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Chapter 1 
 

Metabolic-flux dependent 
regulation of microbial 
physiology 
 

Athanasios Litsios, Alvaro D. Ortega, Ernst Wit*, Matthias Heinemann1 

Molecular Systems Biology, Groningen Biomolecular Sciences and Biotechnology 
Institute, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands 

*Probability and Statistics, Johann Bernoulli Institute of Mathematics and Computer 
Science, University of Groningen, Nijenborgh 9, 9747 AG Groningen, The Netherlands 

 

Abstract 

According to the current notion, in microorganisms, changes in cellular physiology occur 

primarily as a response to altered environmental conditions. Yet, recent studies have 

shown that changes in metabolic fluxes can also trigger phenotypic changes even when 

environmental conditions are unchanged. This suggests that cells have mechanisms in 

place to assess the magnitude of metabolic fluxes and use this information to regulate 

their physiology. In this review, examples of flux-dependent phenotypes are presented, 

and the potential underlying mechanism, key players, and advantages of flux-dependent 

regulation are discussed.  

  
                                                           
Author contributions: A.L., A.O., and M.H. conceived the study and wrote manuscript. A.L. and O.A. 
collected and analyzed data. E.W. performed the analysis on the variance of the metabolite 
concentrations. 
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Introduction 

Microorganisms are constantly confronted with changes in their environmental conditions, 

as for instance, in nutrient availability. To assure their survival, cells need to effectively 

assess the availability of nutrients and adjust accordingly their physiology. In many cases, 

cellular adaptation in response to environmental changes results from the direct 

assessment of the extracellular conditions, typically through two-component systems 

(Stock, Robinson and Goudreau, 2000). Nevertheless, recent studies have shown that 

microbial cells can display changes in their phenotype, such as in growth rate, gene 

expression, and metabolism, as a function of changes in metabolic fluxes, even when the 

extracellular conditions are kept constant (Schmidt‐Glenewinkel and Barkai, 2014; 

Schmidt, 2014; Elbing et al., 2004a; Elbing et al., 2004b).  

In this review, we present accumulating evidence of metabolic flux-dependent regulation 

of cell physiology in pro- and eukaryotic microorganisms, and propose a conceptual 

scheme on how such flux-dependent regulation might work. We review molecular 

mechanisms involved in flux-mediated regulation and provide hints for identification of 

putative flux-signaling metabolites. Finally, we elaborate on the relevance and 

advantages that flux-sensing and flux-dependent regulation may have for cells. 

 

Microorganisms display flux-dependent phenotypes 

Accumulating evidence suggests that microbial cells can display phenotypes which are 

imposed by intracellular metabolic fluxes, and not directly by extracellular conditions. One 

of the must studied parameter and crucial aspect of microbial physiology, which is 

controlled by intracellular fluxes, is the growth rate. For instance, the rate of glucose 

influx, modulated by different ratios of glucose and a non-metabolizable glucose 

analogue, was shown to determine the growth rate in E. coli (Hansen et al., 1975; 

Maisonneuve et al., 2013), and the same was also found for Saccharomyces cerevisiae 

when the rate of glucose uptake was controlled by differential expression of hexose 

transporters (HXT) (Schmidt‐Glenewinkel and Barkai, 2014) or with different HXT mutants 

(Elbing et al., 2004a) at constant external glucose conditions. By controlling the growth 
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rate, glucose influx can determine also other phenotypic traits that have been shown to 

exhibit a growth rate dependence, such as gene expression (Klumpp, Zhang and Hwa, 

2009; Scott et al., 2010; Klumpp and Hwa, 2014) and stress resistance (Berney et al., 

2006; Zakrzewska et al., 2011). 

Metabolic fluxes appear to also shape the metabolic mode of microbial cells (e.g. 

respiration and fermentation). S. cerevisiae cells switch from respiratory to fermentative 

metabolism in the presence of high levels of extracellular glucose, even in aerobic 

conditions; a phenomenon that is known as the Crabtree effect (Deken, 1966). Evidence 

suggests that this switch to fermentation is not determined by the quality or abundance of 

extracellular sugars, but rather by the sugar uptake flux (Huberts, Niebel and Heinemann, 

2012). In specific, through an extensive literature search, Huberts et al. found that under 

a vast range of experimental conditions, including different batch and chemostat cultures, 

media with different sugars, different wild-type and mutant S. cerevisiae strains, and even 

different yeast species, the switch to fermentation (as manifested by the onset of ethanol 

excretion) was realized only when a specific sugar uptake rate was exceeded. Beyond 

this threshold, the degree of fermentation (rate of ethanol production) was found to 

increase linearly with sugar uptake flux, and the respiration rate to decrease, arguing for 

an active metabolic flux rerouting, rather than a simple metabolic limitation in a certain 

pathway. This flux-dependent determination of the metabolic mode was observed even 

when the extracellular nutrient conditions were retained constant (Elbing et al., 2004a), 

but the glucose uptake rate was varied with hexose transporter variants. By modulating 

the expression of glucose and lactose transporters, and thus, controlling the respective 

uptake rates, a recent study provided evidence that the switch from respiration to 

fermentation is likely a flux-dependent decision also in E. coli (Basan et al., 2015). 

Furthermore, changes in metabolic flux can elicit changes in gene expression even at 

constant extracellular nutrient environments. A study performed at constant nutrient 

conditions in S. cerevisiae revealed that the induction of glycolytic gene expression 

correlates almost linearly with glycolytic flux, while gluconeogenic genes tend to follow a 

reverse trend (Elbing et al., 2004b). In another S. cerevisiae study, it was found that the 

levels of nearly half of ≈ 200 quantified metabolic proteins changed in a flux-dependent 
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manner, even at a constant extracellular nutrient environment (Schmidt, 2014). Finally, in 

a more recent study where the levels of ≈ 1000 E. coli proteins were measured under 

different conditions, it was found that more than half of these proteins exhibited a 

concentration that depended on the level of carbon influx and/or nitrogen assimilation, as 

inferred from the different growth rates achieved from titration of key transporters or 

enzymes, even when the extracellular nutrient environment was retained constant (Hui et 

al., 2015). Remarkably, nearly half of these proteins with altered levels were involved in 

metabolic processes. 

