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Abstract 

Control of Cell Growth and Cell Size at Cell Cycle Entry 
 in Budding Yeast 

by 

Amanda Brambila 

 Since the 1970’s scientists have aimed to understand the mechanisms 

that link cell cycle progression to cell growth. This work explores how cell growth and 

cell size are regulated at cell cycle entry. To do so, we revisited the canonical model 

for cell cycle entry, and with the goal of filling key gaps in the field. We used new 

approaches that allowed us to conditionally manipulate protein levels at specific times; 

thus allowing us to obtain a better understanding of their roles at specific cell cycle 

stages.  

 This thesis is divided into three main chapters. Chapter 1 is an overview of the 

field and how the canonical model originated. Chapter 2 summarizes key findings 

that suggest that the canonical model needs to be revised. In Chapter three, I describe 

unpublished experiments that support findings in Chapter two.   
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Chapter 1 

Overview 
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Cell Cycle and Origins of G1 Cyclins 

All living organisms undergo a cycle of division and duplication to pass on 

genetic material from one cell to a new cell. During the process of cell division, cells 

must grow, segregate their chromosomes, and then divide via cytokinesis. For cells to 

divide properly, cell cycle progression, and the events of the cell cycle, must be 

precisely controlled. During the cell cycle there are 3 major transitions. The G1/S 

transition happens in late G1 phase and is where the cell commits to cell cycle entry.  

The G2/M transition initiates mitotic events that lead to chromosome alignment.  

Finally, the metaphase/anaphase transition initiates chromosome segregation.  

 The major transitions in the cell cycle are driven by activation of cyclin-

dependent protein kinases (Cdks).  The activation of Cdks requires binding to cyclins, 

which undergo cyclic synthesis and degradation (Enserink and Kolodner, 2010).  

Cyclins are thought to direct Cdks to specific targets (Hadwiger et al., 1989; Jeffrey et 

al., 1995; Jorgensen and Tyers, 2004).  In budding yeast, a single Cdk, Cdk1, is 

sufficient to drive the cell cycle, and oscillations of cyclin expression and degradation 

by ubiquitin-mediated proteolysis induce oscillation in Cdk1 activity (Morgan, 1995).  

Start is a point at which cells commit to cell division. Cln3, an early G1 cyclin, is a 

crucial activator of Start.  

Cln3 was first identified by Bruce L. A. Carter and Peter E. Sudbery in the 

1980’s by genetic experiments that lead to the discovery of small cells that did not 

respond to alpha-factor arrest.  The original mutant version of Cln3 identified by the 

screen was given the name of whi1-1 (Carter and Sudbery, 1980). Other genetic 
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experiments done by Frederick Cross lead to identification of another allele of CLN3, 

which he named DAF1-1.  Therefore, Cln3 was originally known as WHI1/DAF1 

(Cross, 1988).  Cross further suggested that the daf1-1 allele was a dominant gain of 

function allele and that it primarily regulated G1 phase before Start since daf1-1 

mutants showed a reduced G1 phase and smaller cell size. Conversely, loss of the DAF1 

gene, daf1∆, lead to an increase in cell size (Cross, 1988). Furthermore, Cross 

introduced the idea that Daf1 could activate Cdk1, since DAF1 shared a sequence 

homology with cyclins in mammals. Cross tested the idea by using a Cdk1 temperature 

sensitive allele to see if it rescued the alpha factor sensitivity and cell size defect caused 

by daf1-1 mutant, which it did, suggesting that Cdk1 activation was downstream of 

Daf1 (Cross, 1989, 1988). Lastly, he characterized the dosage of DAF1 and showed 

that daf1∆ is not lethal and leads to an increase in cell size, and that it only takes one 

extra copy of DAF1 to decrease cell size.  These results showed that Cln3 

(WHI1/DAF1) was a dose dependent regulator of cell size and dictated time spent in 

G1 phase. Around the same time, Robert Nash also furthered characterized whi1-1 and 

in communication with Dr. Frederick Cross found that daf1-1 and whi11-1 were both 

alleles of the same gene (Nash et al., 1988). Nash discovered that daf1-1/whi1-1 mutant 

had a frame shift at base 1210 that lead to a STOP codon being expressed removing the 

last 177 amino acids of the gene, which was later found to contain a PEST domain that 

leads to the degradation of proteins (Nash et al., 1988); therefore, the daf1-1/whi1-1 

allele leads to accumulation of abnormally high levels of protein.  The daf1-1/whi1-1 
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alleles were later named the cln3-∆177 allele. Furthermore, Nash identified 100 amino 

acids in Cln3 that were 90% similar to other cyclins, the cyclin box (Nash et al., 1988).  

 Richardson and Reed proposed the name Cln3 to replace the names 

DAF1/WHI1 (Richardson et al., 1989). As previously mentioned, cyclins share 

similarities in their expression pattern and their cyclin box. In fact, late G1 cyclins in 

budding yeast were identified as cyclins predominantly by their shared homology with 

cyclins from marine invertebrates, which were identified first due to their oscillation 

pattern  (Cross, 1989; Hadwiger et al., 1989; Nash et al., 1988; Richardson et al.,1989). 

Hadwiger et al. identified CLN1 and CLN2 in budding yeast by a genetic screen of 

cyclins that rescued effects caused by a temperature sensitive allele of CDK1; however, 

multiple copies of CLN1 and CLN2 did not rescue any effects caused by cdk1∆ 

(Hadwiger et al., 1989). Further characterization of CLN1 and CLN2 lead to the 

identification of their cyclin box of a region of about 100 amino acids in the N-terminal 

end that shares homology with other cyclins across different organisms (Hadwiger et 

al., 1989).  The homology between CLN1 and CLN2 is between 57%. Hadwiger tested 

if cln1∆cln2∆ cells were viable, which they were, and this suggested that either their 

role is not essential, or that there were other genes required for normal progression 

through G1 phase (Hadwiger et al., 1989). Later it was discovered that Cln3 was the 

third essential gene in G1 phase since cln1∆ cln2∆ cln3∆ cells are not viable (Cross, 

1990). Lastly, using the cln2-1 allele, that lacked about 30% of amino acids of Cln2 

protein PEST region, resulted in a small cell size phenotype and a short G1 phase 

(Hadwiger et al., 1989); this showed a disruption in cell cycle progression and cell 
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growth. At the time it was proposed that stabilization of G1 cyclins leads to a disruption 

of the linkage between cell growth and cell cycle progression, since cell size is smaller 

when G1 phase is shorter. 

The Canonical Model for Cell Cycle Entry 

Following the discovery of G1 cyclins, scientists aimed to understand how 

mechanisms that regulate cell growth and cell cycle progression are regulated. Further 

characterization of Cln3 in G1 phase was done in the following decades, which lead to 

a canonical model for cell cycle entry. To understand the origin of this model, we first 

need to look back at how genetic data and biochemical interactions support it. Genetic 

studies by Cross in 1990 aimed to understand the role that all G1 cyclins had at Start, 

focusing specifically on CLN3. cln1∆ cln2∆ cln3∆ cells were inviable (Richardson et 

al., 1989), so Cross generated strains that had cln1∆ cln2∆ cln3∆ as well as a copy of 

CLN3 under the control of the inducible GAL1 promoter to test if GAL1-CLN3 cells 

would proceed through the cell cycle once CLN3 expression was repressed and all 

cyclins were not expressed. This method allows CLN3 expression to be regulated by 

the presence of galactose in the media. GAL1-CLN3 cells lead to about 60-fold more 

mRNA than WT CLN3 gene (Cross, 1990). The results showed that in the absence of 

all G1 cyclins, cells that were past G1 phase finished their round of division and then 

arrested in G1, and that cells that were in G1 phase never committed to cell division 

after 2 hours of being switched to dextrose to repress the GAL1 promoter. However, 

when cln3-∆177 (the c-terminal truncated allele) was overexpressed from the GAL1 
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promoter cells kept dividing until arresting in G1 phase 12 hours after shift to dextrose. 

In the absence of all G1 cyclins, cells arrest in G1 phase and do not pass Start; however, 

expressing at least one G1 cyclin allows cells to continue going through rounds of cell 

division (Cross, 1990). Lastly, GAL1-CLN3 when compared to GAL1-CLN3-1 shows 

that overexpression of stabilized Cln3 leads to cells being able to continue a cycle of 

division when expression is shut off (Cross, 1990); therefore, it could indicate a role of 

Cln3 beyond G1, or that post-translational modifications, which are lost due to the 

deletion of the last 177 amino acids, are crucial for normal regulation of Cln3; 

furthermore, it could be that cln3-1 protein is more stable and persists longer. Further 

characterization of Cln2 and Cln3 protein followed over the next few years. Protein 

stability of Cln2 and Cln3 was characterized by Wittenberg and Tyers, respectively. 

Cln3 protein has a half-life of about 10 minutes, whereas the cln3-∆177, CLN3-1, allele 

has a half-life of about 2 hours (Tyers et al., 1992). 

