found that Ydj1 has a Cln3-independent role in Cln2, seen as an 

increased delay in Cln2 appearance in ydj1∆ cln3∆ cells compared to either 

single deletion alone.  Cln2 was less phosphorylated in ydj1∆ cells, seen as 

more Cln2 running as the faster migrating bands.  In Verges et al 2008, the 

authors propose that Cln3 is bound to the ER next to CDK.  Only when Cln3 

is released from the ER, CDK and Cln3 bind and enter the nucleus. Together, 

100



these results support a model in which Ydj1 has a role in the assembly or 

function of both early and late G1 cyclin-CDK complexes.  The Kd of cyclin-

CDK interactions are extremely low.  While CDK is easily pulled down with all 

other cyclins, CDK has been notoriously hard to co-purify when 

immunoprecipitating Cln3 from log phase cells.  Perhaps cofactors such as 

Ydj1 are required for the Cln3-CDK complex to form in late G1 when cells 

decide to enter the cell cycle.   

 The only known inhibitor of SBF is Whi5.  whi5∆ cells are small and  

overexpression of a stabilized form of Cln3 in a whi5∆ background has a 

similar cell size (Constanzo et al. 2004), suggesting that the role of Cln3 is 

through Whi5 inhibition.  The acceleration of cell cycle entry can be visualized 

as early accumulation of Cln2.  We expected that Ydj1 would be epistatic to 

Whi5 in the timing of Cln2 production .  Loss of Ydj1 in whi5∆ cells caused a 

delay in Cln2 appearance nearly identical to that of ydj1∆ cells.  Similar 

defects in Cln2 phosphorylation were seen in ydj1∆ whi5∆ cells as in ydj1∆ 

cells, suggesting that Ydj1 has a role in proper Cln2 phosphorylation.    

 PP2A with the regulatory subunit Rts1 is required for proper cell size 

control and nutrient modulation of cell size.  Rts1 regulates the transcription 

factor Ace2, an inhibitor of CLN3 transcription.  Proteome-wide mass 

spectrometry identified two phosphosites on Ydj1 that were 

hyperphosphorylated in rts1∆ cells (Zapata et al. 2014).  We found that loss of 

Ydj1 and Rts1 have opposite effects on Cln3 abundance during the cell cycle, 
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while both are large cell size mutants, similar to cln3∆ cells.  Deletion of both 

Ydj1 and Rts1 resulted in Cln3 protein levels slightly higher than rts1∆ cells.  

 Cells are able to sense changes in nutrient availability and rapidly 

adjust to meet the new requirements for cell size control.  Previous work has 

shown that CLN3 mRNA responds rapidly to changes in nutrients (Gallego et 

al. 1998).  We found that Cln3 protein undergoes rapid changes to its 

phosphorylation state and abundance when cells are shifted from rich to poor 

nutrients.  These results suggest that Cln3 post-translational regulation could 

be a mechanism to make Cln3 proportional to nutrients and for the cell to 

respond to changes in nutrient availability in a timely manner.  Interestingly, 

although rts1∆ cells cannot do nutrient modulation of cell size (Artiles et al. 

2009), Cln3 protein responded rapidly to a shift to poor nutrients.  Rts1 

becomes hyperphosphorylated 20min after cells are shifted to poor nutrients.  

Both of these observations suggest that an immediate response to nutrient 

regulation of Cln3 is Rts1-independent.  ydj1∆ cells shifted to poor nutrients 

were unable to fully hyperphosphorylate Cln3.  Cln3 protein levels also 

remained high for the majority of the time course.  This result, along with the 

cell cycle time course in Figure 3.1A, demonstrate that Ydj1 is necessary for 

regulation of Cln3 protein levels.   

 A model that could explain the relationship between PP2A Rts1, Ydj1, 

and Cln3 is found in Figure 3.8.  As previously found, PP2ARts1 inhibits the 

transcription factor Ace2, which is inhibiting CLN3 transcription during early 
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and mid-G1 (Zapata et al. 2014).  Loss of Rts1 results in low Cln3 protein 

levels.  Ydj1 is required for proper Cln3/Cdk1 function in late G1.  In the 

absence of Ydj1, Cln3 protein levels are high both because cell cycle entry is 

delayed due to Cln3 inactivation but also because Cln3 may promote its own 

transcription through a positive feedback mechanism.  In this positive 

feedback mechanism, Ydj1 would tune Cln3 protein levels by preventing too 

much activation in the feedback loop.  The increase in Cln3 protein levels in 

rts1∆ ydj1∆ cells relative to rts1∆ cells can be explained in our model by 

PP2ARts1 regulating the feedback loop where Cln3 promotes its own 

transcription.  PP2ARts1 would be inhibiting Ydj1 to promote acceleration of the 

positive feedback loop.  Many questions remain about this model.  For one, 

do Ydj1 and PP2ARts1 have roles in regulating the rapid turnover rate of Cln3 

protein?  Also, does this mechanism also function in regulating mitotic Cln3? 