Apart from setting the growth rate, shaping the metabolic state, and dictating gene 

expression, metabolic fluxes can also govern decisions related to the acquisition of a 

specific cell fate. For example, by using different ratios of glucose and a non-

metabolizable glucose analogue (a-methylglucoside), it was demonstrated that the 

fraction of Escherichia coli cells that enter persistence, a state of no or slow-growth 

characterized by antibiotic tolerance, correlates inversely with the glucose uptake flux 

(Maisonneuve et al., 2013). This inverse correlation between persister formation and 

uptake flux was also found to hold for carbon sources other than glucose, such as 

acetate and fumarate (Kotte et al., 2014), and also in the absence of major genetic 

components which were previously thought to have an important role in persister 

formation (Radzikowski et al., 2016). Importantly, in the latter two studies the level of 

metabolic flux was controlled by orthogonal induction of the DctA fumarate transporter 

and not by altering the nutrient composition of the medium, showing that metabolic flux, 

independently of changes in extracellular nutrient conditions, can control whether 

microbes enter the dormant state of persistence, or rather invest on growth. 

 

How do cells measure and use fluxes for regulation? 

The evidence presented in the previous section illustrates that microbial cells display 

phenotypes which are controlled by metabolic flux. The important question that arises is 

how cells are capable of measuring a metabolic flux, i.e. a rate of molecule turnover? 

Huberts et al. (2012) have already made some considerations with regards to this issue. 
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In specific, these authors argue that since a rate r is defined as the change in a quantity x 

between two time points t1 and t2, such a capacity for flux assessment would require the 

capability of cells to memorize two states [x(t1) and x(t2)], measure time, and perform 

mathematical operations that would allow them to estimate this rate, which is a rather 

unrealistic scenario. However, a rate could be estimated from a state x, if x shows a 

dependency on r, and the system f that generates this dependency is known. 

𝑟𝑟 = 𝑓𝑓(𝑥𝑥) 

Thus, in the presence of a system that translates flux (r) into a concentration of a 

biomolecule (x), cells can assess flux through measuring the concentration of x (where x 

could be a metabolite), and can use the concentration of x to exert flux-dependent 

regulation (Figure 1). Nonetheless, the concentration of a metabolite is determined by the 

combination of the rates of consuming and producing reactions, which are often subject 

to non-linear regulation, and thus, it does neither necessarily scale with flux (Zamboni, 

Saghatelian and Patti, 2015), nor necessarily changes when fluxes are altered (Hackett 

et al., 2016). Therefore, for the levels of a specific metabolite to correlate, ideally linearly, 

with metabolic flux, specific biochemical mechanisms need to be in place. 

An example of a metabolite that displays flux-dependent concentration is the glycolytic 

intermediate fructose 1,6-bisphosphate (FBP). FBP levels respond rapidly to 

perturbations of glycolysis (Schaub and Reuss, 2008), and its concentration was found to 

positively correlate with glycolytic flux across a range of flux levels, nutrient conditions, 

microbial species, and strains (Huberts, Niebel and Heinemann, 2012; Kochanowski et 

al., 2013; Christen and Sauer, 2011; Schmidt 2014; Chubukov et al., 2013; Heyland and 

Blank, 2009).  

The mechanism that imprints flux information into the level of FBP was unraveled through 

a combined experimental and modeling based analysis (Kochanowski et al., 2013). It was 

revealed that the glycolytic reactions from FBP-aldolase down to pyruvate kinase, and the 

feedforward activation from FBP onto pyruvate kinase accomplish this function, with the 

feedforward activation ensuring that the FBP concentration correlates linearly with the 

glycolytic flux even beyond the Km value of FBP-aldolase for FBP. It was also shown that 
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this mechanism to imprint flux information into the level of FBP is to a large extend 

independent of the levels of the involved enzymes, which is a key feature for reliable flux 

measurement.  

 

Figure 1. Schematic illustration of flux-based regulation. Metabolic fluxes control cellular processes, 
including metabolism itself, by influencing the concentration of key metabolites, which in turn 
interact with and control the activity of other cellular components. Middle box contains cellular 
processes and components that have been reported to be regulated by metabolites. 

The establishment of a relationship between a metabolic flux and the concentration of a 

specific metabolite is the first requisite for flux-dependent regulation. To accomplish such 

flux-dependent regulation, the flux-signaling metabolite needs to interact with other 

cellular components, transforming thus this flux-dependent change in its concentration to 

a change in cellular physiology. In E. coli, the flux-dependent regulation mediated by FBP 

is achieved, at least in part, through inhibition of Cra (Ramseier et al., 1993), a 

transcription factor that controls the expression of glycolytic and gluconeogenic genes 

(Ramseier, 1996; Shimada et al., 2005; Shimada, Yamamoto, and Ishihama, 2011), and 

whose activity was also demonstrated to be flux-dependent (Kochanowski et al., 2013). In 

B. subtilis, flux-dependent regulation via FBP could be possibly achieved through the 

inhibitory activity of the metabolite on CggR (Chubukov et al., 2013), a transcriptional 

repressor of genes in the central part of glycolysis in this species (Doan and Aymerich, 

2003; Zorrilla et al., 2007). Interestingly, the analogy between the function of Cra and 
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CggR suggests that the role of FBP in flux-dependent regulation might be possibly 

conserved among microbes (Chubukov et al., 2013). 

Apart from orchestrating flux-dependent changes in gene expression through their 

interaction with transcription factors, flux-signaling metabolites can regulate cellular 

processes also by other means. For example, certain metabolites can influence gene 

expression due to their function as substrates or coenzymes in enzymes that perform 

epigenetic modifications (Lu and Thompson, 2012; Shi and Tu, 2013). Also, metabolites 

can exert control in gene expression both at the levels of transcription and translation 

through their binding to riboswitches (Winkler and Breaker, 2005). In fact, it was 

suggested that almost 50% of cis-acting regulatory RNA-based control of gene 

expression (>2% of all genes) in B. subtilis is exerted with metabolites acting as effectors 

(Winkler, 2005), and also, the targets of riboswitches are typically genes involved in 

metabolism (Winkler and Breaker, 2005; Nudler and Mironov, 2004; Serganov and 

Nudler, 2013). Faster responses that are not mediated through changes in gene 

expression can be elicited by metabolites through the allosteric control of protein activity 

(Eoh and Rhee, 2014; Wegner et al., 2015). Recent studies suggest that metabolites, as 

substrates or allosteric effectors of enzymes, account possibly for most of the regulation 

of metabolic fluxes (Hackett et al., 2016; Gerosa et al., 2015; Chubukov et al, 2013). In 

addition, approximately 20% of protein kinases in S. cerevisiae were found to bind to 

small molecules, and the biological relevance of a particular case was also verified 

experimentally, suggesting a role for metabolites also on the direct control of signaling 

pathways (Li et al., 2010). 

