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Abstract 

How cells are triggered to enter the cell division cycle is one of the most fundamental 

questions in cell biology. Saccharomyces cerevisiae cells commit to a round of cell 

division after a check-point that is called START. It was hypothesized that the 

concentration of the G1 cyclin Cln3 increases at late G1 to trigger the commitment to the 

                                                           
Author contributions: A.L., D.H., and M.H. conceived the study. A.L. and D.H. performed 
experiments, and A.L. analysed data. A.M., and C.Å. performed the model-based analysis. A.L., 
M.H, and A.M. wrote the manuscript. 



Chapter 4 

106 

cell division program. However, studies over the last 20 years have suggested that, 

paradoxically, the concentration of Cln3 is relatively constant during the cell cycle. Here, 

by performing model-based analyses of high-quality, dynamic single-cell data, we 

demonstrate that Cln3 concentration strongly fluctuates during the cell cycle. In specific, 

by performing cell-volume measurements and monitoring the levels of a constitutively 

expressed sfGFP in single-cells growing at steady-state conditions, we first show that G1 

is the phase of the cell cycle that is characterized by the highest protein synthesis-to-

dilution ratio, and thus, by the highest accumulation rate of constitutively expressed 

proteins. Then, using a novel method for measuring the in vivo dynamics of the wild-type 

Cln3 protein, we show that also Cln3, being a constitutively expressed protein, is 

synthesized fastest and attains its highest concentration during G1, and specifically, right 

before the START transition. Our results show that Cln3 is a cyclin that does actually 

cycle, and further suggest that the overall dynamics of protein synthesis might be a 

critical determinant of START.   

 

Introduction 

Unravelling the mechanisms that control the eukaryotic cell cycle is essential for 

understanding the pathophysiology of proliferative disorders and designing effective 

therapeutic strategies. Since the seminal work of Hartwell, Hunt, and Nurse (Hartwell, 

Hunt and Nurse, 2001) on the cell cycle of yeast, there has been a tremendous progress 

in defining the key molecular players that orchestrate the eukaryotic cell cycle program. 

However, one of the most fundamental questions that is yet to be satisfactorily answered, 

is how cells are triggered to set off for a new round of cell division.  

Saccharomyces cerevisiae cells commit to a round of cell division after traversing through 

a cell-cycle checkpoint that is called START (Johnson and Skotheim, 2013). The most 

upstream regulator and dose-dependent activator of START is Cln3, a highly-unstable G1 

cyclin (Cross and Blake, 1993; Tyers et al., 1992; Yaglom et al., 1995). The synthesis of 

Cln3 is thought to depend on the overall biosynthetic capacity of the cell (Schmoller et al., 

2015), and because its half-life is remarkably short, its levels should be proportional to its 



Model-based analysis of dynamic microscopy data reveals that the START activator Cln3 is a cyclin that cycles 

107 

rate of synthesis. Therefore, it has been long thought that a critical rate of translation is 

attained during late G1, which leads to an increase in Cln3 concentration at levels that 

are sufficient for triggering START (Jorgensen and Tyers, 2004). However, several 

attempts to measure the levels of the Cln3 protein as a function of the cell cycle 

surprisingly failed to detect any notable increase in its concentration during G1 (Tyers, 

Tokiwa, and Futcher, 1993; Landry et al., 2012; Schmoller et al., 2015), suggesting that, 

despite its characterization as a cyclin, Cln3 does not cycle. 

Due to this unexpected finding, prevailing models for START regulation that have been 

generated over the last 10 years assume that the concentration of Cln3 remains constant 

during G1 (Wang et al., 2009; Vergés et al., 2009; Yahya et al., 2014; Schmoller et al., 

2015). For example, the latest of these models suggests that although the concentration 

of Cln3 remains constant, cells traverse though START because the concentration of the 

START-inhibitor, and Cln3 target, Whi5 (Figure 1A), decreases during G1 (Schmoller et 

al., 2015). Whi5 is a highly stable protein that is synthesized almost exclusively during the 

S/G2/M phases of the cell cycle (Schmoller et al., 2015). Therefore, during G1 where 

cells increase in size, Whi5 is only diluted but not produced, and its concentration 

decreases (Schmoller et al., 2015). While this inhibitor-dilution model presents a simple 

way by which START can be controlled in the absence of Cln3 oscillations, there are still 

some methodological challenges and a number of experimental observations that cast 

uncertainty onto the notion that Cln3 levels are actually unchanged during the cell cycle.  

 
Figure 1. Cln3 and the START checkpoint. (A) Schematic representation of the budding yeast cell 
cycle and the START checkpoint. (B) The assumed dynamics of Cln3 synthesis, dilution, and 
concentration, as a function of cell size (Schmoller et al., 2015). 
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As indicated above, Cln3 is a highly unstable protein, with a reported half-life of as low as 

3 min (Yaglom et al., 1995). This very short half-life, in combination with its low 

abundance (Tyers, Tokiwa, and Futcher, 1993), render the in vivo detection of Cln3 in 

fusion with fluorescent proteins currently impossible (Schmoller et al., 2015, Liu et al., 

2015), while, although possible, its detection with classical biochemical techniques is 

challenging. Therefore, the conclusion that Cln3 concentration is constant has been 

drawn either by in vitro measurements of Cln3 levels in bulks of synchronized yeast cells 

(Tyers, Tokiwa, and Futcher, 1993; Landry et al., 2012), or by in vivo measurements of 

hyperstable Cln3 mutants (Schmoller et al., 2015). However, synchronization is a process 

that disrupts steady-state and can be partially ineffective due to cell-to-cell heterogeneity, 

while the hyperstable Cln3 mutants are hypoactive and typically interfere with regular cell 

cycle progression. 