 Nasmyth and Dirick aimed to identify substrates of G1 cyclins/Cdk1 in G1 

phase but identified regulators of Cln1 and Cln2 transcription. HO gene, a mating type 

switching gene, fluctuates cyclically similar to CLN1 and CLN2 mRNA; therefore, 

regulators of the HO gene could be targets of G1 cyclins/Cdk1 (Nasmyth and Dirick, 

1991). Since the SWI1, -2,-3,-4,-5 and -6 genes were involved in regulating expression 

of the HO gene, Nasmyth and Dirick first tested how CLN1 and CLN2 mRNA levels 

change in swi4∆ and swi6∆ cells. Furthermore, SWI4 and SWI6 were identified as 

substrates of Cdk1, and swi4∆ swi6∆ cells are inviable, suggesting that those two genes 

could have overlapping essential functions at Start (Nasmyth, 1985; Nasmyth and 
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Dirick, 1991; Wittenberg and Reed, 1990). The results showed that swi4∆ and swi6∆ 

single deletions reduced CLN1 and CLN2 mRNA levels, with CLN2 having a more 

significant reduction. Furthermore, in swi6∆ cells that also carry a swi4-29 temperature 

sensitive allele mRNA levels of CLN1 and CLN2 dropped even more than the single 

mutants. Growth and viability were assessed in swi4∆ cln1∆, swi4∆ cln2∆ and swi4∆ 

cln3∆ cells.  The results showed that swi4∆ cln3∆ cells are not capable of dividing and 

proceeding through Start, but CLN3 is enough to allow cells to progress through Start 

in the absence of SWI4 and other late G1 cyclins (Nasmyth and Dirick, 1991). Lastly, 

rescue experiments done by introducing CLN2 expression under the control of the ADH 

promoter in swi4∆ swi6∆ cells showed that SWI4 and SWI6 function to activate 

transcription of late G1 cyclins (Nasmyth and Dirick, 1991). 

Tyers et al. characterized Cln1, Cln2 and Cln3 kinase activity in vitro, which is 

described in the next section.  A model was proposed in which CLN3 is upstream of 

CLN1 and CLN2, and their activity relies on a positive feedback loop (Tyers et al., 

1993). Furthermore, Cln3 shows low kinase activity and therefore it is not responsible 

for activating Start directly, but rather in an indirect manner via Cln1 and Cln2. GAL1-

CLN3 increases levels of SWI4 mRNA; therefore, promoting transcription of CLN1 and 

CLN2 (Tyers et al., 1993). 

 SBF and MBF are transcription factors that regulate the expression of CLN1/2 

and CLB5/6. SBF is a complex formed by Swi4 and Swi6, where Swi4 is the DNA 

binding domain. MBF is also a complex, and is formed by Mbp1 and Swi6, where 

Mbp1 is the DNA binding domain. SBF is critical for cell cycle progression, since 
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swi4∆ leads to an increase in cell size and delayed Start, whereas mbp1∆ does not lead 

to a cell size defect. Studies done in mammalian cells had identified an inhibitor of 

transcription in G1 phase, Rb, that is bound and inhibits the E2F transcription factor 

responsible for the expression of Cyclin E, which drives cell cycle entry in mammalian 

cells. It was also found that Cyclin D-CDK4/6 complex phosphorylates Rb, and 

therefore unbinds from E2F to drive cell cycle entry (Nasmyth and Dirick, 1991.; Tyers 

et al., 1993). 

In 2004, two different groups used the Rb model in mammalian cells as a model 

to identify a similar intermediate between Cln3-CDK1 and SBF/MBF activation in 

yeast  (Costanzo et al., 2004; de Bruin et al., 2004). Both groups identified WHI5 as a 

potential regulator of Start because whi5∆ leads to a decrease in cell size and resistance 

to mating pheromone arrest.  Furthermore, both groups found that Whi5 co-IP’s with 

Swi4 and Swi6 (Costanzo et al., 2004; de Bruin et al., 2004) and both groups 

characterized WHI5 via size epistasis analysis. Costanzo et al. showed that GAL1-

WHI5 caused a large cell size phenotype and a delay in G1 phase, while GAL1-WHI5 

cln3∆ cells lead to arrest in G1 phase. On the other hand, whi5∆ decreased cell size, 

and GAL1-CLN3-1 whi5∆ cells lead to an even smaller cell size, suggesting that Cln3 

could have alternative substrates (Costanzo et al., 2004). de Bruin et al. also showed 

that whi5∆ leads to a decrease in cell size, but in a swi4∆ background cell size is as that 

of a swi4∆, showing that Whi5 is upstream of Swi4 (de Bruin et al., 2004). Both 

research groups compare cell size of whi5∆, cln3∆ and whi5∆ cln3∆ cells. Costanzo et 

al. showed that whi5∆ rescues the cell size phenotype of a cln3∆ to that of wild type, 
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however, de Bruin et al. showed that whi5∆ in a cln3∆ background leads to cells being 

the size of a whi5∆, suggesting that Cln3 regulates Start solely via Whi5 (Costanzo et 

al., 2004; de Bruin et al., 2004). These conflicting results, alongside the reduction in 

cell size in whi5∆ GAL1-CLN3-1 suggests that Cln3 could have targets beyond Whi5, 

and that it could activate Start via Whi5-independent mechanisms. Furthermore, both 

groups performed in vitro assays to test whether Cdk1 was responsible for 

phosphorylating and inactivating Whi5.  Their data showed that Cdk1 was a potential 

kinase that phosphorylated Whi5 (Costanzo et al., 2004; de Bruin et al., 2004). 

Costanzo showed Cln2-Cdk1 phosphorylation of Whi5, and de Bruin showed Whi5 

phosphorylation via Cdk1 from cell extracts that had a cdc34-2 allele, which increases 

levels of both Cln2 and Cln3 protein. Overall, these two papers proposed a model in 

which Whi5 inhibits transcription of CLN1/CLN2 via SBF until it is phosphorylated, 

and hence inactivated, by Cln3-Cdk1. This is the current canonical model in the field.  

Cln3 and Cdk1 Binding 

CDKs share 40% sequence homology amongst organisms, and associate with a 

cyclin to be active. In budding yeast, Cdk1 is responsible for all major transitions in 

the cell cycle and it associates with all nine cyclins, Cln1-3 and Clb1-6. Cyclin binding 

to Cdk causes a conformational change that exposes a T-loop and a Tyr19 residue that 

when phosphorylated leads to inhibition.  

 Through genetic experiments where Cln3 rescued defects in cdk1-ts allele, 

Cln3/Cdk1 binding was thought to occur. Using Cln3-3xHA, CLN3-1-3xHA and Cln3 
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with an internal 3xHA tag at the mutation site of the CLN3-1 allele, no cell size defects 

were seen due to the tag, Tyers et al. characterized Cln3 protein associated kinase 

activity by immunoprecipitation (Tyers et al., 1992). Results showed that CLN3-1 allele 

had kinase activity on histone H1 and co-precipitated with an unknown protein around 

45kDa. GAL1-CLN3-1 increase kinase activity and protein expression (Tyers et al., 

1992). Due to the instability of both mRNA and protein of Cln3, Tyers wanted to test 

if Cdc34, a component of the SCF ubiquitin ligase complex required for Start, was 

required for Cln3 stability and kinase activity. To do this, Tyers immunoprecipitated 

Cln3 and Cln3-1 expressed from the endogenous promoter or from the  GAL1 promoter 

in a cdc34-2 allele. Results showed that Cln3 phosphorylation was increased, protein 

levels were not significantly affected, and kinase activity was significantly increased 

when cdc34-2 was inactive. Overall, this showed that Cln3 protein abundance is 

independent of Cdc34, but that activity of Cln3 could be regulated indirectly by Cdc34 

(Tyers et al., 1992). Furthermore, Cdk1 co-immunoprecipitated with Cln3, but all  

experiments were done in a cdc34-2 background, which increases Cln3 protein kinase 

activity and phosphorylation, which in turn could increase binding of Cln3 with Cdk1 

(Tyers et al., 1992).  Lastly, in all co-IP experiments, Cln3 protein yields higher levels 

in GAL1-CLN3-1 allele than when compared with GAL1-CLN3, and protein levels of 

co-precipitated Cdk1 are hard to detect in GAL1-CLN3 (Tyers et al., 1992).   