 

On the quest for flux-signaling metabolites 

Although several metabolites may exert control over cellular functions, identifying flux-

signaling metabolites is a challenging task. As it became apparent in the previous 

section, flux-signaling metabolites have to display two properties. First, their 

concentration should exhibit changes in response to metabolic flux changes, and second,  
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Figure 2. Identification of flux-signaling metabolites and metabolite-mediated regulatory crosstalk 
between different metabolic pathways. (A) From top to bottom, variance in concentration of 
metabolites across nutrient conditions (black dot indicates lack of data), number of unique 
metabolite-enzyme regulatory interactions, and number of unique metabolite interactions with 
proteins involved primarily in the regulation of gene expression. Abbreviations: G6P: glucose-
6phosphate; F6P: fructose-6-phosphate; FBP: fructose 1,6-bisphosphate; 3PG: glycerate 3-
phosphate; BPG: 1,3-bisphosphoglycerate; DHAP: dihydroxyacetone phosphate; G3P: 
glyceraldehyde 3 phosphate; 2PG: glycerate 2-phosphate; PEP: phosphoenol pyruvate; PYR: 
pyruvate; Cis-Aco: cis-aconitate; A-KG: α-ketoglutarate; SUC-CoA: succinyl-CoA; SUC: succinate; 
FUM: fumarate; MAL: malate; OAA: oxaloacetate; 6GPDL: 6-phosphogluconolactone; 6PG: 6-
phosphogluconate; RU5P: ribulose-5-phosphate; X5P: xylulose-5-phosphate; R5P: ribose-5-
phosphate; S7P: sedoheptulose-7-phosphate; E4P: erythrose-4-phosphate. For the estimation of 
the variance, a linear mixed effects model was fit on the metabolite concentrations, whereby the 
interest centered on how much the various metabolite concentrations varied across the various 
conditions, controlling for the state (dynamic/steady) and the various studies. For each metabolite, 
a random intercept was estimated across the conditions and the variance component associated 
with that random intercept expressed how much each metabolite varied across the conditions. A 
few metabolites (RU5P, X5P, S7P, Isocitrate) were only measured within one study and therefore 
did not need to be controlled for study and a few other metabolites (3PG, PYR, Citrate, Cis-Aco, 
SUC-CoA) were only measured within one state and did not require control for that variable either. 
For obtaining interactions between metabolites and regulatory proteins in Protein Data Bank, a 
search in the database was contacted using the name of each metabolite together with the word 
“transcription” as keywords, and the hits were manually examined. (B) Regulation of enzymes in a 
metabolic pathway from metabolites of a different metabolic pathway. The full length of each 
ideogram is proportional to the total number of enzymes in the pathway that were found to be 
regulated by metabolites in one of the other shown pathways (10, 10, and 1 enzymes for glycolysis, 
TCA, and PPP respectively). The ribbons indicate which fraction of these enzymes (end-point of 
ribbon) are regulated by metabolites of another pathway (ribbon color). For example, the yellow 
ribbon indicates that approximately one third of the metabolite-regulated enzymes in glycolysis, are 
regulated by TCA metabolites. 
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they should interact with and regulate other cellular components in order to translate the 

flux-information into a response. 

Here, we applied these two criteria on literature-based data, with the goal to identify 

candidate flux-signaling metabolites. To identify metabolites with varying concentration, 

we used quantitative metabolomics data from 3 microbes (E. coli, B. subtilus, and S. 
aureus), 7 studies, and 30 different nutrient regimes, obtained at steady-state or dynamic 

conditions (Liebeke et al., 2010; Buchholz et al., 2002; Timischl et al., 2008; Schaub and 

Reuss 2008; Bennett et al., 2009; Link, Kochanowski and Sauer, 2013; Chubukov and 

Sauer, 2014). We estimated the variance in the concentration of metabolites in glycolysis, 

the tricarboxylic acid (TCA) cycle, and the pentose phosphate pathway (PPP) across 

nutrient conditions, using a linear mixed effects model to account also for the effect of 

different studies or different states (steady or dynamic). Furthermore, we retrieved 

regulatory interactions between metabolites and enzymes (Supplementary Table 1) from 

MetaCyc (https://metacyc.org/, Caspi et al., 2016), as well as interactions between 

metabolites and proteins that hold a regulatory function, such as transcriptional and 

translational regulators (Supplementary Table 2), from the Protein Data Bank 

(www.rcsb.org, Berman et al., 2000) and RegulonDB (http://regulondb.ccg.unam.mx/, 

Gama-Castro et al., 2016).  

Then, on the basis of the variance analysis and the gathered metabolite-protein 

interaction data, we looked for metabolites that display, both, significant changes in their 

concentration among nutrient conditions, and thus, could possibly report changes in 

metabolic flux, and, which interact with enzymes and regulatory proteins, and thus, could 

exert flux-dependent regulation (Figure 2A). With this approach, we could identify the 

already established case of FBP as a flux-signaling metabolite (Kochanowski et al., 

2013), but also intermediates of the TCA cycle and the PPP, such as citrate, α-

ketoglutarate, and 6-phosphogluconate respectively, as potential flux-signaling 

metabolites. These metabolites where among those which displayed high concentration, 
control the activity of several enzymes, and/or interact with a number of different 

regulatory proteins. 

https://metacyc.org/
http://www.rcsb.org/
http://regulondb.ccg.unam.mx/
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Recent findings provided indications that citrate, one of the identified candidate flux-

signaling metabolites, could indeed exert flux-dependent regulation in yeast. In specific, it 

was demonstrated that citrate accumulates when the amount of nitrogen is limited, and 

that its concentration correlates well with the level of nitrogen limitation (Hackett et al., 

2016), suggesting that citrate could report on the level of nitrogen influx. Further, Hackett 

et al. (2016) found that citrate is an inhibitor of pyruvate kinase, and that in nitrogen-

limiting conditions, changes in pyruvate kinase flux were to be attributed primarily to 

changes in citrate concentration. This remarkable finding would suggest that citrate 

exerts control in the flux through glycolysis in response to changes in nitrogen influx, and 

interestingly, α-ketoglutarate, the other TCA metabolite that we identified as a potential 

flux-signaling metabolite, was also reported to coordinate glycolytic flux with nitrogen 

uptake but in E. coli (Doucette et al., 2011). This regulatory cross-talk between metabolic 

pathways – meaning flux-signaling metabolites from a certain pathway being involved in 

the regulation of flux in another pathway – might be crucial for the coordination of fluxes 

in central metabolism on the basis of the availability of essential nutrients. In fact, we 

found that nearly one third of the metabolite-regulated enzymes in glycolysis, are 

controlled by TCA metabolites vice versa (Figure 2B).       

Our analysis also suggested 6-phosphogluconate as a candidate flux-signaling 

metabolite. While we could not obtain any information about possible transcriptional 

targets of 6-phosphogluconate, this could be due to the fact that many such metabolite-

regulator interactions are likely yet to be uncovered. Nevertheless, the concentration of 6-

phosphogluconate was recently reported to correlate very well with phosphate availability 

in S. cerevisiae (Boer et al., 2010; Hackett et al., 2016) suggesting that 6-

phosphogluconate could possibly report on phosphate influx. 