Mitotic Progression is Regulated by Ydj1 

 Progression through mitosis is regulated by the Cdk1 inhibitor Swe1 in 

budding yeast.  Swe1 phosphorylates tyrosine 19 on Cdk1 to prevent 

activation of mitotic cyclin-Cdk1 complexes (Gould and Nurse 1989; Russell 

and Nurse 1987).  Swe1 is inhibited when it becomes fully 

hyperphosphorylated (Harvey et al. 2005).  We have found that loss of Ydj1 

causes a mitotic delay and prevents full hyperphosphorylation of Swe1, 
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consistent with loss of all known upstream regulators of Swe1.  Failure to 

inhibit Swe1 generally results in high Cdk1 Y19 phosphorylation but that is not 

the case in ydj1∆ cells.  These cells have a mitotic delay with low levels of 

inhibitory Cdk1 phosphorylation.  What kind of model could reconcile these 

results?  One could imagine that Ydj1 is required for assembly of Cdk-cyclin 

complexes throughout the cell cycle.  In this model, Cdk1 would have low 

activity because few cyclins bind properly but also Swe1 may fail to bind and 

phosphorylate mitotic Cdk1 at Y19.  This would result in a delay in mitotic 

progression, a failure to hyperphosphorylate Swe1, and low inhibitory Cdk1 

phosphorylation.  More experiments will be needed to flesh out this model.   

  Ydj1 also seems to play a role in mitotic progression that is 

independent of the CDK inhibitor Swe1.  ydj1∆ cells spend an abnormal 

amount of time in mitosis.  Interestingly, the mitotic delay in ydj1∆ cells was 

not rescued by a swe1∆, suggesting that Ydj1 regulates mitotic progression 

through a mechanism other than inhibition of Swe1.  We hypothesized that 

the excess Cln3 protein in mitotic ydj1∆ cells may be due to abnormal Swe1 

activity, but the high levels of mitotic Cln3 in ydj1∆ cells was not rescued by 

swe1∆.  These results suggest that Ydj1 has a role in mitotic progression and 

a role in regulation of Cln3 protein in mitosis.  Additionally, I believe that 

studying Ydj1 may be useful in discovering the role of Cln3 in mitosis. 
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Figure 3.1:  Ydj1 and PP2ARts1 regulate Cln3 Accumulation Throughout 
the Cell Cycle 

Cells were synchronized in G1 using α-factor, then released from the arrest 
and grown at 30ºC in YPD.  Protein samples were run in 10% acrylamide gels 
and probed using monoclonal anti-HA antibody or anti-Clb2 antibody.  Peak 
Clb2 levels denote when most cells are in metaphase. 
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Figure 3.2:  Ydj1 and PP2ARts1 Regulate Cln3 Protein in a Response to a 
Shift from Rich to Poor Nutrients 

Cells were grown to mid-log phase (OD600 0.4-0.7) in rich carbon (YPD) at 
22ºC.  Cells were shifted to poor carbon (YPG/E) using a vacuum filter 
apparatus by washing three times with room temperature YPG/E and then 
resuspended in room temperature YPG/E by pipetting.  Cells were grown in a 
shaking water bath at 25ºC and western blot samples were taken at the 
indicated times. 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Figure 3.3:  Ydj1 Promotes Cell Cycle Entry through Cln3-dependent and 
Cln3-independent Mechanisms 

Cells were synchronized in G1 using α-factor, then released from the arrest 
and grown at 30ºC in YPD.  Protein samples were run in 10% acrylamide gels 
and probed using monoclonal anti-HA antibody or anti-Clb2 antibody.  Peak 
Clb2 levels denote when most cells are in metaphase. 
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Figure 3.4:  Ydj1 Promotes Cell Cycle Entry Independently of Whi5 