Further, the notion that Cln3 concentration remains constant during G1 has been further 

backed up by the assumption that the synthesis rate of Cln3 depends on the overall 

biosynthetic capacity of the cell, with the latter being thought to scale with cell size 

(Figure 1B) (Schmoller et al., 2015; Schmoller and Skotheim, 2015). In specific, it has 

been conjectured on the basis of population-level and single-cell measurements, that 

both the cell size (Bryan et al., 2012; Soifer, Robert and Amir, 2016; Talia et al., 2007) 

and the overall rate of protein synthesis (Elliott and McLaughlin, 1978; Elliott et al., 1979; 

Talia et al., 2007) increase exponentially during the cell cycle. Thus, it was assumed that 

while Cln3 is synthesized faster as cells proceed during G1 due to the increase in the 

overall rate of protein synthesis, it is also diluted faster, due to the increase in cell size 

(Figure 1B) (Schmoller et al., 2015; Schmoller and Skotheim, 2015). This presumed 

coordinated increase in the rate of protein synthesis and cell size was suggested to keep 

the concentration of Cln3 constant (Schmoller et al., 2015; Schmoller and Skotheim, 

2015) (Figure 1B).  

However, a recent single-cell study involving an elegant image-analysis tool (Ferrezuelo 

et al., 2012), and an exhaustive study combining both population and single-cell level 

approaches (Goranov et al., 2009) have suggested in contrast to previous reports that 

cell growth is neither exponential, nor continuous, during the cell cycle. This discrepancy 
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between studies raises the question of what is the actual pattern of cell growth during the 

cell cycle, and whether the dynamics of the protein synthesis rate do indeed follow the 

dynamics of cell growth. These questions are critical, because if changes in the rate of 

cell growth are not matched by proportional changes in the rate of protein synthesis, then 

the concentration of Cln3 could be significantly altered during the cell cycle.  

Here, we aimed to elucidate the actual dynamics of cell growth, protein synthesis, and 

Cln3 concentration during the cell cycle of budding yeast. To that end, we performed 

continuous single-cell measurements of cell size and fluorescent-based protein 

abundance at steady-state conditions, and combined elaborate image analysis with 

model-based analysis of the acquired dynamic data. We found that neither cell size, nor 

protein synthesis increase exponentially during the cell cycle, but both processes are 

attenuated when budding is initiated. Besides the attenuation of both rates at the moment 

of budding, we found that while the rate of protein synthesis is maximal during G1, the 

rate of cell growth is maximal during the last half of the cell cycle, from which follows that 

G1 is characterized by a high a rate of protein synthesis, but a low rate of protein dilution. 

Further, by employing a novel, non-invasive way for estimating the in vivo concentration 

of the wild-type Cln3 protein, which involves the utilization of a viral self-cleaving peptide 

(Wang et al., 2015) for uncoupling the post-translational fate of Cln3 and sfGFP in a 

genomic Cln3-sfGFP fusion, we show that Cln3 concentration oscillates throughout the 

cell cycle, and peaks specifically in G1, around the moment of START. Our results 

provide evidence that the concentration of Cln3 is not constant during the cell cycle, 

solving the long-standing paradox that despite being a cyclin, Cln3 does not oscillate. 

This finding points towards a new model for the activation of the cell division program, in 

which the overall rate of protein synthesis, by shaping the concentration of Cln3, 

determines the timing of the START transition. 

 

Results 

Cell growth is neither exponential, nor continuous, but occurs in waves and is maximal 
during the last part of the cell cycle 
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First, we aimed to determine the dynamics of cell size growth during the cell cycle. To do 

this, we acquired time-series microscopy measurements of single Saccharomyces 
cerevisiae cells which were cultivated in a microfluidic dissection platform, and were 

constantly provided with fresh defined medium. We used pyruvate (20 gL-1) as a carbon 

source, since on this carbon source the duration of the cell cycle is longer in comparison 

to other typically used carbon sources (Figure 2 – supplementary figure 1), and thus, 

more measurements can be obtained per cell cycle. Further, to ensure reliable cell 

segmentation despite the highly asymmetric, polarized growth of yeast cells, we 

performed separate, semi-automated segmentation of the mother and bud cells, and 

thereafter combined the respective cell volume data, as was done earlier (Ferrezuelo et 

al., 2012).  

Plotting the combined cell volume of the mother and the bud as a function of time, we 

found that cells displayed a pattern of growth during the cell cycle, that was not 

exponential. In specific, cell volume moderately increased during G1, but then growth 

was severely attenuated around the moment of bud appearance (Figure 2; Figure 2 – 

figure supplement 2; Figure 2 – figure supplement 3). The phase of ‘slow growth’ typically 

lasted from approximately 20 to 30 minutes before bud appearance, until several minutes 

after bud appearance, and was followed by a phase of fast growth during the last part of 

the cell cycle. Thus, cell size does neither increase continuously, nor at an exponential 

rate during the cell cycle as was earlier stated (Bryan et al., 2012; Soifer, Robert and 

Amir, 2016; Talia et al., 2007), but growth takes place mainly in two waves which are 

interrupted by a period of almost no growth around bud appearance, and from which the 

strongest one occurs during the last part of the cell cycle.   

Cell-to-cell heterogeneity can mask this characteristic pattern of cell growth 

While all cells displayed this two-wave pattern of cell growth, the timing of each wave with 

regards to bud appearance, as well as the timing of bud appearance with regards to the 

last cytokinesis differed between cells (Figure 2; Figure 2 – figure supplement 2). 