Another metabolite that was not included in our literature-based analysis, since the latter 

was restricted on glycolytic, TCA, and PPP intermediates, but was previously 

characterized as a “global signal”, and thus, could serve as a flux-signaling candidate, is 

acetyl-phosphate (acetyl-P) (Wolfe, 2005). Acetyl-P is a high-energy phosphate 

compound that can be generated by acetyl-CoA and acetate, and which is involved in the 

regulation of a several important cellular processes in E. coli, ranging from biofilm 



Metabolic-flux dependent regulation of microbial physiology 

19 

formation, to flagellar biogenesis and cell division (Wolfe, 2005). Interest on acetyl-P was 

renewed recently, after it was demonstrated that most acetylation in E. coli depends on 

acetyl-P levels (Weinert et al., 2013). Acetyl-P production requires either glucose or 

acetate catabolic flux (Weinert et al., 2013), but its levels are elevated during growth on 

carboxylic acids in comparison to glucose (Wolfe, 2005) and were predicted to correlate 

with extracellular acetate availability (Enjalbert et al., 2017). Therefore, although there is 

still no clear picture on how acetyl-P levels respond to changes in metabolism, its broad 

regulatory scope, together with the sensitivity of its concentration on nutrient conditions, 

render it a promising candidate for a flux-signaling metabolite.  

 

Unstable proteins as reporters of the global metabolic state 

In the previous section, we discussed the case of flux-sensing mediated by metabolites. 

While flux-signaling metabolites can report on flux levels on a specific pathway, important 

cellular decisions, as for example, the entry to cell division, possibly requires the 

concomitant assessment of the overall metabolic state of a cell. A reliable read-out of the 

overall metabolic status in microorganisms might be the rate of protein synthesis. This is 

because cells devote most of their biosynthetic capacity on making ribosomes, the 

number and the activity of which determines the overall rate of protein synthesis (Bremer 

and Dennis, 2008). Moreover, the production of the different amino acids which are used 

as building blocks for proteins requires the coordinated function of different pathways in 

central metabolism (Umbarger, 1978; Ljungdahl and Daignan-Fornier, 2012), and the 

incorporation of amino acids into proteins is by far the most expensive biosynthetic 

process in the cell (Russell and Cook, 1995). Thus, a high rate of protein synthesis 

possibly reflects a well-coordinated activity of central metabolism, with fluxes that are high 

enough to sustain a sufficient supply of building precursors (Hu, Yang and Ma, 2015) and 

high amounts of energy required for translation.  

For assessing their overall rate of protein synthesis, cells could monitor the concentration 

of constitutively expressed proteins which have a short half-life. Due to the constitutive 

expression and the rapid degradation, the concentration of such proteins would report on 
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the instantaneous rate of protein synthesis. In a study, in which the half-life of more than 

50 % of the S. cerevisiae proteome was determined, it was found that while most proteins 

have a half-life between 20 and 90 minutes, a considerable subset of proteins (161 

proteins, ≈3.5 % of all analyzed) was found to be very short-lived (<4 min) (Belle et al., 

2006). Proteins belonging to this short-lived fraction could likely report on the overall rate 

of protein synthesis. Interestingly, the same study revealed that the shorter-lived proteins 

were primarily involved in cell regulation (Belle et al., 2006), and thus, fulfilled also the 

second criterion of flux-signaling molecules. The budding yeast cyclin Cln3 is a 

remarkably short-lived protein (Cross and Blake, 1993; Tyers et al., 1992; Yaglom et al., 

1995) whose synthesis is thought to solely depend on the biosynthetic capacity of the cell 

(Schmoller et al., 2015). Because Cln3 is a potent activator of the cell division program in 

S. cerevisiae (Nash et al., 1988; Tyers, Tokiwa and Futcher, 1993), it is considered to 

transmit information about the overall rate of the proteins synthesis to the cell cycle 

machinery (Jorgensen and Tyers, 2004), therefore, coupling potentially the overall 

metabolic state of the cell to fate decision.  

 
Figure 3. Schematic illustration of flux-dependent regulation through unstable proteins. The 
concentration of constitutively expressed, highly unstable proteins, is due to their rapid degradation 
a reflection of the instantaneous rate of translation. Because the rate of translation reflects the 
coordinated activity of central carbon metabolism, constitutively expressed, unstable proteins could 
be exploited by cells for regulation based on their overall metabolic state.  

 

Why fluxes? 

Why should cells exert regulatory activity on the basis of metabolic flux, rather than, for 

example, solely on the basis of nutrient concentration? Microbial cells can grow on a 

large number of different carbon sources (potentially up to 180 for E. coli (Orth et al., 
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2011)), and therefore, sensing each one of them independently would require a huge 

level of genetic complexity, as well as a huge energy and precursor investment for the 

simultaneous expression of the respective sensors. In addition, it is unclear how the 

information gathered from different sensors would be integrated to yield a common 

response in the case of presence of multiple carbon sources. Instead, different nutrients 

can converge to few key flux-signaling metabolites, which can report for both the quantity 

and the quality of the available nutrient (on the basis for example of their uptake rate). 

Such a model of flux-based sensing of nutrients would suggest that cells do not activate a 

response that is tailored to a specific nutrient (since different nutrients converge to a few 

key metabolites), but rather a general one which is suitable for addressing a small range 

of different nutrient conditions. In fact, it appears that indeed cells display sub-optimal 

control of gene expression in response to environmental conditions (Kochanowski, Sauer 

and Chubukov, 2013), suggesting that they are prepared to face a range of 

environmental regimes, rather than a specific one.  

Further, flux-sensing and flux-dependent regulation can be integrated in global feedback 

loops. Such loops are excellent means to adjust metabolism in response to altered 

conditions. Changes in fluxes occurring passively due to altered nutrient conditions can 

be sensed by flux-signaling metabolites, which can induce subsequent adaptation to a 

new steady-state through allosteric regulation of enzymatic activity and changes in gene 

expression. The fact that the newly expressed enzymes can further modulate metabolic 

flux, generates a closed feedback loop that allows cells to achieve robust metabolic 

adaptation in a metabolism-autonomous way (Kotte, Zaugg and Heinemann, 2010). This 

is in accordance to recent findings which suggest that microbial metabolism is majorly 

self-sustained, with regulation occurring to significant extent by the function of 

metabolites as substrates and allosteric regulators (Hackett et al., 2016; Gerosa et al., 

2015; Kochanowski, Sauer and Noor, 2015; Link, Kochanowski and Sauer, 2013; 

Chubukov et al., 2013), but also by enzyme expression (Hackett et al., 2016), which as 

we noted above, can be as well controlled by metabolites. Such closed-loop regulation 

could also provide robustness to intrinsic noise, for example, by correcting for stochastic 

variation in gene expression.  
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In addition, apart from being economical and providing robustness, flux-sensing allows 

cells to determine their actual catalytic capacity. This ability can be crucial for undertaking 

important cellular decisions. For example, deciding to undergo cell division (an expensive 

process) not simply when nutrients are available, but only when they are also already 

being uptaken at a high rate, could reduce the risk of undertaking this decision, especially 

at natural environments where nutrient fluctuations can be frequent and dramatic. The 

finding that the entry to persistence or the pursuit of an actively growing state is majorly a 

flux-dependent decision, complies with such a scenario.   