 Further characterization of Cln3 protein abundance and activation of Cln1 and 

Cln2 was done (Tyers et al., 1993). Immunoprecipitation experiments of Cln1-3XHA, 

Cln2-3XHA and Cln3-3XHA showed that Cln3 was a very low abundance protein, and 
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harder to purify than Cln1 and Cln2. Furthermore, Cln3 kinase activity in vitro was 

significantly less than Cln1 and Cln2 and barely above background. Furthermore, when 

cultures were arrested at different stages of the cell cycle, including with nocodazole, 

and immunoprecipitation of Cln3 protein was done, Cln3 was purified in mitosis (Tyers 

et al., 1993). Tyers argues the increase in levels of kinase activity of Cln3 in vitro from 

nocodazole arrest is due to non-specific activity; however, this supports the idea of 

Cln3 being present in other phases of the cell cycle (Zapata et al., 2014). Overall, Tyers 

was not able to explain the reduced in vitro kinase activity seen in Cln3 co-IP, “The 

most obvious remaining explanations are: first, there is some special in vivo substrate 

against which the Cln3 complex has an unusually high activity; or secondly the Cln3 

complex actually has little kinase activity, but is functionally potent because it 

promotes Start in a different way than the Cln1 and Cln2 complexes.” (Tyers et al., 

1993). The work done in this thesis supports the latter, which is explained in Chapter 

2.  
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2.1 Introduction 

The decision to commit to a new round of cell division is amongst the most 

consequential decisions in the life of a cell. Entry into the cell cycle occurs only when 

sufficient growth has occurred, and only when there are sufficient nutrients for 

continued growth during the cell cycle.  In animal cells, cell cycle entry is controlled 

by growth factors that ensure that cell division occurs at an appropriate time and place.  

Defects in the signals that control cell cycle entry are a primary cause of cancer. 

The mechanisms that control cell cycle entry are poorly understood.  Decades 

of work in budding yeast led to a canonical model that has provided a foundation for 

understanding cell cycle entry (Rubin et al., 2020). According to this model, Cln3, a 

cyclin that accumulates in early G1 phase, binds and activates Cdk1 (Morgan, 1995; 

Tyers et al., 1992, 1993). The Cln3/Cdk1 complex directly phosphorylates a 

transcriptional repressor called Whi5.  Phosphorylation of Whi5 causes it to dissociate 

from the SBF transcription factor, thereby initiating transcription of late G1 cyclins, as 

well as many additional genes that drive cell cycle entry (Costanzo et al., 2004; de 

Bruin et al., 2004). Cln3 and Whi5 are thought to play critical roles in a mechanism 

that links cell cycle entry to cell growth. Whi5 mutants lead to premature cell cycle 

entry at a reduced cell size (Costanzo et al., 2004; de Bruin et al., 2004).  Similarly, 

loss of Cln3 causes delayed cell cycle entry and increased cell size, while 

overexpression of Cln3 leads to premature cell cycle entry and reduced cell size  (Cross, 

1988; Jorgensen and Tyers, 2004; Tyers et al., 1993; Wittenberg and Reed, n.d.). Cell 
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cycle entry and cell size are thought to be controlled by similar mechanisms in 

mammalian cells. 

The canonical model for cell cycle entry is widely accepted; however, a number 

of puzzling observations cannot be explained by the model. For example, over-

expression of Cln3 causes a large reduction in the size of whi5∆ cells, which indicates 

that Cln3 has critical targets other than Whi5 (Costanzo et al., 2004). Furthermore, two 

independent studies failed to detect Cln3-dependent phosphorylation of Whi5 and there 

are conflicting reports regarding whether Cln3 can bind and activate Cdk1 (Dirick et 

al., 1995; Morgan, 1995; Nasmyth, 1993; Tyers et al., 1992, 1993). One well-controlled 

analysis detected no kinase activity associated with Cln3 (Schneider et al., 2004).  

Another study was unable to detect a Cln3-Cdk1 complex using purified proteins, 

whereas canonical cyclins such as cyclin A and cyclin B bind to Cdk1 so tightly that 

they can be dissociated only under denaturing conditions (Kõivomägi et al., 2021). A 

few studies detected kinase activity associated with Cln3 but did not test whether the 

kinase activity could be attributed to Cdk1 (Tyers et al., 1992, 1993). Overall, the extent 

to which Cln3 can bind and activate Cdk1 remains unclear, and it is therefore possible 

that Cln3 can carry out kinase-independent functions, similar to mammalian cyclin F 

(Bai et al., 1994).  The canonical model has also failed to provide a mechanistic 

explanation for the phenomenon of nutrient modulation of cell size, in which cells 

growing slowly in poor nutrients enter the cell cycle at a smaller size (Leitao and 

Kellogg, 2017). A further concern is that there are two peaks of Cln3 protein during 

the cell cycle – one in G1 phase and a second in mitosis (Landry et al., 2012; Zapata et 
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al., 2014). The functions of Cln3 during mitosis are unknown, and since most growth 

of a yeast cell occurs during bud growth in mitosis, it is possible that mitotic functions 

of Cln3 that influence the extent of bud growth play a major role in Cln3’s ability to 

influence cell size.  The canonical model has supported the idea that there are conserved 

mechanisms of cell cycle entry in yeast and mammals, and Whi5 is often compared to 

Rb, a mammalian transcriptional repressor that also inhibits cell cycle entry (Rubin et 

al., 2020; Wagner et al., 2009, p. 5). However, Whi5 and Rb share no homology and 

any apparent similarities in their function and regulation may be coincidental.   

Here, we tested key aspects of the canonical model for cell cycle entry in yeast, 

while also searching for Whi5-independent functions of Cln3.  The results suggest that 

the functions of Cln3 and Whi5 needs to be re-evaluated.  
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2.2 Results 

Cln3 can influence production of Cln2 via Whi5-independent 

mechanisms 

  We first investigated the mechanism by which overexpression of Cln3 

makes whi5∆ cells smaller (Costanzo et al., 2004). One possibility is that Cln3 

promotes production of late G1 cyclins via mechanisms that are independent of Whi5 

inhibition.  To test this, we determined whether Cln3 overexpression or cln3∆ influence 

production of Cln2 protein in whi5∆ cells.  To test Cln3 overexpression, we utilized the 

cln3-∆177 allele, which lacks N-terminal PEST sequences that target it for rapid 

turnover via ubiquitin-dependent proteolysis.  Previous work has shown that cln3-∆177 

results in a 10-fold increase in protein levels, as well as a large decrease in cell size 

(Tyers et al., 1992).  We utilized a 3XHA-tagged version of Cln2 to assay production 

of Cln2 protein.  We synchronized wild type, whi5∆, whi5∆ cln3-∆177 and whi5∆ 

cln3∆ cells in G1 phase using mating pheromone and assayed production of Cln2-

3XHA during the cell cycle at 10 minute intervals (Figure 2.1A,B).   

Loss of WHI5 accelerated production of Cln2 protein by approximately 10 

minutes but did not eliminate strongly periodic expression of Cln2 protein. A previous 

study found the same result for Cln2 mRNA (Costanzo et al., 2004). If Whi5 was the 

sole mechanism that prevents expression of SBF targets in early G1 phase, one would 

expect to see a general de-repression of Cln2 expression throughout early G1 phase. 

This observation therefore indicates the existence of important Whi5-independent 



 

17 

mechanisms that prevent expression of Cln2 in early G1 phase. We further discovered 

that overexpression of Cln3 accelerated production of Cln2 in whi5∆ cells, while loss-

of-function of Cln3 delayed production of Cln2.  As a further means of testing the 

effects of Cln3 overexpression, we utilized cells that express an extra copy of wild type 

CLN3 from the inducible GAL1 promoter, which allowed us to test the immediate 

effects of increased Cln3 levels in otherwise normal cells.  Wild type and GAL1-CLN3 

cells were arrested in G1 phase in media containing 2% glycerol and 2% ethanol to 

repress transcription of GAL1-CLN3.  To induce expression of GAL1-CLN3, 2% 

galactose was added to the media 30 minutes before release from the G1 arrest and the 

cells were released into media containing 2% galactose. We again found that 

overexpression of Cln3 accelerated production of Cln2 in whi5∆ cells and appeared to 

increase the amount of Cln2 protein (Figure 2.1C, 1D).   

Together, these results show that Whi5-independent mechanisms play a major 

role in prevention of Cln2 expression in early G1 phase, and that Cln3 likely regulates 

these Whi5-independent mechanisms. 
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Figure 2.1: Production of Cln2 protein is accelerated by Cln3 in the absence of 
Whi5. 
(A) Cells were grown in YPD overnight and synchronized in G1 phase using mating 
pheromone. Cells were released from the arrest and samples were collected every 10 
minutes to assay for Cln2 protein levels by western blotting. cln3-∆177 accelerates 
production of Cln2 protein in whi5∆ background, Nap1 protein was used as the 
loading control.  (B) Quantifications for western blots in panel A and B, error bars 
represent standard error of the mean for n=3. (C) Cells were grown in YPGE 
overnight and synchronized in G1 phase using mating pheromone. 2% galactose was 
added to cultures between around 45 minutes prior to release from G1 arrest. Samples 
were collected every 10 minutes to assay for Cln2 protein levels by western blotting. 
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(D) Quantifications for western blots in panel D, error bars represent the standard 
error of the mean for n=3.  