Therefore, this observation suggested that the averaging of single-cell traces, which is a 

common practice for extracting conclusions even on the basis of single-cell data, could 

due to cell-to-cell heterogeneity mask this two-wave pattern of growth.  
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Figure 1. Cell volume dynamics during the cell cycle in single-cells. Cell volume increases in two 
waves, one during the first, and one during the last part of the cell cycle. Squares denote the actual 
data and the red line the smoothing spline (see Materials and Methods). The vertical line denotes 
the time of bud appearance. X-axis spans from cytokinesis to cytokinesis for each cell. During the 
experiment, cells were constantly fed with YNB medium containing 20 gL-1 pyruvate.  

To test whether previous population or single-cell level studies, which suggested different 

models of growth during the cell cycle, could have missed this specific pattern of growth 

that we observed because of cell-to-cell heterogeneity, we compared our volume 

measurements of individual cells with the respective averaged signals from multiple 

single-cell measurements. Here, while single-cell traces showed clearly a non-continuous 

pattern of cell growth (Figure 2; Figure 2- figure supplement 4), we found that the 

averaged signal of the respective traces resulted in a cell growth pattern, in which the 

cessation of growth around budding could not be observed, and which could be 

ambiguously interpreted, as biphasic or even exponential (Figure 2 – figure supplement 
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4). Thus, when single-cells measurements are aligned for a certain cell-cycle or other 

periodic event, certain cell-cycle related patterns can be masked by averaging, due to 

cell-to-cell heterogeneity. 

Protein synthesis neither increases exponentially, nor follows the pattern of cell growth, 
but occurs in waves and is maximal during the first part of the cell cycle 

Next, we aimed to also investigate the validity of the current notion according to which the 

rate of protein synthesis depends on cell size and increases exponentially during the cell 

cycle (Schmoller et al., 2015; Schmoller and Skotheim, 2015; Talia et al., 2007; Elliott and 

McLaughlin, 1978; Elliott et al., 1979). To test this, we expressed a super-folder GFP 

(sfGFP) (Khmelinskii et al., 2012) through the tetO7 tetracycline-repressible promoter, 

which in the absence of tetracycline is constitutively active (Garí et al., 1997), and 

determined the cell-cycle dependent dynamics of sfGFP concentration and abundance in 

single cells (Figure 3 – figure supplement 1A; Figure 3- figure supplement 2). We then 

estimated the 1st and 2nd derivatives of the acquired sfGFP abundances, and introduced 

this information to a simple protein maturation model to estimate the dynamic protein 

synthesis rate during the cell cycle (for more information see Materials and Methods).   

Here, we found that protein synthesis did not proceed exponentially during the cell cycle, 

but also occurred in two waves which were interrupted by a phase of almost no protein 

synthesis around the moment of bud appearance (Figure 3), similarly to what we 

observed for cell growth (Figure 2; Figure 2 – figure supplement 2). However, in contrast 

to cell growth, which we found to be maximal during the last part of the cell cycle, the rate 

of protein synthesis was maximal during the first part of the cell cycle, and thus, around 

G1 (Figure 3). This striking observation revealed that G1 is the phase of the cell cycle 

with the higher rate of protein synthesis, but also the lowest rate of protein dilution (Figure 

3 – figure supplement 3). Interestingly, this finding suggested that if Cln3 synthesis 

indeed follows the overall rate of protein synthesis, Cln3 concentration should increase at 

G1, potentially around the moment of START.  
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Figure 3.  Dynamics of the total protein synthesis rate during the cell cycle in single-cells. The 
vertical line denotes the time of bud appearance. X-axis spans from cytokinesis to cytokinesis for 
each cell. Colors denote the rate computed for different sfGFP maturation constants. Since the half-
time of sfGFP maturation is ≈ 6 minutes (Khmelinskii et al., 2012), the different lines denote the rate 
computed with a maturation half-time of 5 (yellow), 10 (red), and 15 (blue) minutes. 

 Cln3 synthesis follows the overall rate of protein synthesis and is maximal around 
START 

To test if the concentration of Cln3 indeed increases during G1, we aimed to measure the 

levels of the wild-type Cln3 protein in single cells. As indicated earlier, conventional Cln3-

FP fusions fail to generate detectable fluorescent signals (Schmoller et al., 2015, Liu et 

al., 2015) (Figure 4A and B), likely due to the very short half-life and low abundance of 

the Cln3 protein. To overcome this limitation, we introduced the sequence of the viral 2A 

self-cleaving peptide (Wang et al., 2015) between the genomic sequence of a Cln3-

sfGFP fusion. 2A self-cleaving peptides are naturally employed by certain viruses to 
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generate different proteins from a single mRNA molecule (Ryan, King and Thomas, 

1991). Because 2A self-cleaving peptides undergo self-cleavage right at the moment of 

translation (Atkins et al., 2007; de Felipe et al., 2003; Donnelly et al., 2001; Ryan et al., 

1999), proteins linked by 2A  peptides are produced at the same rate, but are after  their 
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Figure 4. Cln3 concentration is not constant, but increases before START. (A) Conventional Cln3-
FP fusions are impossible to detect, likely because the fusion is degraded before the maturation of 
the fluorescent protein. (B) Mean sfGFP fluorescence intensity in Cln3-sfGFP (n = 63) in 
comparison to control (n = 107) cells. (C) By incorporating a self-cleaving peptide between the 
Cln3-FP fusion, the post-translational fate of Cln3 and the FP is uncoupled, and the FP can be 
detected. (D) Mean sfGFP fluorescence intensity in Cln3-P2AsfGFP (n = 77) cells in comparison to 
control (n = 106) cells. In (C) and (D), Cln3-sfGFP or Cln3-P2AsfGFP cells respectively were mixed 
with control Hta2-RFP1 cells which can be identified by the bright fluorescent cluster denoting the 
nucleus (inset images). (E) Dynamics of the Cln3 concentration and synthesis rate during the cell 
cycle in single-cells. Blue lines show the rate of Cln3 production and grey lines the concentration of 
Cln3. X-axis spans from cytokinesis to cytokinesis for each cell. (F) Average Cln3 concentration of 
single-cells (n = 12) aligned for bud appearance (t = 0). The dashed lines denote the 0.25 and 0.75 
quantiles. (G) Distribution of time from START (exit of Whi5 from the nucleus (Doncic, Falleur-Fettig 
and Skotheim, 2011) until bud appearance (n = 26 cells). The vertical lines in (E), (F), and (G) 
denote the time of bud appearance. In (C-G) cells were constantly supplemented with YNB medium 
containing 20 gL-1 pyruvate.   