Cells were synchronized in G1 using α-factor, then released from the arrest 
and grown at 30ºC in YPD.  Protein samples were run in 10% acrylamide gels 
and probed using monoclonal anti-HA antibody or anti-Clb2 antibody.  Peak 
Clb2 levels denote when most cells are in metaphase. 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Figure 3.5:  Hyperphosphorylation of Swe1 is Defective in ydj1∆ cells 

Cells were synchronized in G1 using α-factor, then released from the arrest 
and grown at 30ºC in YPD.  Protein samples were run in 10% acrylamide gels 
and probed using anti-Swe1 antibody.  
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Figure 3.6:  Ydj1 Regulates Mitotic Progression Independently of Swe1 

Cells were synchronized in G1 using α-factor, then released from the arrest 
and grown at 30ºC in YPD.  Protein samples were run in 10% acrylamide gels 
and probed using monoclonal anti-HA antibody or anti-Clb2 antibody.  Peak 
Clb2 levels denote when most cells are in metaphase. 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Figure 3.7:  Loss of Ydj1 Causes a Mitotic Delay with Abnormally Low 
Swe1 Activity   

Cells were synchronized in G1 using α-factor, then released from the arrest 
and grown at 30ºC in YPD.  Protein samples were run in 10% acrylamide gels 
and probed using anti-Cdk1 pY19 antibody.  Samples are from the same 
experiment shown in Figure 3.1. 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Figure 3.8: Working model - PP2ARts1 regulates Cln3 protein 
accumulation through regulation of Ace2 and Ydj1. 

The data suggest that Cln3/Cdk could be in a feedback loop whereby Cln3 
inhibits its own repressor Ace2, thereby activating its own transcription.  Ydj1 
could be inhibiting this feedback loop, such that in ydj1∆ cells, CLN3 
transcription is high.  PP2ARts1 could also be inhibiting Ydj1’s role in 
controlling this feedback loop.   
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METHODS 

Yeast strains and culture conditions 

 Yeast strains are all in the W303 background (his3-11, 15 leu2-3,112 

ura3-1 trp1-1 ade2-1 can1-100 GAL+ bar1).  Strain genotypes used in this 

chapter are listed in Table XX.  Gene deletions and epitope tags were 

constructed using a one-step PCR-based approach.  Rich nutrient media was 

YPD (1% yeast extract, 2% peptone, 2% dextrose, supplemented with 40mg/

L adenine).  Poor nutrient media was YPg/e (1% yeast extract, 2% peptone, 

2% ethanol, 2% glycerol, supplemented with 40mg/L adenine).   

Cell cycle time courses 

 Cells were grown overnight in YPD at room temperature (~21ºC) to 

mid-log phase OD600 0.4-0.7.  Cells were diluted or concentrated to an OD600 

of 0.5 before addition of 0.5mg/mL of α-factor for 3-4hrs for synchronization in 

G1.  Cultures were released from the arrest by first pelleting cells in 50mL 

conical tubes spun at 4.4k rpm for 1min.  Media containing alpha factor was 

dumped out and fresh YPD prewarmed to the indicated temperature was 

added to the cell pellet at which time the timer was started for the release 

from arrest.  Cells were washed 3X with prewarmed YPD, then resuspended 

in fresh YPD and placed into a shaking water bath at the indicated 

temperature.  To ensure that cells exiting mitosis did not enter another cell 
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cycle, 0.5mg/mL α-factor was added to each culture one hour after release 

from the G1 arrest. 

Log phase nutrient shifts 

 Cells were grown at room temperature overnight in YPD, taking 

particular care that the cell density OD600 was between 0.3-0.7.  An overnight 

cell density above 0.7 or below 0.3 led to inconsistent results.  A 1L sidearm 

flask with a filter attachment was used to rapidly wash the cells out of rich 

nutrients into poor nutrients.  The filter apparatus utilized a 0.3µM 

nitrocellulose filter.  The filter was pre-soaked with prewarmed YPge media at 

the indicated temperature.  The media was pulled through the filter using the 

house vacuum and 20mL of cell culture at OD600 0.6 was pipetted onto the 

membrane.  The rich media was pulled through the filter, followed by 3X rapid 

washes with 20mL of prewarmed YPge.  The fourth aloquat of YPge was 

used to resuspend the cells from the filter by pipetting, upon which the cell 

culture was placed in a shaking water bath.  Importantly, since the 

concentration of cells retrieved from the filter apparatus was not predictable, 

the concentration of the culture after resuspension was taken and used to 

inform the concentration at which to take the overnight YPD pre-shift sample 

“0 min”.  To compare strains in this experiment, the OD600 of each strain’s time 
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course was used to calculate the amount of 1X sample buffer in which the 

samples were prepared to have equal protein concentrations. 