Cln3 can influence levels of Cln2 independently of SBF-dependent transcription 

Cln3 could control transcription of Cln2 via mechanisms that are independent of 

Whi5, but dependent upon SBF.  For example, in addition to inactivating Whi5, Cln3 

could directly activate SBF or other components of the transcriptional machinery at 

Cln2 promoters. Alternatively, Cln3 could influence production of Cln2 protein via 

post-transcriptional mechanisms. To distinguish these possibilities, we created a strain 

in which transcription of 3XHA-CLN2 is controlled by the MET25 promoter, thereby 

eliminating all the normal control of Cln2 transcription. Cln2 protein expressed from 

the MET25 promoter showed cell cycle periodicity, which provided further evidence 

that post-transcriptional mechanisms play a major role in the mechanisms that drive 

periodic expression of Cln2 protein (Figure 2.2A).  Previous studies have shown that 

Cln3 expressed from the very strong GAL1 promoter can rescue the inviability of cln1∆ 

cln2∆ cln3∆ cells, which provides further evidence that post-transcriptional 

mechanisms play a major role in regulating functions of the Cln cyclins (Dirick et al., 

1995; Hendler et al., 2018; Koch et al., 1996).  cln3-∆177 advanced expression of Cln2 

protein in MET25-3XHA-CLN2 cells and also caused higher levels of expression of 

Cln2 across the entire time course (Figures 2.2A,B).  Conversely, cln3∆ caused 

delayed and reduced expression of Cln2 protein. These results show that Cln3 can 

influence levels of Cln2 protein via post-transcriptional mechanisms.   
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Figure 2.2: Cln2 expressed from the MET25 promoter responds to Cln3 levels 

(A, B) Cells were grown in YPD overnight and synchronized in G1 phase using 
mating pheromone. Cells were released from the arrest and time points were collected 
every 10 minutes. Cln2 protein levels were assayed using western blotting. Nap1 
protein was used as the loading control. (C) Cln2 protein levels were quantified, error 
bars represent the standard error of the mean for n=3. 
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Cln3 can influence cell size via mechanisms that are independent of 

transcriptional control of the late G1 cyclins 

Cln3 has been thought to influence cell size by regulating transcription of the late 

G1 cyclins (Ferrezuelo et al., 2010; Wijnen et al., 2002). To further test this, we tested 

the effects of overexpressing Cln3 in a strain in which normal transcriptional control 

of the late G1 cyclins has been eliminated.  To do this, we created a strain in which the 

CLN1 gene was deleted and CLN2 was controlled by the MET25 promoter (MET25-

3XHA-CLN2 cln1∆).   We then integrated a version of the CLN3 gene under the control 

of the GAL1 promoter. On 2% dextrose, the MET25-3XHA-CLN2 cln1∆ GAL1-CLN3 

cells were larger than wild type, as expected for cells with decreased function of the 

late G1 cyclins (Figure 3.3A).  When grown in 2% galactose, overexpression of CLN3 

drove a large decrease in the size of MET25-3XHA-CLN2 cln1∆ cells (Figure 3.3B).  

Thus, Cln3 can influence cell size via mechanisms that are completely independent of 

the normal transcriptional control of late G1 cyclins.   
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Figure 2.3: Cln3 influences cell size independently of Cln1 and Cln2 
(A, B) Cells were grown in YPD overnight or YPGal to an OD600 between 0.4 - 0.6. 
Cells were fixed by addition of formaldehyde to the culture medium and incubated at 
room temperature for 30 minutes.  Cells were then pelleted and resuspended in the 
same volume with PBS containing 0.02% sodium azide and 0.1% Tween-20. Cell 
size was measured using a Coulter counter (Channelizer Z2; Beckman Coulter). Data 
shown represents the average of 3 biological replicates, where each is the average of 
3 technical replicates. MET25-3XHA-CLN2 cln1∆ cells (green) and MET25-3XHA-
CLN2 cln1∆ GAL1-CLN3 (pink). 
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Cln3 carries out functions in mitosis that influence cell size  

Cln3 has been thought to exert all its effects in G1 phase.  However, there is a 

second peak of Cln3 protein in mitosis (Landry et al., 2012; Zapata et al., 2014).  Since 

most growth of yeast cells occurs during mitosis, a mitotic function of Cln3 could make 

a major contribution to the effects of Cln3 on cell size (Leitao and Kellogg, 2017).  To 

investigate further, we used microscopy to analyze how loss-of-function or 

overexpression of Cln3 influences the duration and extent of bud growth in mitosis.  

Since effects of Cln3 on cell size in G1 phase could influence growth in mitosis, we 

used conditional alleles to inactivate or overexpress Cln3 after cells passed through G1 

phase.  Conditional overexpression of Cln3 was achieved by expression of CLN3 from 

the inducible GAL1 promoter.  Conditional inactivation of Cln3 was achieved with an 

auxin inducible degron version of CLN3 (cln3-AID).  The cln3-AID allele caused a 

modest increase in cell size in the absence of auxin, which indicated that the AID tag 

caused decreased function of Cln3.  Prolonged growth of cln3-AID cells in the presence 

of auxin caused a larger increase in cell size, although the increase was not as large as 

the increase caused by cln3∆, which indicated that the cln3-AID allele caused a partial 

loss of function of Cln3 (Figure 2.4 – Figure Supplement 1).   

GAL1-CLN3 cells were arrested in G1 phase in media containing glycerol and 

ethanol to repress the GAL1 promoter.  Cells were released from the arrest and 

galactose was added to induce expression of CLN3 at 60 minutes after release from G1 

arrest, a few minutes before bud emergence to allow for expression of the GAL1 

promoter at the beginning of mitosis.  To analyze loss of function, cln3-AID cells were 
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released from a G1 arrest and auxin was added at 50 minutes after release from G1 

arrest when 15% of the cells had undergone bud emergence, which indicated that cells 

had completed G1 phase.   

The durations of metaphase and anaphase were analyzed in single cells using a 

fluorescently tagged spindle pole protein, as previously described.  The spindle poles 

in wild type control cells were tagged with mCherry, while the spindle poles in cln3-

AID and GAL1-CLN3 were tagged with GFP, which allowed analysis of control and 

experimental cells simultaneously under identical conditions.  Cell growth was 

analyzed by measuring the size of the daughter bud as a function of time.    

 Overexpression of Cln3 caused a decrease in metaphase duration as well as a 

decrease in the size at which daughter buds complete metaphase (Figures 2.4 A,B). 

Conversely, loss of function of Cln3 caused an increase in the duration of metaphase 

and an increase in daughter bud size at the end of metaphase (Figures 2.4 C,D).   The 

duration and extent of growth in anaphase was not affected by loss-of-function of Cln3.  

Cln3 overexpression or loss of function also had no effect on growth rate (not shown).  

 Together, these data show that Cln3 can influence the duration and extent of 

growth in mitosis.  The mitotic functions of Cln3 could play a dominant role in the 

effects of Cln3 on cell size.   
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 Figure 2.4: Conditional regulation of Cln3 in mitosis  
Spindle poles of control cells and GAL1-CLN3 cells were differentially fluorescently-
tagged, SPC42-mRuby2 and SPC42-GFP respectively. Cells were grown in CSM + 
2% Glycerol/Ethanol overnight, then arrested in G1 phase using alpha factor and then 
mixed before releasing from the arrest. Cells were released in CSM + 2% G/E and 2% 
galactose was at 60 minutes after release. Spindle poles of control cells and cln3-AID 
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cells were differentially fluorescently tagged, SPC42-mRuby2 and SPC42-GFP 
respectively. Cells were grown in full CSM over, then arrested in G1 phase using 
alpha factor and then mixed before releasing from the arrest. Auxin was added at 0.5 
mM 50 minutes after release.  Cells were imaged using confocal microscope at 3-
minute intervals at a constant temperature of 27oC. (A) graphs comparing time spent 
at different stages of mitosis in GAL1-CLN3 cells (B) graphs comparing bud volume 
at the end of metaphase and end of mitosis in GAL1-CLN3. (C) graphs comparing 
time spent at different stages of mitosis in cln3-AID cells. (D)  graphs comparing bud 
volume at the end of metaphase and end of mitosis in cln3-AID cells. Errors bars 
indicate the mean with the standard error of the mean for n=29 (wild type, 
GAL1CLN3) in panel A and B, and n=49 (wild type) and n=45 (cln3-AID) in panel C 
and D.  
 