production independent. Thus, using a Cln3-P2A-sfGFP fusion, we could uncouple the 

post-translational fate of Cln3 and sfGFP, and despite the fast Cln3 degradation, sfGFP 

could remain intact and emit detectable fluorescence signal (Figure 4C and D). On the 

basis of these signals, a model-based analysis could reconstruct Cln3 concentration 

dynamics (see below).  

Employing the self-cleaving peptide for monitoring Cln3 synthesis, we found that sfGFP 

from the Cln3-P2A-sfGFP was produced during the cell cycle with a strikingly similar 

pattern as the sfGFP from the constitutively active promoter (Figure 4 – figure supplement 

1A-C). In specific, the rate of Cln3 production was highest before bud appearance, and 

thus, during G1, and a second, weaker burst of Cln3 production followed several minutes 

after the initiation of budding (Figure 4E; Figure 4 – figure supplement 1B). Thus, this 

finding suggested that Cln3 synthesis indeed depends on the overall rate of protein 

synthesis. 

Then, we asked whether the increase in the rate of Cln3 synthesis during the first part of 

the cell cycle was also accompanied by an increase in Cln3 concentration. Because Cln3 

is very unstable, its abundance should be nearly proportional to its synthesis rate (see 

Materials and Methods). Moreover, since Cln3 is thought to be mainly nuclear (Edgington 

and Futcher, 2001; Schmoller et al., 2015) and because the volume of the nucleus scales 

proportionally to cell volume (Jorgensen et al., 2007; Webster, Witkin and Cohen-Fix, 

2009), changes in the nuclear volume should reflect changes in the measured cellular 
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volume. Therefore, the concentration of Cln3 can be approximated by dividing its 

abundance (extracted from the synthesis rate) with the cell volume. Here, we found that 

the concentration of Cln3 varied considerably as a function of time, peaking at the first 

half of the cell cycle (Figure 4E), and specifically, ≈ 40-60 min before bud appearance 

(Figure 4F). To test whether the peak in Cln3 concentration coincided with START, which 

is operationally defined by the shuttling of Whi5 from the nucleus to the cytoplasm 

(Doncic, Falleur-Fettig and Skotheim, 2011), we estimated the time between the exit of 

Whi5 from the nucleus until the appearance of the bud using a Whi5-GFP fusion strain. 

Here, we found that START occurred in most cells around 30-40 min before bud 

appearance (Figure 4G), and thus, shortly after the peak in Cln3 concentration. Thus, the 

finding that Cln3 levels are maximal right before START, suggests that this periodic 

increase in Cln3 concentration is critical for triggering the commitment to cell division. 

 

Discussion 

Using microfluidics, dynamic single-cell measurements, and model-based analyses, we 

characterized the dynamics of cell growth and protein synthesis during the cell cycle of 

budding yeast, and demonstrated that Cln3 is a cyclin that actually cycles. Despite the 

fact that the fundamental processes of cell growth and protein synthesis have been 

studied for years, methodological limitations were likely responsible for inaccurate 

conclusions. In fact, our findings demonstrate that single-cell dynamic measurements are 

essential for obtaining the actual dynamics of cell-cycle related processes, as population-

level measurements, or even averaged single-cell measurements can easily mask real 

periodic patterns. With the recently introduced microfluidic setups allowing for high quality 

dynamic single-cell measurements (Huberts et al., 2013), and elaborate analysis of 

individual cells, such masking effects can be eliminated. 

We could demonstrate that yeast cells do not grow exponentially during the cell cycle, but 

rather, growth takes place in two waves: a moderate wave during G1, and a more 

prominent wave that occurs during or after S phase (Figure 5). While this finding 

contradicts the results of previous studies in which the cell-cycle dependent dynamics of 
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cell growth were studied (Bryan et al., 2012; Soifer, Robert and Amir, 2016; Talia et al., 

2007), it is supported by two other independent studies, which also reported a two-wave 

pattern of cell growth interrupted by a period of growth attenuation around the moment of 

bud appearance (Ferrezuelo et al., 2012; Goranov et al., 2009). In addition, a strikingly 

similar pattern of cell growth was also observed in fission yeast (Baumgärtner and Tolić -

Nørrelykke, 2009) and in mammalian cell lines (Son et al., 2015; Zlotek-Zlotkiewicz et al., 

2015), suggesting that this pattern of cell growth during the cell cycle is conserved among 

eukaryotes.  

 
Figure 5. Schematic representation of growth, protein synthesis, and Cln3 dynamics as a function 
of the cell cycle. The period around START is characterized by high a rate of protein synthesis, but 
slow rate of protein dilution (cell growth). The combination of these events can lead to an increase 
in the concentration of constitutively expressed proteins, such as Cln3, during this specific phase. 