Western blotting 

 All samples collected for western blotting were collected as follows:  

1.6mL of culture was centrifuged for 15s at 13,200 rpm.  The supernatant was 

aspirated followed by addition of 250µL of acid-washed glass beads and 

freezing on liquid nitrogen.  Cells were lysed by bead beating for 2min in 

140µL of 1X sample buffer (65mM Tris-HCl pH 6.8, 3% SDS, 10% glycerol, 

50mM NaF, 100mM β-glycerophosphate, 5% β-mercaptoethanol, 

bromophenol blue).  The protease inhibitor phenyl methyl sulfonyl fluoride 

(PMSF) was added to the 1X sample buffer aliquot immediately before bead 

beating to a final concentration of 2mM.  Samples were briefly pelleted 

following bead beating by spinning in a microcentrifuge for ~5-7s set to 

13,200rpm, then boiled at 95ºC for 5min and pelleted by centrifugation for 

5min at 13,200rpm.   

 Samples were loaded onto an SDS polyacrylamide gel and ran at a 

constant 20mA with a maximum voltage of 165V per gel.  SDS-PAGE gels 

were poured in house to a final concentration of 10% acrylamide.  A BioRad 

Trans-Blot Turbo system was used for transferring proteins to nitrocellulose 

membranes.  Blots were probed overnight at 4ºC with primary antibodies.  
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Clb2 antibody was affinity-purified from rabbit, while Cln3-6XHA and 

Cln2-3XHA were probed with monoclonal anti-HA antibody from 12CA5 cells.  

Donkey secondary antibodies conjugated to HRP (GE Healthcare) were used 

to eventually image the membrane using ECL chemiluminescent substrate 

(Advansta) on a BioRad Chemidoc.  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CHAPTER 4:  MISCELLANEOUS EXPERIMENTS 

RESULTS 

Ace2 Degradation in Early G1 causes a modest increase in Cln3 protein 

 The early G1 cyclin Cln3 accumulates gradually with growth, but the 

mechanisms for controlling this accumulation are unknown.  Ace2 is a 

transcriptional repressor of CLN3, and therefore could be involved in 

regulation of Cln3 through early and mid-G1 (Laabs et al. 2003).  To test if 

Ace2 is required for gradual accumulation of Cln3 during G1, we generated a 

auxin-inducible degron allele of Ace2 (Ace2-AID), which is degraded upon 

addition of auxin.  We also deleted Yox1, the one other known CLN3 

transcriptional repressor (Pramila et al. 2002; Bastajian et al. 2013).  Cells 

were grown to mid-log phase before small, unbudded daughter cells were 

collected by centrifugal elutriation.  Upon addition of auxin, Ace2-AID was 

mostly degraded by 40min after release into rich media (Figure 4.1A).  

Western blot analysis of Cln3 found that Ace2-AID degradation led to a 

modest increase in Cln3 protein overall, but Cln3 protein accumulated 

gradually with growth.  These results suggest that while inhibition of Ace2 

leads to more Cln3 protein, the gradual accumulation of Cln3 during early and 

mid-G1 does not require Ace2 or Yox1. 

Cbk1 is phosphorylated in a cell cycle-dependent manner 
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 Cbk1 is a kinase segregated to the future daughter cell during late 

mitosis (Colman-Lerner et al. 2001; Weiss et al. 2002; Mazanka et al. 2008).  

Cbk1 is known to phosphorylate Ace2 specifically in the daughter bud to 

inhibit nuclear export.  Thus, Ace2 is inherited to the small, unbudded 

daughter cell where it could delay cell cycle entry until sufficient growth has 

occurred.  Ace2 phosphorylation inhibits the protein, allowing transcription to 

occur, namely of CLN3.  We asked whether we could detect electrophoretic 

mobility shifts of Cbk1 to discern its regulation throughout the cell cycle.  Cells 

were synchronized in G1 using mating pheromone, then allowed to progress 

through the cell cycle.  Western blot analysis shows that Cbk1 becomes 

slowly dephosphorylated as cells exit the arrest and progress through G1.  