An unbiased search for targets of Cln3-dependent regulation 

The preceding experiments show that Cln3 has targets other than Whi5 that play 

important roles in cell size control.  To carry out an unbiased search for these targets, 

we used proteome-wide mass spectrometry to identify proteins that show changes in 

phosphorylation or abundance in response to overexpression or loss of Cln3.  Wild 

type, cln3∆ and cln3-∆177 cells were grown to log phase and quantitative mass 

spectrometry was used to compare protein abundance and phosphorylation across the 

proteome.  Since Cln3 is thought to bind and activate Cdk1, we first examined the data 

for changes in phosphorylation.  Changes in phosphorylation were shown as log2 ratios 

of each strain over wild type.  Thus, a negative log2 ratio corresponds to a loss of 

phosphorylation in a mutant background, whereas a positive log2 ratio shows a gain of 

phosphorylation.  We used a log2 ratio of ±1, corresponding to a 2-fold change in 

phosphorylation, as an arbitrary cutoff for identification of substantial changes in 

phosphorylation. 
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Proteins that are targets of Cln3/Cdk1 activity should show decreased 

phosphorylation at minimal Cdk1 consensus sites (S/TP) in cln3∆ cells and increased 

phosphorylation in cln3-∆177 cells. Table 1 shows peptides that underwent a 

substantial loss of phosphorylation in cln3∆ cells, while Table 2 shows peptides that 

underwent a gain of phosphorylation in cln3-∆177 cells.  The data showed little 

evidence of Cdk1-dependent phosphorylation. For example, there was no 

correspondence between the proteins that showed a substantial loss of phosphorylation 

in cln3∆ cells and the proteins that showed a substantial gain of phosphorylation in 

cln3-∆177 cells (compare Tables 1 and 2).  To investigate further, we searched for 

sites that correspond to the minimal Cdk1 consensus sequence (S/TP) and show a loss 

of phosphorylation in cln3∆ and a gain of phosphorylation in cln3-∆177.  Of the 54 

peptides that showed a substantial loss of phosphorylation in cln3∆ cells, only 10 

included a minimal Cdk1 consensus site (highlighted in green in Table 1).  Of these, 

only 5 showed a gain of phosphorylation in cln3-∆177 cells, and in each case the gain 

was below the threshold log2 ratio of -1 (log2 ratios of 0.499 to 0.667, see Table 1).  

Similarly, of the 82 peptides that showed a substantial gain of phosphorylation in cln3-

∆177 cells, only 16 included a minimal Cdk1 consensus site (highlighted in green in 

Table 2).  Of these, only 7 showed loss of phosphorylation in cln3∆ cells, and again in 

each case the loss of phosphorylation was below the threshold log2 ratio of 1 (log2 

ratios of -0.040 to -0.947, see Table 2).   To summarize, the data identified no minimal 

Cdk1 consensus sites that showed both a substantial increase in phosphorylation in 

cln3-∆177 cells and a substantial loss of phosphorylation cln3∆ cells.  Furthermore, the 
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peptides that showed loss of phosphorylation at a minimal Cdk1 consensus sites in 

cln3∆ cells and gain of phosphorylation in cln3-∆177 cells (highlighted in green in 

Tables 1 and 2) identified only 11 proteins: Rox1, Fin1, Tos4, YDR348C, Rpl12b, 

Ash1, Snf1, Nop10, Dsl1, and Caf120.  None of these have been shown to play roles 

in the canonical functions of Cln3, and none are known to have strong direct 

connections to control of cell size or cell cycle progression.  Whi5 was not identified 

by the analysis, consistent with previous studies that found no evidence for Cln3-

dependent phosphorylation of Whi5.  An additional concern is that the magnitude of 

the changes in phosphorylation indicated by the log2 ratios were lower than one might 

expect for a protein kinase complex.  Only 2 peptides showed changes in log2 ratios of 

greater than 2, and no peptides showed changes greater than 3.   
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Table 1: Top proteins that show changes in phosphorylation in cln3∆ cells 
Table shows top proteins that undergo changes in phosphorylation in cln3∆ cells. 
Cdk1 consensus sites (S/TP) are highlighted in red. Top five proteins that show a gain 
in phosphorylation in cln3-∆177 cells. 
 
 
 
 
 
 
 
 

Table shows top proteins that undergo changes in phosphorylation in cln3∆ cells. Cdk1 consensus sites (S/TP)
are highlighted in green. Only five proteins had Cdk1 consensus sites, which was not substantial change.
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Table 2: Top proteins that show changes in phosphorylation in cln3-∆177 cells 
Table shows top proteins that undergo changes in phosphorylation in cln3-∆177 cells. 
Cdk1 consensus sites (S/TP) are highlighted in red. Only 10 proteins had Cdk1 
consensus sites that show a decrease in phosphorylation in cln3∆ cells.  

Table shows top proteins that undergo changes in phosphorylation in cln3-∆177 cells. Cdk1 consensus sites (S/TP)
are highlighted in red.
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Cln3 does not show typical binding to Cdk1 

The mass spectrometry data did not provide strong support for the idea that 

Cln3 functions primarily by binding and activating Cdk1.  A further concern is that 

there are conflicting reports regarding whether Cln3 can bind and activate Cdk1.  One 

well-controlled study found no kinase activity associated with Cln3, whereas another 

found weak kinase activity but did not test whether it was due to Cdk1.  Other studies 

found that Cdk1 co-precipitates with Cln3 but did not test for Cdk1-dependent kinase 

activity, and most did not compare the ability of Cln3 to bind to Cdk1 to other cyclins 

(Schneider et al., 2004; Tyers et al., 1993, 1992).  One recent study found that it was 

not possible to purify a Cln3/Cdk1 complex and therefore created a Cln3-Cdk1 fusion 

protein to study Cdk1 activity associated with Cln3 (Kõivomägi et al., 2021).  No study 

has successfully used a reconstitution approach to show that purified Cln3 can bind and 

activate purified Cdk1.   

To investigate further, we immunoprecipitated Cln3 and Clb2 and tested for co-

precipitation of Cdk1.  Since Cln3 is a very low abundance protein, we expressed Cln3-

3XHA from the strong GAL1 promoter, while Clb2-3XHA was expressed from its own 

promoter.  We failed to detect any Cdk1 associated with Cln3, whereas Cdk1 robustly 

co-precipitated with Clb2 (Figure 5A).   

We also used a previously published GST pull-down assay to test whether Cdk1 

associates with Cln3 (Bhaduri et al., 2015).  In this case, we detected a small amount 

of Cdk1 associated with GST-Cln3, consistent with a previous study (Figure 5B).  

However, the amount of Cdk1 associated with Cln3 was 4-fold lower than the amount 
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of Cdk1 that associated with GST-Clb2 in the same assay (Bhaduri et al., 2015).  A 

previous study that utilized C-terminally truncated alleles of Cln3 and Cln2 expressed 

from the GAL1 promoter found that Cln3 binds substantially less Cdk1 than Cln2, 

consistent with our comparison of Cln3 and Clb2 (Tyers et al., 1992).   

Previous studies have shown that cyclins typically bind so tightly to Cdk that 

the two proteins can be purified from cells as a stoichiometric complex that can only 

be broken apart by denaturing conditions (Koch et al., 1996). Our results, combined 

with previously published data, show that Cln3 does not show typical binding to Cdk1.  

No studies have definitively shown that Cdk1 activity is associated with Cln3, and the 

data do not rule out the possibility that the small amount of Cdk1 that can be detected 

binding to Cln3 under some conditions could be due to indirect interactions.  A 

definitive answer to the question of whether Cln3 can bind and activate Cdk1 will 

require reconstitution experiments using purified Cln3 and Cdk1.  Importantly, the 

unusual behavior of Cln3 raises the possibility that a substantial fraction of Cln3 may 

not be associated with Cdk1 in vivo, and the data do not rule out the possibility that 

Cln3 carries out functions independently of Cdk1, in the same way that the mammalian 

cyclin F carries out functions independently of a Cdk (Bai et al., 1994). 
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Figure 2.5: Cdk1 purification via co-immunoprecipitation and GST-pull-down 
assay.  
(A) Western blot comparing the amounts of Cdk1 that associate with Cln3 and Clb2 
in the coIP experiment. Cells were grown in YP + 2% galactose overnight (B) GST 
pull-down assay comparing Cdk1 associated with Clb2 and Cln3 and quantification 
of Cdk1/Cyclin ratio. Cells were grown in -His media with 2% glycerol + 2% ethanol 
overnight, GAL1-GST-CLB2 was induced with 2% galactose for 30 minutes and 
GAL1-GST, GAL1-GST-CLN310A were induced for 90 minutes.  
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Cln3 regulates protein levels of Hof1 and Ndd1  

The data provided little support for the idea that the Cln3/Cdk1 complex works 

primarily via Cdk1-dependent regulation of the Whi5/SBF complex.  We therefore 

considered alternative models.  Previous studies found that Cln3 associates with 

components of the SCFGrr1 ubiquitin ligase complex, and that SCFGrr1 targets Cln2 for 

destruction (Hsiung et al., 2001; Kishi and Yamao, n.d.; Landry et al., 2012).  These 

observations suggested a model in which Cln3 influences levels of Cln2 via regulation 

of the SCFGrr1 ubiquitin ligase complex.  To investigate further, we tested whether 

protein levels of other known SCFGrr1 targets are influenced by loss or gain of function 

of Cln3.  Two of the best characterized targets of SCFGrr1 are Hof1 and Ndd1.  Hof1 

controls cytokinesis, whereas Ndd1 is an essential transcription factor that controls 

expression of a cluster of key mitotic genes that includes mitotic cyclins.  Both show 

strong cell cycle-dependent changes in protein levels (Blondel et al., 2005, p. 1; 

Edenberg et al., 2015; Li et al., 2006, p. 1) .   

We first analyzed Hof1-3XHA levels in asynchronous rapidly growing cells.  