Surprisingly, we found that protein synthesis does not proceed at an exponentially 

increasing rate either as was reported (Elliott and McLaughlin, 1978; Elliott et al., 1979; 

Talia et al., 2007), but also occurs in two waves which take place during the first and last 

part of the cell cycle. However, in contrast to cell growth, which is maximal during the last 

part of the cell cycle, protein synthesis is maximal during G1 (Figure 5). This means that 

G1 is the cell cycle phase with the maximal protein synthesis-to-dilution ratio. This result 

is in excellent accordance with the finding that cell density in budding yeast is also 
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maximal at G1, specifically before bud appearance, but minimal in the last part of the cell 

cycle (Bryan et al., 2009).  

The importance of the existence of periods in the cell cycle, in which the protein 

synthesis-to-dilution ratio is high, is that during these periods the concentration of 

constitutively expressed proteins, such as Cln3, can increase. In fact, using a novel 

method that allows for the measurement of wild-type Cln3 dynamics in single cells, we 

could indeed demonstrate that, contrary to the current notion, the concentration of Cln3 is 

not steady during the cell cycle, but peaks close to the moment of the START transition. 

Thus, our findings point towards a model for START regulation, in which the dynamics of 

the overall rate of protein synthesis could promote the commitment to the cell division 

cycle by controlling Cln3 levels (Figure 5). Given that protein translation is one of the 

energetically most expensive processes in the cell (Lee and Tu, 2017), oscillations in the 

rate of protein synthesis could be potentially driven by metabolic oscillations, which were 

recently reported to be strongly coupled to cell cycle progression (Papagiannakis et al., 

2017). Understanding the mechanisms underlying this oscillatory behaviour of protein 

synthesis, could possibly be key for deciphering eukaryotic cell cycle control.  

 

Materials and Methods 

Strains and media 

Yeast strains used in this study are prototrophic and of the S288C-derived YSBN6 (Mata 

FY3 ho::HphMX4; Canelas et al., 2010) or YSBN16 (YSBN6 HIS3Δ1; Kümmel et al., 

2010). YSBN6 ptetO7-mCherry-sfGFP::KanMX (Huberts, 2015) was used to measure the 

overall rate of protein synthesis during the cell cycle and YSBN16 Whi5-GFP::HIS 

(Schmidt, 2014) to measure the time between START (shuttle of Whi5 from the nucleus 

to the cytoplasm (Doncic, Falleur-Fettig and Skotheim, 2011)) and bud appearance. 

YSBN6 Cln3-P2A-sfGFP (this study) was used to measure the rate of Cln3 synthesis and 

estimate the dynamics of Cln3 concentration during the cell cycle. YSBN6 Cln3-sfGFP 

(this study) was used to demonstrate that conventional Cln3-FP fusions do not allow for 

Cln3 detection, and YSBN6 Hta2-mRFP1::NatMX was used as an internal control for 
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autofluorescence at the GFP channel. All microfluidic experiments were performed using 

YNB (Formedium; Hunstanton, United Kingdom) medium supplemented with 20 gL-1 

sodium pyruvate (Sigma-Aldrich; St. Louis, Missouri), glucose (Sigma-Aldrich), or 

galactose (Sigma-Aldrich) as a carbon source. 

Strain construction 

For the generation of the YSBN6 Cln3-sfGFP strain, an integration cassette with long (≈ 

400 bp) overhang sequences homologous to the regions upstream and downstream the 

stop codon of Cln3 was generated as described in Chapter 3. The overhang sequences 

were amplified using the primers Cln3-CDS For (GCGAGTTTTCTTGAGGTTG) and Cln3-

CDS Rev (ATAGCATTTCTCCACCATTTG), and Cln3-DN For 

(AACGACAAAAAAAAAATGCA) and Cln3-DN Rev (ATGAGAAATTCTTGAACATTCG). 

The sfGFP-KanMX sequence was amplified from vector pMAM17 (pFA6a-mCherry-

sfGFP-KanMX; Khmelinskii et al.,  2012) using the primers sfGFP-CL-CDS For 

(CAACCTCAAGAAAACTCGCATGTCCAAGGGTGAAGAGC) and Kanmx-CL-DN Rev 

(TGCATTTTTTTTTTGTCGTTTTAGAAAAACTCATCGAGCATC), which contained short 

overhangs homologous to the long integration overhangs which were amplified at the 

previous step. All 3 amplification products were subsequently fused to a single linear 

fragment in an additional PCR step and primers Cln3-CDS For and Cln3-DN Rev were 

used to amplify the final product of the sfGFP-KanMX cassette carrying the long Cln3 

integration overhangs. Transformants were selected in the presence of 200 ugml-1 G418 

(Formedium) in YPD (20 gL-1 glucose (Sigma-Aldrich)) plates and correct cassette 

integration was confirmed by PCR using the primers Cln3-CDS-SC For 

(TGCTACTACTCCAAAGAGCG) and Cln3-Screen Rev 

(ATGTTGCTAAAGAAATGTTGG).  

For the generation of the YSBN6 Cln3-P2A-sfGFP strain, the long (≈ 400 bp) overhang 

sequences homologous to the regions upstream and downstream the stop codon of Cln3 

were generated as above, with the exception that the reverse primer of the overhang that 

is homologous to the Cln3 coding sequence carried a short overhang homologous to the 

sequence of the P2A self-cleaving peptide (primer Cln3-CDS-Rev-P2A: 

GAAGTTAGTAGCTCCGCTTCCGCGAGTTTTCTTGAGGTTG). Next, the sfGFP-KanMX 
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cassette wan amplified as above, with the exception that the forward primer carried as 

overhang the whole sequence of the P2A self-cleaving peptide (primer sfGFP-P2A For: 

(GGAAGCGGAGCTACTAACTTCAGCCTGCTGAAGCAGGCTGGAGACGTGGAGGAGA

ACCCTGGACCTATGTCCAAGGGTGAAGAGC). All amplification products were 

subsequently fused to a single linear fragment in an additional PCR step and primers 

Cln3-CDS For and Cln3-DN Rev were used to amplify the final integration cassette. 