Cbk1 becomes hyperphosphorylated in late G1 near cell cycle entry, then 

dephosphorylated as cells exit mitosis (Figure 4.2).  The gradual 

dephosphorylation of Cbk1 in prior to cell cycle entry suggests a G1 role for 

Cbk1 in cell cycle progression. 

Inhibition of Cbk1 during G1 slows cell growth and cell cycle entry 

 Cbk1 is known to phosphorylate Ace2 in late mitosis to prevent its 

nuclear export (Mazanka et al. 2008).  To determine if Cbk1 has a role in 

regulating Ace2 and thus Cln3 during early and mid-G1, we collected cells in 

early G1 via centrifugal elutriation that contained the allele Cbk1-as, which is 
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sensitive to the ATP analog 1-NA-PP1.  Upon addition of 1-NA-PP1 to inhibit 

Cbk1-as kinase activity, cells were followed as they progressed through G1.  

Within 5 minutes, Ace2 became dephosphorylated (Figure 4.3B).  

Comparison of specific time points suggests that in mid-G1, Cbk1-as 

inhibition resulted in hyperphosphorylated Ace2 (Figure 4.3C).  Cln3 protein 

accumulation was delayed in Cbk1-as cells with inhibitor, and the peak Cln3 

levels were lower than the control (Figure 4.3A).  Cln3 accumulation still 

occurred gradually with cell growth without Cbk1 kinase activity. Inhibition of 

Cbk1-as resulted in less cell growth (Figure 4.3A).  Ace2 becomes gradually 

dephosphorylated with cell growth in G1, so the hyperphosphorylation of Ace2 

in the 1-NA-PP1 samples could be explained by a delay in cell growth.  

Together, these results suggest Cbk1 does not phosphorylate and inhibit 

Ace2, but may contribute to cell growth in G1.   

Elm1 does not regulate Cln3 during the cell cycle 

 The key to understanding cell size control in G1 is to find the regulators 

of Cln3.  A previous genetic screen aimed to identify proteins required for 

Cln3 function (Cvrcková and Nasmyth 1993).  The authors searched for gene 

deletions that were synthetically lethal in a cln1∆ cln2∆ genetic background.  

Cells with all three G1 cyclins deleted (cln1∆ cln2∆ cln3∆) are inviable, 

therefore deletion of genes required for function of the sole G1 cyclin would 
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be synthetically lethal.  The kinase Elm1, known to affect mitotic entry through 

regulators of Swe1, was found to be synthetically lethal in a cln1∆ cln2∆ 

background (termed “Cla” mutants for Cln Activity Dependent).   

 We asked whether Elm1 could be a regulator of Cln3 during the cell 

cycle.  We synchronized cells in G1 using mating pheromone, then released 

them from the arrest and followed them through the cell cycle by western 

blotting.  To inhibit Elm1 kinase activity, we utilized an analog sensitive allele 

(Elm1-as) that is specifically inhibited by the ATP analog 1-NM-PP1.  Inhibitor 

was added ~7min after release from the G1 arrest.  Cln3 protein levels were 

not affected by Elm1-as inhibition in either G1 or mitosis (Figure 4.4A).  

Inactivation of Elm1 results in a delay to mitotic entry and progression, which 

could skew the levels of Cln3 protein in mitosis.  To control for this, we also 

compared the Elm1-as strain to a similar strain where Swe1 was deleted.  

The Elm1-as swe1∆ cells progressed through mitosis earlier (Figure 4.4B) 

and Cln3 protein levels were similar to wild type and the Elm1-as strains 

(Figure 4.4A).  These results suggest that Elm1 does not regulate Cln3 

protein levels in G1 or mitosis.   

Degradation of Gin4 during early G1 does not have an effect on 

isotropic growth or Cln3 accumulation 
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 Previous work has found that during S/G2, membrane addition during 

polar bud growth generates a proportional signal to the Pkc1 and Gin4 

kinases (Anastasia et al. 2013; Jasani et al. 2020).  Early genetic evidence 

suggests that Gin4 may have a role in G1.  A screen was performed to 

identify key regulators of cell cycle entry by searching for genes that are 

synthetically lethal in cln1∆ cln2∆ cells.  Cells lacking both of these late G1 

cyclins depend upon the early G1 cyclin Cln3 for survival. Genes that are 

synthetically lethal with cln1∆ cln2∆ are either required for the function of Cln3 

or are involved in another pathway to initate cell cycle entry.  Gin4 was 

identified in this screen and thus may be involved in regulation of Cln3 and, 

because of its role in polar bud growth, may also be a readout of growth in 

G1. 