Levels of Hof1 were decreased in cln3∆ cells and increased in cln3-∆177 cells (Figure 

6A).  In synchronized cells, cln3-∆177 led to an increase in Hof1 levels during mitosis, 

whereas cln3∆ led to a decrease in Hof1 levels (Figure 6B).  We next compared the 

timing of expression of Hof1-3XHA and Cln3-6XHA in synchronized cells.  Since the 

two proteins migrate at different locations in SDS-PAGE we were able to analyze levels 

of Hof1-3XHA and Cln3-6XHA in the same western blot.  We also analyzed levels of 

the mitotic cyclin Clb2 as a marker for mitotic progression.  Hof1-3XHA began to 
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accumulate in early mitosis and reached peak levels late in mitosis, as levels of Clb2 

began to decline (Figure 6C).  Hof1 protein levels were strongly correlated with Cln3 

protein levels in late mitosis, consistent with the possibility that Cln3 modulates levels 

of Hof1.  Note that the 6XHA tag used to detect Cln3 shows much higher sensitivity 

than the 3XHA tag used to detect Hof1, so relative levels of the two proteins cannot be 

compared.   

We carried out a similar analysis for Ndd1.  As with Hof1, cln3∆ caused a 

decrease in Ndd1 protein levels in both asynchronous and synchronous cells, whereas 

cln3-∆177 caused an increase in Ndd1 levels in synchronous cells (Figures 7A,B,C).  

In contrast to Hof1, Ndd1 accumulates slightly before mitosis, consistent with its 

essential role in induction of transcription of mitotic cyclins and other mitotic genes.  

Therefore, Ndd1 levels are not closely correlated with Cln3 levels, and the effects of 

Cln3 on Ndd1 protein levels could be an indirect consequence of increased levels of 

late G1 cyclins, which are known to initiate mitotic transcription programs. 
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Figure 2.6: Cln3 regulates Hof1 protein levels 
(A) Western blot and quantifications showing levels of Hof1 in asynchronous wt, 
cln3∆, and cln3-∆177 cells.  (B) Time course showing effects of Cln3 on Hof1 levels, 
error bars represent the standard error of the mean n=3(C) Western blot showing that 
Hof1 protein levels are correlated with Cln3 protein levels in mitosis.   
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Figure 2.7: Cln3 regulates Ndd1 protein levels 
(A) Western blot and quantifications showing levels of Ndd1 in asynchronous wt, 
cln3∆, and cln3-∆177 cells.  (B) Time course showing effects of Cln3 on Ndd1 levels, 
error bars represent the standard error of the mean for n=3. 
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Figure 2.8: Proposed Model 
Proposed model for regulation of cell cycle entry via Cln3 inhibiting SCFGrr1.  
  

CLN2

Whi5
SBF Cln2

Cdk1

Scf
Grr1

Cln3



 

40 

2.3 Discussion 

Re-evaluation of the mechanisms that control cell cycle entry in budding yeast 

 New data suggest a need to re-evaluate the canonical model for cell cycle entry 

in budding yeast.  The canonical model states that Cln3 relieves repression of SBF 

promoters via direct phosphorylation and inactivation of Whi5 (Costanzo et al., 2004, 

p. 5; de Bruin et al., 2004; Wagner et al., 2009).  However, two recent studies found no 

evidence for Cln3-dependent phosphorylation of Whi5 (Bhaduri et al., 2015; 

Kõivomägi et al., 2021).  Furthermore, loss of Whi5 advances production of Cln2 

mRNA and protein in G1 phase but does not cause a general derepression of Cln2 

expression, and Cln2 expressed from a heterologous promoter still shows periodic 

expression in G1 phase.  These observations suggest that post-transcriptional 

mechanisms play a major role in regulation of Cln2 expression.  Here, we found 

evidence that Cln3 plays an important role in the post-transcriptional mechanisms that 

control production of Cln2 protein. 

The canonical model for cell cycle entry assumes that Cln3 exerts its effects via 

binding and activation of Cdk1.  However, previous studies reached inconclusive and 

contradictory results regarding the ability of Cln3 to activate Cdk1, and no experiments 

have directly demonstrated an ability of purified Cln3 to bind and activate purified 

Cdk1 (Bhaduri et al., 2015; Koch et al., 1996; Kõivomägi et al., 2021; Tyers et al., 

1993, 1992). Our new data, as well as data from a previous study, suggest that Cln3 

binds weakly or indirectly to Cdk1.  Thus, it is possible that a substantial fraction of 
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Cln3 is not bound to Cdk1, which raises the possibility that Cln3 carries out functions 

independently of Cdk1.  In this case, Cln3 could be similar to mammalian cyclin F, 

which does not bind to a Cdk (Bai et al., 1994; D’Angiolella et al., 2013).  Cyclin E is 

also thought carry out functions independently of a Cdk (Geng et al., 2007). 

Multiple previous studies found that Cln3 binds SCF ubiquitin ligase complexes 

that include the targeting subunits Grr1 or Cdc4.  It is thought that SCFGrr1 and SCFCdc4 

work redundantly to promote turnover of Cln3 but it is also possible that Cln3 regulates 

SCFGrr1 and/or SCFCdc4.  Importantly, SCFGrr1 promotes turnover of Cln2, which 

suggests that Cln3 could influence Cln2 levels via regulation of SCFGrr1 (Berset et al., 

2002; Patton et al., 1998; Willems et al., 1996). Our discovery that Cln3 influences 

levels of two additional targets of the SCFGrr1 complex are consistent with this 

possibility. 

Together, the data suggest an alternative model for cell cycle entry.  Cln3 could 

work in a Cdk1-independent manner to inhibit the SCFGrr1 complex, thereby promoting 

accumulation of Cln2 (Figure 8).  Cln2 promotes its own transcription in a positive 

feedback loop, likely via direct phosphorylation and inactivation of Whi5 (Costanzo et 

al., 2004; de Bruin et al., 2004; Dirick et al., 1995, p. 2; Miller and Cross, 2000, p. 2; 

Palumbo et al., 2016; Tyers et al., 1993, p. 2; Wagner et al., 2009; Wijnen et al., 2002, 

p. 2).  Therefore, the ability of Cln3 to promote accumulation of Cln2 would eventually 

allow Cln2/Cdk1 to engage the positive feedback loop, thereby initiating high level 

transcription of genes that drive cell cycle entry.  This model suggests that the SCF 

complex, rather than Whi5, is primarily responsible for repression of Cln2 protein 
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expression in early G1 phase.  In this case, low level transcription from the Cln2 

promoter may be constantly occurring during early G1 phase but the small amounts of 

Cln2 that result from this basal transcription are rapidly destroyed by the SCF complex 

until Cln3 begins to inhibit SCF complexes.  The model is consistent with previously 

observed genetic interactions between components of the machinery that drives cell 

cycle entry (Jorgensen and Tyers, 2004; Rubin et al., 2020).   

Models for cell cycle entry must also explain how periodic expression of Cln2 

protein is achieved in the absence of transcriptional regulation, as observed here for 

Cln2 expressed from the heterologous MET25 promoter.  One explanation could be 

that Cln2/Cdk1 is capable of inhibiting SCF complexes when Cln2 protein levels reach 

a threshold, which would provide a positive feedback loop to drive accumulation of 

Cln2 as Cln3 levels rise (Figure 8).  Similarly, the decline in Cln2 levels at the end of 

G1 phase could be explained if S phase cyclin/Cdk complexes stimulate SCFGrr1 to 

degrade Cln2.    

The possibility of alternative models for cell cycle entry has important 

implications.  The canonical model has served as the foundation for building models to 

explain cell size control.  For example, one study used the canonical model as a basis 

for a cell size control model in which Whi5 is gradually diluted by growth until the 

counteracting activity of Cln3/Cdk1 can phosphorylate and inhibit Whi5 (Schmoller et 

al., 2015). However, if Cln3/Cdk1 does not directly inactivate Whi5 the model loses its 

foundation.  Consistent with this, multiple independent studies have failed to confirm 

predictions of the model.  Rather, several studies have pointed to growth-dependent 
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accumulation of Cln3, rather than dilution of Whi5, play a dominant role in measuring 

growth and triggering cell cycle progression, consistent with the alternative model 

shown in Figure 8 (Barber et al., 2020, p. 5; Sommer et al., n.d.). 