Transformants were selected in the presence of 300 ugml-1 G418 (Formedium) in YPD 

(20 gL-1 glucose (Sigma-Aldrich)) plates. 

Microfluidics 

For microfluidics, cells were grown to 100-ml shake flasks containing 10 ml of YNB 

medium supplemented with 20 gL-1 pyruvate, glucose, or galactose at 30oC at a shaking 

speed of 300 rpm, to an OD600nm of at least 0.3. Then, cells were inoculated at 10 ml fresh 

medium of the same composition and were allowed to attenuate exponential growth. 

Exponentially growing cells at an OD600nm of 0.05-0.35 were then used to load the 

microfluidics device. During cultivation in the microfluidic device cultivation, cells were 

constantly with fresh YNB medium containing 20 gL-1 pyruvate, glucose, or galactose.  

Microscopy 

Microscopy was performed using a microfluidics dissection platform (Huberts et al., 2013) 

mounted to an inverted fluorescence microscope (Eclipse Ti-E; Nikon instruments, 

Amsterdam, The Netherlands). The temperature was retained constant at 30oC using a 

microscope incubator (Life Imaging Services GmbH, Basel, Switzerland). Brightfield 

images were recorded every 10 minutes using a 60x (CFI Plan Apo; NA = 1.4; Nikon, 

Tokyo, Japan) and a UV blocking filter. Fluorescent measurements were preformed every 

10 minutes using an LED-based system (pE2; CoolLED Limited, Andover, United 

Kingdom) and the same 60x objective.  For Whi5-GFP measurements, 100 ms exposure 

time was used (470 nm excitation using a 470/40 nm bandpass filter and a 495 nm beam-

splitter, 10 % light intensity, 525/50 nm emission filter, EM gain 75, binning 2x2), while for 

sfGFP measurements with the Cln3-sfGFP and Cln3-P2A-sfGFP constructs, exposure 

time was set to 300 ms (20 % light intensity, EM gain 25, binning 1x1), and with the 
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ptetO7-mCherry-sfGFP construct to 100 ms (10 % light intensity, EM gain 25, binning 

1x1). RFP measurements with the ptetO7-mCherry-sfGFP and Hta2-mRFP1 constructs 

were performed using 100 ms exposure time (565 nm excitation using a 560/40 nm 

excitation filter and a 585 nm beam-splitter, 20 % light intensity for ptetO7-mCherry-

sfGFP and 10% for Hta2-mRFP1, 630/75 nm emission filter, EM gain 50, binning 1x1). 

Images were captures using an iXon Ultra 897 DU-897-U-CD0-#EX (Andor Technology 

Ltd, Belfast, United Kingdom) camera. Fluctuations in axial focus during time-lapse 

imaging were corrected using automated hardware (PFS; Nikon).  

Image and data analysis 

Cell segmentation for cell volume and fluorescence intensity measurements was 

performed using the semi-automated ImageJ plugin BudJ (Ferrezuelo et al., 2012) was 

used. To ensure reliable cell volume estimation, the compartment of the mother and bud 

cells were segmented independently and the respective cell volume where thereafter 

combined. In all cases, acquired fluorescent intensity measurements were corrected for 

background autofluorescence before any further analysis. Cytokinesis was determined by 

the darkening of the bud neck on brightfield images (Zopf et al., 2013). Nuclear Whi5-

GFP localization was determined by the presence (nuclear) or absence (cytoplasmic) of a 

single bright fluorescence cluster in the cell. START was denoted as the first time point 

after the shuttle of Whi5-GFP from the nucleus to the cytoplasm (Doncic, Falleur-Fettig 

and Skotheim, 2011). Data analysis and plotting were performed in Matlab and GraphPad 

Prism. 

Computation of the GFP production rate and a proxy for Cln3 concentration during the 
cell cycle 

To compute the production rate of GFP throughout the cell cycle, the following steps were 

taken: 

Step 1: Smoothing of the experimentally obtained total volume and mean GFP time 

series for each cell 
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Step 2: Computation of the first and second derivatives of GFP abundance for each 

cell 

Step 3: Feeding the derivatives of the GFP abundance time series into a simple 

model of protein maturation to compute the time-varying GFP production rate. 

Note that the GFP abundance itself is not needed for the computation of the GFP 

production rate, since we can make direct use of the measured quantities (mean GFP 

and volume) and thus reduce the probability of artifacts. Below we provide more details 

for each individual step. 

Step 1: each volume and mean GFP time series extends from one cytokinesis event to 

the next, i.e. spans a single cell cycle. Each time series was fitted by a cubic smoothing. 

Due to the relatively small number of measurement timepoints contained in each cell 

cycle and the presence of artifacts and outliers originating from the segmentation and 

quantification step, “automatic” selection of the smoothing parameter (e.g. through cross-

validation) did not lead to satisfactory results. The datasets were therefore fitted visually 

using the spaps() Matlab function, which returns the smoothest function that lies within a 

prescribed distance from the data points. The fitting was done in a way such that easily 

visible global trends were captured by the spline, while short-term fluctuations, artifacts 

and outliers were rejected as much as possible. 

Step 2: as will be explained below, taking into account the effect of protein maturation 

requires knowledge of the first and second derivatives of the mean GFP and volume 

signals. Since both signals are represented by smoothing splines (i.e. piecewise cubic 

functions) at this point, the first derivative can be easily computed using Matlab’s 

piecewise polynomial differentiation capability. Since splines have continuous second 

derivatives, the first derivative will be also continuously differentiable. However, the 

second derivative will not. To avoid the “corners” at the knots of the second derivative 

that would result from twice differentiating the original splines, each first-derivative curve 

was fitted by a second smoothing spline over a dense grid of knots. The resulting curves 

are visually very similar to the original first-derivative curves but also have continuously 
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differentiable first derivatives, which can be computed to provide the second derivative 

estimates of the mean GFP and volume signals. 