 We hypothesized that the Gin4 kinase has a role in becoming activated 

proportionally to growth and translating that signal to production of Cln3 

protein in G1.  To test this hypothesis, we utilized an auxin-inducible degron 

allele of Gin4 (Gin4-AID) and isolated cells in early G1 by centrifugal 

elutriation. Early G1 GIN4-AID cells were released into rich media and 1mM 

auxin was added to one culture 30 minutes after release.  We performed 

western blots for Cln3-6xHA and Gin4-V5-AID and measured median cell size 

every 15 minutes.   

 Degradation of Gin4-AID did not slow growth and did not change in the 

onset of bud emergence compared to the control culture (Figure 4.5 A,B).  
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Gin4-AID protein was produced slightly before bud emergence (Figure 4.5C).  

We also see that degradation of Gin4-AID in early G1 doesn’t have an effect 

on Cln3 accumulation or overall levels (Figure 4.5C).   

 Addition of auxin caused reduced levels of Gin4 production just before 

budding, but Gin4-AID protein was still detectable around bud emergence.  

We quantified the western blot signal to determine the percentage of protein 

in the auxin samples compared to the control.  We found that auxin degraded 

~85% of Gin4-AID protein from 120min through 180min time points, after 

which the relative amount of Gin4-AID increased to 35-40% of the total 

amount compared to the control.   

 One limitation of the auxin-inducible degron system is the rate at which 

proteins can be degraded after addition of auxin.  If the protein is synthesized 

at a rate faster than the rate of degradation, the complete degradation of the 

AID-tagged protein of interest will never be complete.  This incomplete protein 

degradation may prevent us from determining if Gin4 plays a key role in 

sensing membrane growth and producing a proportional signal that is 

conveyed to key regulators of cell cycle entry such as Cln3.  
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Figure 4.1: Ace2 Degradation in Early G1 causes a modest increase in 
Cln3 protein 

Early G1 ACE2-AID yox1∆ cells were isolated by centrifugal elutriation then 
released into YPD and grown at 25ºC.  Ace2-AID was detected via western 
blotting using anti-Ace2 antibody.  Cln3-6xHA was detected via western 
blotting using monoclonal anti-HA antibody. 
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Figure 4.2:  Cbk1 is phosphorylated in a cell cycle-dependent manner 

Cbk1-3xHA cells were synchronized in G1 via α-factor then released and 
followed through the cell cycle.  Monoclonal anti-HA antibody was used to 
detect Cbk1-3xHA protein and anti-Clb2 antibody to detect Clb2 via western 
blot.  Peak Clb2 protein levels occurs when most cells are in metaphase. 
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Figure 4.3: Inhibition of Cbk1 during G1 slows cell growth and cell cycle 
entry 

Cbk1-as cells were isolated in early G1 by centrifugal elutriation then released 
into YPD -ade at 25ºC.  After 5 minutes, 25µM 1-NA-PP1 inhibitor was added 
to one culture and equivalent volume of 100% DMSO to the control.  
Cln3-6xHA was detected by monoclonal anti-HA antibody and Ace2 by anti-
Ace2 antibody via western blotting. 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Figure 4.4:  Elm1 does not regulate Cln3 during the cell cycle 

Elm1-as cells were synchronized in G1 via α-factor then released from the 
arrest and allowed to progress through the cell cycle.  After α-factor was 
washed out, 10µM 1-NM-PP1 was added to one culture (approximately 7min 
after washes started).  Cln3-6xHA protein was detected using monoclonal 
anti-HA antibody and Clb2 via anti-Clb2 antibody via western blotting.  Peak 
Clb2 levels indicate when most cells are in metaphase. 
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Figure 4.5:  Degradation of Gin4 during early G1 does not have an effect 
on isotropic growth or Cln3 accumulation 

GIN4-AID cells were isolated in early G1 via centrifugal elutriation then 
released into YPD at 25ºC.  After 30 minutes, 1mM auxin was added to one 
culture and the equivalent volume of 100% EtOH was added to the other.  
Cln3-6xHA was detected by monoclonal anti-HA antibody and Gin4-AID by 
anti-V5 antibody via western blotting. 
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METHODS 

Yeast strains and culture conditions 

 Yeast strains are all in the W303 background (his3-11, 15 leu2-3,112 

ura3-1 trp1-1 ade2-1 can1-100 GAL+ bar1).  Table XX contains the strain 

genotypes used in this chapter.  Gene deletions and epitope tags were 

constructed using a one-step PCR-based approach.  Rich nutrient media was 

YPD (1% yeast extract, 2% peptone, 2% dextrose, supplemented with 40mg/

L adenine).  Poor nutrient media was YPg/e (1% yeast extract, 2% peptone, 

2% ethanol, 2% glycerol, supplemented with 40mg/L adenine).   