Evidence for mitotic functions of Cln3 that influence cell size 

 Influential studies carried out over 50 years ago reached the conclusion that cell 

size occurs only in G1 phase in budding yeast, and it has been assumed that Cln3 exerts 

its effects on cell size solely in G1 phase.  However, more recent work has shown that 

little growth occurs in G1 phase.  For example, cell volume increases by only 10-20% 

during G1 phase when cells are growing in rich nutrients.  Rather, almost all growth of 

a budding yeast cell occurs as the daughter bud grows, which occurs almost entirely 

during mitosis (Leitao and Kellogg, 2017).  Furthermore, the idea that Cln3 exerts all 

its effects on cell size in G1 phase is challenged by several observations.  First, there is 

a second peak of Cln3 protein in mitosis, which suggests that Cln3 has functions in 

mitosis (Landry et al., 2012; Zapata et al., 2014).  Second, analysis of Coulter Counter 

data shows that overexpression of Cln3 causes daughter cells to be born at a 

dramatically reduced size, which can only occur if daughter buds complete cell division 

at a smaller size.  These observations led us to hypothesize that Cln3 could influence 

cell size via effects on the duration and extent of bud growth during mitosis.  To test 

this, we developed methods to induce conditional loss or gain of function of Cln3 after 

G1 phase and before mitosis.  We found that loss of Cln3 caused daughter cells to be 

born at a larger size, and overexpression of Cln3 caused them to be born at a smaller 
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size.  Thus, the results suggest that Cln3 influences the duration and extent of bud 

growth in mitosis, which could have strong effects on cell size.  The finding that Cln3 

influences levels of Hof1, a mitotic regulator of cytokinesis, is consistent with the idea 

that Cln3 exerts important effects in mitosis.  However, the targets of Cln3 in mitosis 

that influence cell size are unknown.  If the idea that Cln3 regulates the SCF complex 

turns out to be correct, the effects of Cln3 on cell size could be the outcome of complex 

effects on multiple SCF targets.   
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Supplemental Figure 2.4: Cell size of wild type cells vs cln3-AID cells  

Cell were grown in YPD + 0.5mM EtOH and YPD + 0.5mM Auxin overnight to 
OD600 between 0.4-0.6. Cells were fixed by addition of formaldehyde. Cells were 
then pelleted and resuspended in the same volume with PBS containing 0.02% 
sodium azide and 0.1% Tween-20. Cell size was measured using a Coulter counter. 
Data shown represents the average of 3 biological replicates, where each is the 
average of 3 technical replicates.  
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Chapter 3 

Additional Experiments 
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3.1 PP2ARts1 regulation of Cln3 and its effects on TORC2 signaling 

  PP2ARts1 is a serine/threonine phosphatase that has a broad substrate 

specificity. In budding yeast, the regulatory subunit of PP2A, Rts1, contributes to its 

catalytic activity (Shu et al., 1997). PP2ARts1 is an activator of the G2 to M transition 

and is required for nutrient modulation of cell size (Alcaide-Gavilán et al., 2018; 

Lucena et al., 2018).  Nutrient availability affects growth rate, which in turn affects cell 

size. Cln3 is a dose dependent activator of cell size in early G1 phase. The current 

canonical model suggests that Cln3 bound to Cdk1 phosphorylates and inactivates 

Whi5, thus promoting expression of late G1 cyclins, Cln1 and Cln2, by the SBF 

transcription factor (Costanzo et al., 2004; de Bruin et al., 2004; Nasmyth and Dirick, 

n.d.; Tyers et al., 1993; Wang et al., 2009). Cln3 protein rapidly responds to nutrient 

availability, with levels dropping dramatically when cells are switched from rich to 

poor nutrients, while Whi5 protein levels remain constant (Gallego et al., 1997; 

Sommer et al., n.d.). Therefore, we wanted to test if TORC2 phosphorylation and levels 

are dependent on Cln3 and/or other cell cycle entry regulators. Since Whi5 is an 

inhibitor of transcription of late G1 cyclins, a whi5∆ background should cause the 

opposite effects on TORC2 signaling than cln3∆. Results showed that whi5∆ cells have 

a small increase in TORC2 phosphorylation, but not as much as an increase as cln3-

∆177 cells. In contrast, cln3∆ showed a decrease in TORC2 phosphorylation with an 
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increase in mobility, but swi6∆ cells show an even higher decrease in TORC2 

phosphorylation (Figure 3.1). 

 
 
Figure 3.1: Cln3 effescts on TORC2 signaling  
Cells were grown in YPD overnight to an OD600 between 0.4-0.6. Ypk TORC2 
phosphorylation was assayed via western blotting.   
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3.2 The effect of Cln3 on mitotic regulators 

  In budding yeast, Clb2 is the main mitotic cyclin that binds to Cdk1 and 

promotes progression through mitosis. Inhibitory phosphorylation by Swe1 restrains 

Clb2/Cdk1 activity, while the Mih1 phosphatase remove inhibitory phosphorylation 

and promotes progression through mitosis. The anaphase-promoting complex (APC) 

triggers sister chromatid separation at the metaphase to anaphase transition.  The APC 

targets several mitotic regulators for ubiquitination such as Pds1, an inhibitory protein 

that binds and inhibits Esp1 (separase), which promotes sister-chromatid separation by 

cleaving cohesin. Swe1 and Pds1 are key mitotic regulators that inhibit mitosis, and 

inhibitory phosphorylation by Clb2/Cdk1 is crucial for mitotic progression (Hu et al., 

2008; Leitao et al., 2019). Since Cln3 regulates the duration of mitosis we tested if 

Cln3/Cdk1 regulates time spent in mitosis and size at completion of mitosis via Swe1 

and/or Pds1. We synchronized cells in G1 phase and induced overexpression of GAL1-

CLN3 by addition of 2% galactose. Pds1 protein levels increased when GAL1-CLN3 

was induced, however, we could not conclude if Pds1 was a direct target of Cln3 

(Figure 3.2 A). When conditionally overexpressing Cln3 in mitosis, we saw a small 

acceleration of Swe1 phosphorylation and Y19-p, but again we could not conclude if it 

was an artefact of accelerating cell cycle progression, or an indirect effect on Swe1 by 

Cln3 (Figure 3.2 B). To further investigate the relationship between Cln3 and key 

mitotic regulators, we assessed cell size epistasis between Cln3, Swe1 and Pds1.  

Results show that swe1∆ and pds1∆ rescue cell size defects caused by cln3∆, which 

suggest a genetic interaction between them. 



 

51 

 
Figure 3.2: Cln3 shows minimal effects on Swe1 and Pds1 
(A) Wildtype and GAL1-CLN3-3XHA cells were grown in YPGE overnight and 
synchronized in G1 phase by addition of mating pheromone. Cells were released from 
the arrest in media containing 2% Galactose to induce for overexpression of CLN3. 
Levels of Pds1 were assayed by western blot using a phostag gel. (B) Wildtype and 
GAL1-CLN3-3XHA cells were grown in YPGE overnight and synchronized in G1 
phase. Cells were released in YPGE, 2% Galactose was added to cultures 50 minutes 
after G1 release. Levels of Swe1 were assayed by western blotting.     
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to nutrient availability; if cells are switched from rich to poor nutrients, levels of Cln3 

protein are dramatically reduced (Gallego et al., 1997; Sommer et al., n.d.). Therefore, 

we first tested whether Hof1 quickly responds to nutrient availability by growing cells 

overnight to log phase in YPD, and switching cells from rich to poor carbon source, 

YPG/E, and assaying levels of Hof1 using TORC2 as a positive control (Lucena et al., 

2018). Hof1 protein levels decreased when cells were switched to poor carbon, which 

was correlated with a drop in TORC2-dependent phosphorylation of Ypk1/2 (Figure 

3.3 A).  To further assess if Hof1 protein levels respond to nutrient availability in a 

Cln3 dependent manner, wild type, cln3∆ and cln3-∆177 cells were switched from rich 

to poor nutrients and Hof1 levels were assessed. Results showed that in cln3∆, levels 

of Hof1 drop dramatically after 10 minutes from switching to poor carbon, whereas in 

cln3-∆177 cells levels of Hof1 protein do not drop dramatically (Figure 3.3 B).
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Figure 3.3: Hof1 protein levels decrease when cells are switch from rich to poor 
carbon source 
(A, B) Cells were grown overnight in YPD to an OD600 between 0.4-0.6. Log phase 
cells were washed into YPG/E medium, and levels of Hof1 were assayed via western 
blotting.  
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locus to test if GAL1-CLN3-3XHA increases HOF1 levels in a swi6∆ background.  Cell 

were grown overnight in 2% YPG/E or YPGal, and protein levels of Hof1 were 

assayed. Results showed that GAL1-CLN3-3XHA increases protein levels of HOF1 in 

a Swi6 independent manner (Figure 3.4 A). Since swi6∆ affects both SBF and MBF 
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background, the DNA binding domain of SBF.  Cells were grown overnight in YPG/E 

and synchronized in G1 phase. Release from G1 arrest was done in YPGal to induce 

overexpression of CLN3. Results showed that Hof1 protein levels are reduced in a 

swi4∆ background and GAL1-CLN3 partially rescues Hof1 protein levels. Lastly, to 

further test the transcriptional and post-translational regulation of Hof1 by Cln3, we 

deleted the PEST domain of Hof1, which targets Hof1 for destruction (Blondel et.al., 