Step 3: to compute the production rate of GFP throughout the cell cycle, we made a 

simple dynamical model of protein production and maturation. GFP is produced in its 

immature (i.e. non-fluorescent) form by translation of the GFP mRNA and is gradually 

converted into its mature (i.e. fluorescent) form through its proper folding and oxidation. 

The maturation process is assumed to follow simple first-order kinetics, as will be the 

case if there exists a single rate-limiting step. Denoting by 𝐺𝐺𝑝𝑝 and 𝐺𝐺𝑚𝑚 the abundances of 

the immature and mature forms of GFP respectively, the outlined assumptions lead to the 

following differential equations, which describe the accumulation of GFP in a single cell 

between two cytokinesis events: 

𝑑𝑑𝐺𝐺𝑝𝑝
𝑑𝑑𝑑𝑑

= 𝑢𝑢𝑝𝑝(𝑑𝑑) − 𝑢𝑢𝑚𝑚𝐺𝐺𝑝𝑝  

𝑑𝑑𝐺𝐺𝑚𝑚
𝑑𝑑𝑑𝑑

= 𝑢𝑢𝑚𝑚𝐺𝐺𝑝𝑝 

 

The first equation reflects the fact that immature GFP is produced at a rate 𝑢𝑢𝑝𝑝(𝑑𝑑), where 

the time dependence denotes that fact that the rate may vary during the cell cycle. Note 

that 𝑢𝑢𝑝𝑝(𝑑𝑑) combines the effects of varying mRNA abundances and changes in the 

translation rate, which cannot be disentangled given only GFP measurements. 𝑢𝑢𝑚𝑚 is the 

maturation rate of GFP, which is assumed to be known, either from previously published 

studies or from separate experiments. The model also incorporates the fact that GFP is a 

very stable protein inside cells, with a very long half-life compared to the cell cycle length. 

For this reason, GFP is assumed not to degrade between two cytokinesis events.  

Our experimental measurements have provided us with 𝐺𝐺𝑚𝑚(𝑑𝑑), the abundance of mature 

GFP in each cell, as described in the previous steps. To obtain 𝑢𝑢𝑝𝑝(𝑑𝑑) based on this 

knowledge, we use the two model equations to write: 

𝑢𝑢𝑝𝑝(𝑑𝑑) =
𝑑𝑑𝐺𝐺𝑝𝑝
𝑑𝑑𝑑𝑑

+ 𝑢𝑢𝑚𝑚𝐺𝐺𝑝𝑝 =
1
𝑢𝑢𝑚𝑚

𝑑𝑑2𝐺𝐺𝑚𝑚
𝑑𝑑𝑑𝑑2

+
𝑑𝑑𝐺𝐺𝑚𝑚
𝑑𝑑𝑑𝑑
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The usefulness of the first and second signal derivatives will now become clear. Note that 

𝐺𝐺𝑚𝑚(𝑑𝑑) = 𝐺𝐺𝑚𝑚,𝑎𝑎𝑎𝑎(𝑑𝑑)𝑉𝑉(𝑑𝑑), 

where 𝐺𝐺𝑚𝑚,𝑎𝑎𝑎𝑎(𝑑𝑑) is the mean GFP signal per cell and 𝑉𝑉(𝑑𝑑) the cell volume provided from 

the microscopy data. By the chain rule of differentiation, 

𝑑𝑑𝐺𝐺𝑚𝑚
𝑑𝑑𝑑𝑑

=
𝑑𝑑𝐺𝐺𝑚𝑚,𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑
𝑉𝑉 + 𝐺𝐺𝑚𝑚,𝑎𝑎𝑎𝑎

𝑑𝑑𝑉𝑉
𝑑𝑑𝑑𝑑

 

and  

𝑑𝑑2𝐺𝐺𝑚𝑚
𝑑𝑑𝑑𝑑2

=
𝑑𝑑2𝐺𝐺𝑚𝑚,𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑2
𝑉𝑉 + 2

𝑑𝑑𝐺𝐺𝑚𝑚,𝑎𝑎𝑎𝑎

𝑑𝑑𝑑𝑑
𝑑𝑑𝑉𝑉
𝑑𝑑𝑑𝑑

+ 𝐺𝐺𝑚𝑚,𝑎𝑎𝑎𝑎
𝑑𝑑2𝑉𝑉
𝑑𝑑𝑑𝑑2

. 

 

With the two derivatives at hand, the rate at which new protein is added during the cell 

cycle, 𝑢𝑢𝑝𝑝(𝑑𝑑), can thus be estimated. 

[Note: the abundance of mature GFP in each cell is also a quantity worth monitoring 

although, as we have shown above, it does not directly correspond to the total GFP 

content of the cell at any given time because of the maturation process. This quantity can 

be computed by multiplying the mean GFP signal with the volume. Smoothing each 

signal individually prior to multiplication is preferred over the alternative of multiplying the 

raw data followed by smoothing. The latter approach was observed to amplify the 

artifacts present in the individual signals, and make proper smoothing of the product 

signal even more challenging.  

Using the mature GFP abundance, an alternative route to get to 𝑢𝑢𝑝𝑝(𝑑𝑑) would be to 

differentiate that quantity, which is also a piecewise polynomial function. This is approach 

is mathematically completely equivalent to the one outlined above.] 