 

Outlook 

The rapid and efficient adaptation to fluctuating environments is key for microbial fitness. 

It is now evident that in several cases, cells respond and adapt to changes in their 

environment not only by directly sensing the extracellular conditions, but also by sensing 

their intracellular metabolic fluxes. Understanding how metabolic fluxes are sensed and 

translated to cellular responses, and which critical metabolites or proteins facilitate these 

functions, will be crucial for generating a systems-level view of metabolic and generally 

physiological regulation, and therefore, for optimizing metabolic engineering, and even 

dealing with recurrent microbial infections.  

Yet, huge challenges exist. Studies suggest that we currently ignore most of existing 

metabolite-protein interactions (Li et al, 2010; Gallego et al, 2010), and likely the same is 

true for the interaction of metabolites with RNAs. Further, because metabolic fluxes 

comprise a system level property (Zamboni, Saghatelian and Patti, 2015), they are 

difficult to study and challenging to reliably measure. Establishing rigid correlations 

between flux levels and metabolite concentrations is the first step towards establishing 

flux-signaling metabolites. Nevertheless, confirming that changes in the levels of flux-

signaling metabolites are causal for specific cellular responses would require highly 

challenging perturbations.  

However, even just knowing such correlations between flux and metabolite levels opens 

possibilities for interesting applications, such as the in vivo assessment of metabolic 
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fluxes, if for example the concentration of the metabolite could be translated into a 

measurable output. Such biosensors, if established, could be instrumental tools in the 

biotech industry, and even the health sector. Engineering efficient cell factories for the 

production of chemicals or fuels involves redirection of metabolic fluxes (Nielsen, 2001), 

and thus, flux biosensors could be useful to streamline screening processes (Binder et 

al., 2012; Michener et al., 2012; Yang, 2013). In pharma industry, flux biosensors might 

be used for high throughput screening for metabolism-targeting drugs, and thus, 

accelerate the slow process of drug development (Cannon, 2015). 

 

Aim of the thesis 

The aim of this thesis was to investigate, using single cell technologies, how metabolic 

fluxes, and in specific, the flux through glycolysis and the overall rate of translation, affect 

cell cycle entry and progression in the unicellular eukaryote Saccharomyces cerevisiae. 

 

Outline of the thesis 

In this thesis, we initially discuss how metabolic fluxes shape the phenotype of 

microorganisms, presenting a conceptual model for flux-sensing and flux-dependent 

regulation, and providing guidelines for the identification of flux-signaling molecules 

(Chapter 1). Then, in Chapter 2, we combine molecular tools by which we can perturb the 

flux through glycolysis independently of the extracellular nutrient environment, together 

with a microfluidics setup for continuous single-cell monitoring, to show that the rate of 

glycolysis dictates whether S. cerevisiae cells enter the mitotic cycle or reside in 

quiescence. Thus, in this chapter, we demonstrate that the entry to or abstention from the 

cell cycle is a decision based on metabolic rates, rather than on extracellular nutrient 

concentration. In Chapter 3, by perturbing glycolysis through various means after the 

cells have committed to the mitotic cycle, we show that although a certain rate of 

glycolysis is essential for the commitment, cells that have entered the mitotic cycle can 

replicate their genome even in the absence of glucose or any other carbon source, and 
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thus, with minimum, if any, flux through glycolysis. However, we show also that despite 

the completion of DNA replication, bud formation is completely halted after START in the 

absence of glucose or, occasionally, even when the rate of glycolysis is artificially 

reduced in the presence of glucose, with cells entering a state of G2-arrest and 

prematurely recruiting the START-inhibitor Whi5 in the nucleus. Thus, this chapter 

demonstrates that DNA replication is after its initiation insensitive to nutrient availability, 

but similarly to START, bud formation requires a critical rate of glycolysis for its 

progression. Moreover, this chapter reports for the first time that the transcriptional 

inhibitor Whi5, whose nuclear localization is associated with G1 arrest, localizes in the 

nucleus also in G2-arrested cells. Finally, in Chapter 4, by following the dynamics of 

protein synthesis during the cell cycle, we show that cells exhibit a burst of protein 

translation at late G1, and thus, during the point of commitment to the mitotic cycle. After 

establishing a novel method for monitoring the dynamic expression of Cln3, we show that 

the translation rate and the concentration of this potent, and likely most upstream, 

activator of the mitotic cycle, also burst at late G1, providing thus a potential mechanism 

by which metabolic flux determines yeast cell fate commitment. Thus, apart from 

providing a molecular link by which metabolic flux can trigger the initiation of the cell 

division program, this chapter demonstrates, contrary to the long-standing notion, that 

Cln3 is a cyclin that cycles. In Chapter 5, we provide an outlook on these findings, and on 

their basis, we suggest future research lines.  
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Supplementary tables 

Supplementary Table 1. List of regulatory interactions of metabolites with enzymes obtained from 
MetaCyc 

Metabolite Enzyme Uniprot ID Interaction effect 
G6P Glucokinase Q8DVE8 Inhibition 
G6P Glycogen phosphorylase P06738 Inhibition 
G6P Isopenicillin N synthase P27744 Inhibition 
G6P Malate dehydrogenase P76251 Activation 
G6P Sucrose phosphate 

phosphatase/synthase 
Q1GY13 Inhibition 

F6P 6-phosphofructokinase P0A796 / 
P06999 

Activation 

F6P Glutamine synthetase adenylyltransferase P30870 Inhibition 
F6P Isocitrate dehydrogenase kinase P11071 Inhibition 
F6P Mannitol-1-phosphate 5-dehydrogenase Q02418 Inhibition 
F6P N-acetylglucosamine-6-phosphate 

deacetylase 
Q8XAC3 Inhibition 

F6P NAD+-dependent glyceraldehyde-3-
phosphate dehydrogenase 

O57693 Activation 

F6P Trehalose-6-phosphate phosphatase P31688 Inhibition 
F6P Trehalose-6-phosphate synthase Q00764 Activation 
FBP 1-phosphofructokinase P0AEW9 Inhibition 
FBP 6-phosphofructokinase P0A796 Inhibition 
FBP 6-phosphogluconate dehydrogenase - Inhibition 
FBP 6-phosphogluconate dehydrogenase 