2005) in wildtype, cln3∆ and cln3∆-177 background. We observed that hof1-∆PEST 

led to an increase in mobility of Hof1 protein compared to wildtype, and hof1-∆PEST 

protein levels appear to respond to different dosage of Cln3 protein in the cell, since 

cln3∆ hof1-∆PEST shows a decrease in Hof1 protein where as cln3-∆177 hof1-∆PEST 

shows an increase in Hof1 protein. The changes in protein amounts of hof1-∆PEST in 

response to changes in levels Cln3 could mean that not all PEST sequences were 

deleted in hof1-∆PEST or that Cln3 regulates Hof1 indirectly via other unknown post-

translational mechanisms.  
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Figure 3.4: Hof1 protein levels appear to be post-translationally regulated by Cln3 
(A) Cells were grown overnight in YPG/E or YPGal to an OD600 between 0.4-0.6. 
Log phase samples were collected and protein levels of Hof1 were assayed using 
western blotting. (B) Cells were grown overnight in YPDG/E to an OD600 between 
0.4-0.6. Cells were synchronized in G1 phase using alpha factor, then cells were 
released from G1 arrest in YPGal to induce for overexpression of GAL1-CLN3-
3XHA. Time points were collected every 10 minutes and Nap1 was used as a loading 
control. (C) Cells were grown overnight in YPD to log phase. Samples were collected 
and levels of Hof1 were assayed using western blotting. Nap1 was used as a loading 
control. 
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3.3 Growth signaling and Cell Cycle Progression 

 
 Growth signals that trigger cell cycle progression once a size threshold is 

reached are still poorly understood. However, a major point in the cell cycle at which 

growth and cell cycle progression signals are relayed occurs during bud growth in 

mitosis (Artiles et al., 2009). Major players involved in sensing bud growth signals are 

the Gin4-related kinases (Jasani et al., 2020). Gin4 phosphorylation is dependent on 

growth and is important for mitotic progression, and Cln3 is a dose dependent regulator 

of cell size that regulates the duration of growth in mitosis (Cross, 1989; Jasani et al., 

2020). Therefore, we wanted to test if Cln3 could relay signals proportional to growth 

via Gin4. To test this, we synchronized cells in G1 phase using pheromone arrest and 

induced conditional overexpression of Cln3 in mitosis using GAL1-CLN3-3XHA cells. 

We assayed Gin4 phosphorylation and protein levels using western blotting. Results 

showed that when GAL1-CLN3-3XHA is induced in mitosis, there is a small 

acceleration in the phosphorylation of Gin4, but the most drastic effect are the increase 

in Gin4 protein levels at later timepoints after release from G1 arrest. Overall, the effect 

of overexpression of Cln3 on Gin4 was hard to interpret.
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Figure 3.5: Conditional regulation of Gin4 by Cln3 in mitosis 
Cells were grown overnight in YPDG/E to an OD600 between 0.4-0.6. Cells were 
synchronized in G1 phase using alpha factor, then cells were released from G1 arrest 
in YPG/E and 2% galactose was added to cultures 80 minutes after the release from G1 
arrest to induce for overexpression of GAL1-CLN3-3XHA. Time points were collected 
every 10 minutes. Gin4 and Clb2 levels were assayed via western blotting. 
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Yeast strains and media 

The genotypes of the strains used are listed in Table 3. All strains are in the 

W303 background (leu2-3,112 ura3-1 can1-100 ade2-1 his3-11,15 trp1-1 GAL+, ssd1-

d2). Genetic alterations, such as HA epitope tag, promoter swaps, and gene deletions 

were carried out using homologous recombination at the endogenous locus (Janke et 

al., 2004; Longtine et al., 1998) (Longtine et al., 1998; Janke et al., 2004).  

For cell cycle time courses cell were synchronized with alpha factor pheromone 

for about 3 hours and released from the arrest by washing cells 3 times with 25 mls of 

YP 2% Dextrose. All time courses were done at 30oC and time points were collected 

every 10 minutes.  

For cell cycle time courses where GAL1-CLN3 was induced, cell were grown 

in YP media with 2% glycerol and 2% ethanol (YPGE) and synchronized using alpha 

factor pheromone. GAL1-CLN3 was induced by addition of 2% galactose at times 

indicated by an arrow in the figures. In the case of Figure 1 panel C, 2% galactose was 

added 40 minutes before releasing from the arrest, and cells were then released and 

washed in YP 2% galactose. All time courses were done at 30oC and time points were 

collected every 10 minutes.  

Cell Size Coulter Counter Analysis  

 
Cultures were grown in 10 mls YPD medium to an OD600 between 0.4 - 0.6.  

Cells were fixed by addition of 1/10 volume of formaldehyde to the culture as follows, 

450 µl of culture were aliquoted to a 1.5 mls epi tube, and 50µl of formaldehyde. Cells 
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were pelleted and resuspended in 500 µl of PBS, 0.02% sodium azide and 0.1% Tween-

20.  Cell size was measured using a Coulter counter (Channelizer Z2; Beckman 

Coulter) as previously described.  The cell size data represents the average of 3 

biological replicates.  

Microscopy Single Cell Analysis 

For microscopy, cells were grown in complete synthetic media (CSM) with 2% 

dextrose (CSM-Dex) or 2% glycerol and 2% ethanol (CSM-G/E). For conditional 

expression of GAL1-CLN3 2% Galactose was added to the media a few minutes prior 

to cells entering mitosis, indicative by bud formation, to allow sufficient time for the 

GAL1 promoter express. For conditional degradation of Cln3 in mitosis, Auxin was 

added to the media once most cells were in late G1, in order to allow for degradation 

of Cln3 to occur at the beginning of mitosis. Sample preparation, data acquisition and 

processing was performed as previously described by (Kishi and Yamao, n.d.; Landry 

et al., 2012b).  

Cln3 immuno-precipitation  

 Protein A beads, 50 µls, were prepared by washing 3X with wash buffer and 

incubating them overnight at 4oC with monoclonal HA antibody, 4 µl of antibody for 

every 20 µl of beads. Cells were grown in 15 mls of YP + 2% Galactose overnight to 

OD600 between 0.4-0.8. Cells were pelleted in tabletop centrifuge for 1 minutes at max 

speed and re-suspended in 1 mls of media and transferred the pellet to a 1.6 mls screw 
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cap tube, pelleted cells in microfuge at max speed for 30 sec, aspirated the supernatant 

and then added 200 µl of glass beads and frozen in liquid nitrogen. Added 300 µl of 

extraction buffer + 1 mM PMSF to cells, bead beated for 1min, spun for 3 min at max 

peed in microfuge at 4oC, aliquoted 250 µl to a 1.5 mls epitube and added 300 µl of 

extract buffer to cells with glass beads. Repeated bead beating step and spun again for 

another 3 min, extracted 300 µl and added it to the 1.5 mls epitube containing the 250 

µl extract supernatant. Protein A beads incubated overnight with monoclonal HA were 

re-calibrated by washing 3X with 500 µl of extract buffer. Once calibration was done, 

aliquoted 500 µl of cell extract into tube containing protein A beads. Incubated protein 

extract with protein beads for 2 hours on a rotator at 4oC. Pelleted beads and aspirated 

supernatant. Washed protein A beads 4X with 400 µl of extract buffer. Washed 2X 

with 400 µl of TBST and lastly added 40 µl of 2X Sample buffer and boiled 3 minutes.  

GST pulldown 

 Cells were grown overnight in -His + 2% G/E media to an OD600 between 0.4-

0.6. Induced for expression of GAL1-GST with 2% galactose added to the media, 

GAL1-GST-CLB2 was induced for 30 minutes and GAL1-GST, GAL1-GST-CLN310A 

were induced for 90 minutes. Cells were pelleted in cold tabletop centrifuge for 5 

minutes at max speed, and washed 2X with 10 mls cold Lysis Buffer + 1 mM PMSF. 

Transferred the pellet to a 2 mls screw cap tube, pelleted cells and froze in liquid 

nitrogen with 400 µl of glass beads. Lysed cells in 350 µl of super lysis buffer by bead 

beating in a Mini-beadbeater 16 (BioSpec) at top speed for 1 min, set on ice for 30 
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seconds, bead beated again for 1min and set on ice for 30sec. Added more Triton X 

100 to bring final concentration to 0.5% Triton X 100. Place in rotator for 10 min at 

4oC. Pelleted at full speed in cold microfuge for 1 min at max speed, transferred 

supernatant to pre-chilled tube with 20 ul of Glutathione-sepharose beads Slurry in 

SUPER lysis buffer. Beads were calibrated by washing 4X with 500 ul of super lysis 

buffer. Incubate in rotator for 1 h and 30 min at 4oC. Pelleted beads at 5000 rpm for 1 

min and washed 3X using 500 µl SUPER lysis buffer. To the beads added 30 µl of 2X 

SDS Sample Buffer and boiled for 5 minutes.  

Lysis buffer was made with 25 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 50 mM 

NaF, 10% glycerol. Super lysis buffer is lysis buffer containing 1mM PMSF and 0.01% 

Triton X-100.  
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Table 3: List of strains used for this work 
*All strains are in W303 background (leu2-3,112 ura3-1 can1-100 ade2-1 his3-11,15 
trp1-1 GAL+ ssd1-d2)  
 

 