Centrifugal elutriation 

 Centrifugal elutriation was used to isolate small, newborn daughter 

cells in order to attain a synchronous population of cells in early G1 that 

required the most growth for cell cycle entry.  A ~100mL YPD culture was 

grown for 20-24hrs at room temperature to reach saturation.  Cells from the 

saturated culture were used to inoculate two 1.5L cultures of YPge and then 

grown overnight at 30ºC until reaching OD600 0.4-0.8.  Cells were 

concentrated by centrifugation in a Beckman J26-XP centrifuge with a JLA8.1 

rotor for 4min at 6,000rpm at 4ºC.  Cell pellets were resuspended in a total of 

100mL of YPge, then sonicated at a duty cycle of 0.5 for 60s on ice.  Cells 

were passed through the JE-5.0 elutriator chamber in the J6-MI centrifuge at 
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2,900rpm, continuosly passing cold YPge through the chamber.  Four 200mL 

fractions were collected containing small, unbudded daughter cells.  Cells 

were pelleted in a JA-14 rotor by spinning at 5,000rpm for 5min at 4ºC.  Cell 

pellets were resuspended in the indicated media and placed into a 25ºC 

shaking water bath.  

Western blotting 

 All samples collected for western blotting were collected as follows:  

1.6mL of culture was centrifuged for 15s at 13,200 rpm.  The supernatant was 

aspirated followed by addition of 250µL of acid-washed glass beads and 

freezing on liquid nitrogen.  Cells were lysed by bead beating for 2min in 

140µL of 1X sample buffer (65mM Tris-HCl pH 6.8, 3% SDS, 10% glycerol, 

50mM NaF, 100mM β-glycerophosphate, 5% β-mercaptoethanol, 

bromophenol blue).  The protease inhibitor phenyl methyl sulfonyl fluoride 

(PMSF) was added to the 1X sample buffer aliquot immediately before bead 

beating to a final concentration of 2mM.  Samples were briefly pelleted 

following bead beating by spinning in a microcentrifuge for ~5-7s set to 

13,200rpm, then boiled at 95ºC for 5min and pelleted by centrifugation for 

5min at 13,200rpm.   

 Samples were loaded onto an SDS polyacrylamide gel and ran at a 

constant 20mA with a maximum voltage of 165V per gel.  SDS-PAGE gels 
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were poured in house to a final concentration of 10% acrylamide.  A BioRad 

Trans-Blot Turbo system was used for transferring proteins to nitrocellulose 

membranes.  Blots were probed overnight at 4ºC with primary antibodies.  

Clb2 antibody was affinity-purified from rabbit, while Cln3-6XHA and 

Cln2-3XHA were probed with monoclonal anti-HA antibody from 12CA5 cells.  

Gin4-V5-AID was detected using monoclonal anti-V5 antibody (Pierce E10/

V4RR).  Donkey secondary antibodies conjugated to HRP (GE Healthcare) 

were used to image the membrane using ECL chemiluminescent substrate 

(Advansta) on a BioRad Chemidoc.  Protein quantification was performed on 

BioRad ImageLab v6.0.1 to quantify relative protein abundance. 

Cell size and budding measurements for elutriation time courses 

 Samples were collected alongside western blotting samples for each 

time point.  For bud index measurements, 50µL of culture was fixed with 3.7% 

formaldehyde for at least 30min at room temperature.  Samples were then 

pelleted and resuspended in PBTA (1XPBS, 0.05% Tween-20, 0.1% sodium 

azide).  The percentage of cells with buds were scored by counting at least 

200 cells per time point using a Zeiss phase contrast microscope with a 40X/

0.65 Zeiss objective.   

 For cell size measurements, samples were collected, pelleted, and 

resuspended in PBTA.  Each sample was measured using a Channelizer Z2 
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Coulter Counter, with two measurements averaged per sample.  Briefly, 7µL 

of cells in PBTA were added to 10mL of Isoton II® diluent (Beckman Coulter), 

on average counting between 20,000-40,000 cells per sample.  Some 

elutriation time courses measured samples fixed with formaldehyde before 

coulter counting, which provided mostly similar results. 