(decarboxylating) 
P00350 Inhibition 

FBP Glucose-1-phosphate adenylyltransferase P0A6V1 Activation 
FBP Glutamine synthetase adenylyltransferase P30870 Inhibition 
FBP Glycerol 3-phosphate dehydrogenase Q00055 Inhibition 
FBP Glycerol kinase P0A6F3 Inhibition 
FBP L-lactate dehydrogenase P00343 Activation 
FBP Methylglyoxal oxidase - Activation 
FBP NAD+-dependent glyceraldehyde-3-

phosphate dehydrogenase 
Q8DVV3 Inhibition 

FBP Phosphoenolpyruvate carboxylase P00864 Activation 
FBP Phosphoglucose isomerase P83194 Inhibition 
FBP Pyruvate kinase A3CM70 Activation 
FBP Quinolinate phosphoribosyltransferase 

(decarboxylating) 
P30011 Inhibition 

FBP Sucrose phosphate 
phosphatase/synthase 

Q1GY13 Activation 

3PG ADP-glucose pyrophosphorylase A8HS14 Activation 
3PG Glutamine synthetase adenylyltransferase P30870 Inhibition 
3PG Glycerol-3-phosphate dehydrogenase, 

aerobic 
P13035 Inhibition 

3PG Isocitrate dehydrogenase 
phosphatase/kinase 

P11071 Activation (phosphatase) / 
Inhibition (kinase) 

3PG Isocitrate lyase P0A9G6 Inhibition 
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Metabolite Enzyme Uniprot ID Interaction effect 
3PG Methylglyoxal synthase P0A731 Inhibition 
3PG Phosphoglycerate kinase P0A799 Activation 
3PG α-ketoglutarate reductase P0A9T0 Inhibition 
DHAP Glycerol-3-phosphate dehydrogenase, 

aerobic 
P13035 Inhibition 

DHAP L-lactate dehydrogenase P00343 Inhibition 
DHAP Methylglyoxal synthase P0A731 Activation 
DHAP Pyruvate formate-lyase Q59934 Inhibition 
G3P Glyceraldehyde-3-phosphate 

dehydrogenase 
P17721 Inhibition 

G3P Glycerol-3-phosphate dehydrogenase, 
aerobic 

P13035 Inhibition 

G3P Pyruvate formate-lyase Q59934 Inhibition 
2PG 2-dehydro-3-deoxyphosphoheptonate 

aldolase 
P00887 / 
P00888 / 
P0AB91 

Inhibition 

2PG Glycerol-3-phosphate dehydrogenase, 
aerobic 

P13035 Inhibition 

PEP 3-phosphonopyruvate hydrolase Q84G06 Inhibition 
PEP 3-phosphoshikimate-1-

carboxyvinyltransferase 
P0A6D3 Activation 

PEP 6-phosphofructokinase P0A796 Inhibition 
PEP Fructose bisphosphate aldolase P0A991 Activation 
PEP Fructose-1,6-bisphosphatase I P0A993 Activation / Inhibition 
PEP Fructose-1,6-bisphosphatase II P0A9C9 Activation 
PEP Glucokinase P0A6V8 Inhibition 
PEP Glutamine synthetase adenylyltransferase P30870 Inhibition 
PEP Glycerol-3-phosphate dehydrogenase, 

aerobic 
P13035 Inhibition 

PEP Isocitrate dehydrogenase P08200 Inhibition 
PEP Isocitrate dehydrogenase 

phosphatase/kinase 
P11071 Activation (phosphatase) / 

Inhibition (kinase) 
PEP Isocitrate lyase P0A9G6 Inhibition 
PEP Malate synthase P0A5J4 Inhibition 
PEP Methylglyoxal synthase P0A731 Inhibition 
PEP NAD+-dependent glyceraldehyde-3-

phosphate dehydrogenase 
Q8DVV3 Inhibition 

PEP Phosphate acetyltransferase P0A9M8 Activation / Inhibition 
PEP Phosphoenolpyruvate carboxykinase 

(ATP) 
P22259 Inhibition 

PEP Phosphoenolpyruvate synthetase P23538 Inhibition 
PEP Phosphoglucose isomerase P0A6T1 Inhibition 
PEP Pyruvate kinase G4RLR3 Activation 
PYR 2,4-diaminopentanoate dehydrogenase C1FW05 Inhibition 
PYR 3-methyl-2-oxobutanoate 

hydroxymethyltransferase 
P31057 Inhibition 

PYR 3-phosphoshikimate-1-
carboxyvinyltransferase 

P0A6D3 Inhibition 

PYR Acetylpyruvate hydrolase P23234 Inhibition 
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Metabolite Enzyme Uniprot ID Interaction effect 
PYR Cysteine sulfinate desulfinase Q46925 Activation 
PYR D-lactate dehydrogenase P06149 Activation 
PYR Indolepyruvate decarboxylase P23234 Inhibition 
PYR Isocitrate dehydrogenase 

phosphatase/kinase 
P11071 Activation (phosphatase) / 

Inhibition (kinase) 
PYR Isopenicillin N synthase P27744 Inhibition 
PYR Malate synthase G P37330 Inhibition 
PYR N-acetyl-β-neuraminate lyase P0A6L4 Inhibition 
PYR Phosphate acetyltransferase P0A9M8 Activation / Inhibition 
PYR Proline dehydrogenase P09546 Inhibition 
PYR Pyruvate dehydrogenase - Inhibition 
PYR Threonine dehydratase P0AGF6 Inhibition 
PYR Δ1-pyrroline-4-hydroxy-2-carboxylate 

deaminase 
Q88NF4 Inhibition 

Citrate 2-methyleneglutarate mutase Q59268 Inhibition 
Citrate Aspartate ammonia-lyase P0AC38 Inhibition 
Citrate Chorismate mutase/prephenate 

dehydratase 
P0A9J8 Inhibition 

Citrate Enolase Q8U477 Inhibition 
Citrate Fructose-1,6-bisphosphate aldolase P58315 / 

P58314 
Activation 

Citrate Fumarase C P05042 Inhibition 
Citrate Galactarate dehydratase P39829 Inhibition 
Citrate Glutamate dehydrogenase - Inhibition 
Citrate Glutamine synthetase adenylyltransferase P30870 Inhibition 
Citrate Isocitrate dehydrogenase kinase P11071 Inhibition 
Citrate Trehalose-6-phosphate phosphatase A0R529 Inhibition 
Cis-Aco Chorismate mutase/prephenate 

dehydratase 
P0A9J8 Inhibition 

Cis-Aco Isocitrate lyase P0A9G6 Inhibition 
Isocitrate Isocitrate dehydrogenase phosphatase P11071 Activation (phosphatase) / 