Assuming that 𝑢𝑢𝑝𝑝(𝑑𝑑) represents the constitutive protein production rate throughout the cell 

cycle and the Cln3 is also constitutively expressed, we can use 𝑢𝑢𝑝𝑝(𝑑𝑑) in conjunction with 
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the volume measurements to derive a proxy for Cln3 abundance and concentration. For 

any protein 𝑃𝑃 produced and degraded constitutively during the cell cycle, we can write  

𝑑𝑑𝑃𝑃
𝑑𝑑𝑑𝑑

= 𝑢𝑢𝑝𝑝(𝑑𝑑) − 𝑢𝑢𝑑𝑑𝐺𝐺𝑝𝑝 , 

where 𝑢𝑢𝑑𝑑 is the protein degradation rate (assumed to be constant in time). This is a first-

order linear system with input 𝑢𝑢𝑝𝑝(𝑑𝑑) and single pole at −𝑢𝑢𝑑𝑑.  As 𝑢𝑢𝑑𝑑 increases, the 

bandwidth of the system increases as well, implying that the system does not significantly 

distort inputs with frequency content smaller than the cutoff frequency 𝜔𝜔𝑑𝑑 = 𝑢𝑢𝑑𝑑 

(equivalently, a period longer than 𝑢𝑢𝑑𝑑
−1). Since it is known that Cln3 is a protein with very 

fast turnover (in the order of 5-10 minutes) and that variations in 𝑢𝑢𝑝𝑝(𝑑𝑑) cannot be that fast, 

we can safely say that, at any given time, Cln3 abundance is proportional to 𝑢𝑢𝑝𝑝(𝑑𝑑). 

Furthermore, the concentration of Cln3 can be also approximated by dividing its 

abundance with the cell volume, i.e. by 𝑢𝑢𝑝𝑝(𝑑𝑑)𝑉𝑉(𝑑𝑑)−1. 
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Figure 2 – figure supplement 1. Duration of the cell cycle in cells growing in different carbon 
sources. In all cases cells were constantly fed with YNB medium containing 20 gL-1 (A) pyruvate (n 
= 64 cells), (B) glucose (n = 78 cells), or (C) galactose (n = 63 cells). 
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Figure 2 – figure supplement 2. Cell volume increases faster during the last part of the cell cycle. 
Dynamics of the rate of cell volume increase during the cell cycle in single-cells. The vertical line 
denotes the time of bud appearance. X-axis spans from cytokinesis to cytokinesis for each cell. The 
rate was computed on the basis of the smoothing splines shown on Figure 2. 
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Figure 2 – figure supplement 3. Cell growth is attenuated around the moment of bud appearance. 
Cell volume dynamics in single-cells (n = 76) aligned for bud appearance. Notably, despite the 
cessation of cell volume increase after bud appearance, the bud still increases in volume, but on 
the expense of the mother which progressively becomes smaller. Left y-axis corresponds to values 
of Mother and Mother & bud data.  Right y-axis is for the bud data. Data are presented as mean ± 
SEM. During the experiment, cells were constantly fed with YNB medium containing 20 gL-1 
pyruvate.   

 
Figure 2 – figure supplement 4. The cell growth dynamics during the cell-cycle can be masked by 
cell averaging. Average cell volume of single-cells (n = 64) aligned for cytokinesis (t = 0). Red 
squares denote the actual cell volume dynamics (mean ± SD), and the blue line the smoothed data 
(mean ± SD (dashed line)). Prior to averaging, data from each cell were normalized to the cell 
volume at t = 0. A subset of the single-cell data that were averaged here are shown at Figure 2.     
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Figure 2 – figure supplement 1. Dynamics of protein concentration during the cell cycle. Single-cell 
dynamics of mean sfGFP fluorescence expressed from a constitutive promoter, during the cell 
cycle. Squares denote the actual data and the red line the smoothing spline. The vertical line 
denotes the time of bud appearance. X-axis spans from cytokinesis to cytokinesis for each cell. 
During the experiment, cells were constantly fed with YNB medium containing 20 gL-1 pyruvate. 



Model-based analysis of dynamic microscopy data reveals that the START activator Cln3 is a cyclin that cycles 

133 

 
Figure 3 – figure supplement 2. Dynamics of protein abundance during the cell cycle. Single-cell 
dynamics of total sfGFP fluorescence expressed from a constitutive promoter, during the cell cycle. 
Squares denote the actual data and the red line the smoothing spline. The vertical line denotes the 
time of bud appearance. Total sfGFP was obtained by multiplying the mean sfGFP fluorescence 
(Figure 3 – figure supplement 1A) with the respective cell volume (Figure 2) for each cell. X-axis 
spans from cytokinesis to cytokinesis for each cell. During the experiment, cells were constantly fed 
with YNB medium containing 20 gL-1 pyruvate. 
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Figure 3 – figure supplement 3. Dynamics of the volumetric protein synthesis rate during the cell 
cycle. The dynamic ratio of the sfGFP production rate and the cell volume were calculated for each 
individual cell (n=63) and data were subsequently averaged (solid line). Dashed lines indicate the 
0.2 and 0.8 quantiles. 
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Figure 4 – figure supplement 1. Cln3 synthesis follows the overall protein synthesis dynamics. 
Single-cell dynamics of (A) mean and (B) total sfGFP fluorescence from the Cln3-P2A-sfGFP 
fusion, during the cell cycle. Squares denote the actual data and the red line the smoothing spline. 
The vertical line denotes the time of bud appearance. X-axis spans from cytokinesis to cytokinesis 
for each cell. (C) Average smoothed total sfGFP from the Cln3-P2A-sfGFP fusion (left) or the 
constitutive promoter (right) of single-cells (n = 12 and 63 respectively) aligned for cytokinesis (t = 
0). Dashed lines indicate the SEM.  
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