Cell growth assay 

 To assay the growth of cells on plates, cells were growth in YPD 

cultures overnight at room temperature to an OD600 0.3-0.7.  Cells were 

concentrated to OD600 0.5 in YPD.  10-fold serial dilutions of each strain were 

made using a sterile 96-well plate and spotted onto YPD plates without 

additional adenine.  Cells were grown at the indicated temperature until 

growth could be seen in each of the wild type dilutions.  The plates were 

imaged using a BioRad Chemidoc. 
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TABLE 1:  STRAINS USED IN THIS STUDY 

Strain Genotype Reference or Source

DK186 MAT a bar1 Altman and Kellogg 1997

DK1304 whi5∆::KANMX CLN2-3xHA::LEU2 Artiles et al. 2009

DK2017 CLN3-6xHA::HIS3 Zapata et al. 2014

DK2019 rts1∆::KANMX CLN3-6xHA::HIS3 Zapata et al. 2014

DK2128 Cbk1-as2 CLN3-6xHA::HIS3
This study / Jessica Zapata 
thesis

DK2145 elm1-as CLN3-6xHA::HIS3 This study

DK2163 CBK1-3xHA::HIS3 This study

DK2181 elm1-as swe1∆::URA2  CLN3-6xHA::HIS3 This study

DK2283 ydj1∆::KANMX CLN2-3xHA::LEU2 This study

DK2435
GIN4-V5-AID::KANMX CLN3-6xHA::HIS3 
pTIR2::HIS3 pTIR4::LEU2

This study

DK2553 ydj1∆::CaURA3 CLN3-6xHA::HIS3 This study

DK2593
swe1∆::KANMX ydj1∆::CaURA3 
CLN3-6xHA::HIS3

This study
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DK2598 swe1∆::KANMX CLN3-6xHA::HIS3 This study

DK2612
ydj1∆::CaURA3 rts1∆::KANMX 
CLN3-6xHA::HIS3

This study

DK2642
ydj1∆::KANMX cln3∆::HIS3 
CLN2-3xHA::LEU2

This study

DK2645 cln3∆::HIS3 CLN2-3xHA::LEU2 This study

DK2681
yd1j∆::CaURA3 whi5∆::KANMX 
CLN2-3xHA::LEU2

This study

DK2907

SEC7-V5-AID::KANMX 
CLN3-6xHA::NATNT2 pTIR2::HIS3 
pTIR4::LEU2

This study

DK2921

ACE2-V5-AID::KANMX yox1∆::HPHNT1 
CLN3-6xHA::NATNT pTIR2::HIS3 
pTIR4::LEU2

This study

DK2936
cdc28-as1(F88G) pho85-as1(F82G) 
CLN3-6xHA::HIS3

This study

DK2961
MAT alpha sch9-as(T492G) 
CLN3-6xHA::NATNT2

This study

DK3000
ypk1-as (L424A) ypk2∆::HIS3 
CLN3-6xHA::NATNT2

This study

DK3092 WHI5-3xHA::HPHNT1 CLN3-6xHA::HIS3 This study

DK3323
KANMX::TEF1-WHI5-3xHA::HPHNT1 
CLN3-6xHA::HIS3

This study

DK3525 ypk1∆::HIS3 CLN3-6xHA::NATNT2 This study
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DK3572
KANMX::TEF1-WHI5-3xHA::HPHNT1 
CLN3-6xHA::HIS3 bck2∆::NATNT2

This study

DK3578
lac1∆::HIS3 lag1∆::KANMX 
CLN3-6xHA::NATNT2

This study

DK3669 
DK3670

URA3::YIpLAC211 (URA3) This study

DK3722 
DK3875 
DK3876

URA3::pRAS1 (WHI5::URA) This study

DK3728 whi5∆::KANMX URA3::YIpLAC211 (URA3) This study

DK3726 
DK3885

whi5∆::KANMX URA3::pRAS1 (WHI5::URA3) This study

DK3743
KANMX::GAL1-WHI5-3xHA::HPHNT1 
CLN3-6xHA::HIS3

This study

ZZ41 CLN2-3xHA::LEU2
Zimmerman and Kellogg 
2001
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