Inhibition (kinase) 
A-KG 3,4-dihydroxyphenylalanine oxidative 

deaminase 
- Inhibition 

A-KG Citrate synthase P0ABH7 Inhibition 
A-KG Deacetoxycephalosporin C hydroxylase P42220 Cofactor or prosthetic 

group 
A-KG Deacetoxycephalosporin C synthase P18548 Cofactor or prosthetic 

group 
A-KG Deacetoxycephalosporin C synthase / 

deacetoxycephalosporin C hydroxylase 
P11935 Cofactor or prosthetic 

group 
A-KG Glutamate dehydrogenase (NAD-

dependent) 
P29051 Inhibition 

A-KG Glutamine synthetase deadenylase 
(glutamine synthetase 
adenylyltransferase) 

P30870 Activation / Inhibition 

A-KG Indolepyruvate decarboxylase P23234 Inhibition 
A-KG Isocitrate dehydrogenase 

phosphatase/kinase 
P11071 Activation (phosphatase) / 

Inhibition (kinase) 
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Metabolite Enzyme Uniprot ID Interaction effect 
A-KG Isocitrate lyase P0A9G6 Inhibition 
A-KG Methylglutamate dehydrogenase - Inhibition 
A-KG N-acetylornithine aminotransferase / N-

succinyldiaminopimelate 
aminotransferase 

P18335 Inhibition 

A-KG NADP-dependent isocitrate 
dehydrogenase 

P41939 / 
P21954 

Inhibition 

A-KG Phosphoenolpyruvate synthetase P23538 Inhibition 
A-KG Pyruvate carboxylase O27939 / 

O27179 
Inhibition 

A-KG α-ketoglutarate reductase (D-3-
phosphoglycerate dehydrogenase) 

P0A9T0 Inhibition 

SUC-CoA Acetyl CoA carboxylase Q877I5 / 
Q877I3 

Inhibition 

SUC-CoA Propionyl CoA carboxylase Q8J2Z3 Inhibition 
SUC-CoA Pyruvate kinase P0AD61 Inhibition 
SUC 2-methyleneglutarate mutase Q59268 Inhibition 
SUC 3-dehydroquinate dehydratase P05194 Inhibition 
SUC Aspartate transcarbamylase P0A786 Inhibition 
SUC Glutamate decarboxylase A P69908 Inhibition 
SUC Glutamate decarboxylase B P69910 Inhibition 
SUC Glutamate dehydrogenase (NAD-

dependent) 
P29051 Inhibition 

SUC Glutamate dehydrogenase (NADP-
dependent) 

Q5MBG2 Inhibition 

SUC Isocitrate lyase P0A9G6 Inhibition 
SUC Urocanase P25080 Inhibition 
FUM Glutamate decarboxylase A P69908 Inhibition 
FUM Glutamate decarboxylase B P69910 Inhibition 
FUM Glutamate dehydrogenase (NAD-

dependent) 
P29051 Inhibition 

FUM Malate dehydrogenase P61889 Inhibition 
FUM Urocanase P25080 Inhibition 
MAL 2-methyleneglutarate mutase Q59268 Inhibition 
MAL Glutamate dehydrogenase (NAD-

dependent) 
P29051 Inhibition 

MAL Glutamine synthetase adenylyltransferase P30870 Inhibition 
MAL Isocitrate lyase P9WKK7 Inhibition 
MAL L-lactate dehydrogenase P00175 Inhibition 
MAL Malate dehydrogenase, NAD-requiring P76251 Inhibition 
MAL Malate synthase P0A5J4 Inhibition 
MAL Phosphoenolpyruvate carboxylase P00864 Inhibition 
OAA 2-oxoglutarate decarboxylase P0AFG3 Inhibition 
OAA 4-carboxy-4-hydroxy-2-oxoadipate 

aldolase 
Q88JX9 Inhibition 

OAA 4-oxalocitramalate aldolase Q9AQI0 / 
Q8RQW0 

Inhibition 

OAA 4-oxalocrotonate tautomerase A0A0J6C0
J4 

Inhibition 
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Metabolite Enzyme Uniprot ID Interaction effect 
OAA Acetylpyruvate hydrolase - Inhibition 
OAA ATP-citrate lyase Q9AJC4 / 

Q9AQH6 
Inhibition 

OAA Citrate lyase P0A9I1 / 
P77390 / 
P75726 / 
P0A6G5 

Inhibition 

OAA Fumarate reductase P00363 / 
P0AC47 / 
P0A8Q0 / 
P0A8Q3 

Inhibition 

OAA Glutamate dehydrogenase - Inhibition 
OAA Glutamate dehydrogenase (NAD-

dependent) 
P29051 Inhibition 

OAA Glutamine synthetase adenylyltransferase P30870 Inhibition 
OAA Isocitrate dehydrogenase P08200 / 

Q8L0X8 
Inhibition 

OAA Isocitrate dehydrogenase 
phosphatase/kinase 

P11071 Activation (phosphatase) / 
Inhibition (kinase) 

OAA Malate dehydrogenase P61889 Inhibition 
OAA Malate dehydrogenase, NAD-requiring P26616 Inhibition 
OAA Phosphoenolpyruvate synthetase P23538 Inhibition 
6PG 2-keto-3-deoxygluconate 6-phosphate 

aldolase 
P0A955 Inhibition 

6PG L-lactate dehydrogenase P00343 Inhibition 
6PG Phosphoglucose isomerase P0A6T1 Inhibition 
RU5P 6-phosphogluconate dehydrogenase 

(decarboxylating) 
P00350 Inhibition 

RU5P Glucose-6-phosphate dehydrogenase Q9L9P7 Inhibition 
R5P 3-deoxy-D-manno-octulosonate 8-

phosphate synthase 
P0A715 Inhibition 

R5P NAD+-dependent glyceraldehyde-3-
phosphate dehydrogenase 

O57693 Activation 

S7P NADP-dependent glyceraldehyde-3-
phosphate dehydrogenase 

Q59931 Inhibition 

DE4P 6-phosphogluconate dehydrogenase - Inhibition 
DE4P NADP-dependent glyceraldehyde-3-

phosphate dehydrogenase 
Q59931 Inhibition 
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Supplementary Table 2. List of interactions of metabolites with regulatory proteins obtained from 
Protein Data Bank and RegulonDB 

Metabolite Protein Uniprot ID Protein function 
G6P CggR O32253 Regulation of transcription 
G6P ccpA P46828 Regulation of transcription 
F6P CggR O32253 Regulation of transcription 
FBP CggR O32253 Regulation of transcription 
FBP ccpA P46828 Regulation of transcription 
FBP Cra P0ACP1 Regulation of transcription 
DHAP CggR O32253 Regulation of transcription 
G3P CggR O32253 Regulation of transcription 
PYR Acetate operon repressor (IclR) P16528 Regulation of transcription 
PYR PdhR DNA-binding transcriptional 

dual regulator 
C3TQB7 Regulation of transcription 

PYR traJ A0A0F6AW83 Regulation of transcription 
Citrate AcnR Q8NQ97 Regulation of transcription 
Citrate Cyclin-dependent kinases 

regulatory subunit 
P20486 Regulation of CDK activity 

Citrate Ferric uptake regulation protein 
(Fur) 

O25671 Regulation of transcription 

Citrate glycerol uptake operon 
antiterminator-related protein 

Q9X1F0 Regulation of transcription 

Citrate Helix-turn-helix motif Q82UW4 Regulation of transcription 
(putative) 

Citrate Multidrug-efflux transporter 1 
regulator 

P39075 Regulation of transcription 

Citrate Nitrogen regulatory protein P-II P0A3F4 Regulation of transcription; 
Regulation of enzyme 
activity 

Citrate Putative GntR-family 
transcriptional regulator 

A0A0H3LYW6 Regulation of transcription 

Citrate Putative nickel-responsive 
regulator 

O25896 Regulation of transcription 

Citrate Response regulator protein Q3JXA5 Response regulator 
Citrate SNF1-like protein kinase ssp2 P78789 Protein kinase activity 
Citrate Stringent starvation protein A Q7CL96 Regulation of transcription 
Citrate TM_1436 Q9X1F0 Regulation of transcription 
Citrate Transcriptional regulator mntR P54512 Regulation of transcription 
Citrate XPD/Rad3 related DNA helicase Q4JC68 DNA helicase activity 
Citrate Ribosomal protein L4 P38516 Regulation of transcription; 

Regulation of translation 
(ribosomal subunit) 

A-KG 50S ribosomal protein L16 
arginine hydroxylase 

P27431 Regulation of translation 

A-KG Global nitrogen regulator P29283 Regulation of transcription 
A-KG Hypothetical nitrogen regulatory 

PII-like protien MJ0059 
Q60381 Regulation of transcription 

(putative); Regulation of 
translation (putative) 

A-KG Nitrogen regulatory protein P-II P0A3F4 Regulation of transcription; 
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(glnB) Regulation of enzyme 
activity 

A-KG Nitrogen regulatory protein P-II 
(GlnB-3) 

O28524 Regulation of transcription; 
Regulation of enzyme 
activity 

A-KG PII-like protein Pz P70731 Regulation of transcription; 
Regulation of enzyme 
activity 

SUC 50S ribosomal protein L16 
arginine hydroxylase 

P27431 Regulation of translation 

SUC traJ A0A0F6AW83 Regulation of transcription 
SUC Transcription elongation factor 

SPT6 
Q6FLB1 Regulation of transcription 

MAL ESX-1 secretion-associated 
regulator EspR 

P9WJB7 Regulation of transcription 
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Abstract 

Despite quiescence being the most abundant cellular state in nature, little is known on the 

mechanisms that control the transitions in and out of quiescence. Here, using 

microfluidics and S. cerevisiae strains, in which the rate of glycolysis can be uncoupled 

from extracellular glucose levels, we show that glycolytic flux controls the transitions in 

and out of quiescence independently of glucose availability. Using single-cell metabolic 

reporters, and comparing quiescent with co-existing isogenic dividing cells, we show that 

energy availability is not the limiting factor for entry to or exit from quiescence. Finally, we 

show that a burst in NAD[P]H accumulation and a subsequent abrupt increase in the 

instantaneous growth rate are events that consistently precede the exit from quiescence, 
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whether stochastically or externally induced, and occur also prior to cell cycle initiation in 

regularly dividing newborn cells. Our results demonstrate that the rate of metabolism 

dictates cell fate commitment. 

Introduction 

Despite the fact that life and the process of cell division are inextricably linked, the 

majority of cells on earth spend most of their lifetime without dividing (Gray et al., 2004; 

Bergkessel, Basta, and Newman, 2016). In eukaryotes, this state of cell-cycle arrest is 

called the quiescent or G0 state. While the mechanisms underlying the transition through 

the various cell cycle phases have been extensively studied, the processes controlling 

the entry to and exit from quiescence are still poorly understood (De Virgilio, 2012; 

Cheung and Rando, 2013; Yao, 2014).  

In yeast, quiescence is considered to be regulated primarily by nutrient availability: cells 

enter quiescence when nutrients are scarce, and exit quiescence when nutrients are 

available (De Virgilio, 2012). However, how nutrients control quiescence is poorly 

understood. Yeast cells unable to uptake glucose cannot enter growth even when 

glucose is abundant in the environment (Wieczorke et al., 1999). Furthermore, only when 

glucose is allowed to be catabolized all the way down to glycolysis, then quiescence-

specific cytoskeletal structures (actin bodies), as present in starved cells, are dissembled 

(Laporte et al., 2011). Finally, very recently it was shown that cell cycle progression might 

be coupled to an autonomous metabolic oscillator, and that a critical metabolic frequency 

threshold should be reached for cell cycle initiation and the G1/S transition. 

(Papagiannakis et al., 2017). Together, these observations suggest that a cell’s decision 

to enter or exit quiescence (i.e. exit or enter the cell division cycle) might be dominated by 

its metabolic rates, rather than the extracellular availability of glucose. However, the 

inherent coupling between glucose levels and the rate of glucose metabolism renders the 

dissection of the role of these two factors in the regulation of quiescence challenging. 

Next to the regulation of quiescence, the phenotype of quiescent cells also remains rather 

elusive. Cells grown into stationary phase in complex medium have been mostly used so 



The rate of glycolysis dictates cell fate commitment in Saccharomyces cerevisiae

41 

far in order to generate and characterize bulks of quiescent yeast cells (Gray et al., 2004, 

De Virgilio 2012). Under such conditions, quiescent cells have been found to display a set 

of characteristic features, such as ceased growth and G1 arrest, reduced rates of protein 

synthesis, and enhanced resilience to various types of stress. However, whether these 

phenotypic attributes comprise an essential part of the quiescence program, or they are 

merely an outcome of nutrient shortage, remains an open question (Klosinska et al., 

2011). In addition, the coexistence of both quiescent and non-quiescent cells in 

stationary-phase cultures (Allen et al., 2006; Davidson et al., 2011) further complicates 

the interpretation of population-level measurements, which reflect the average behavior 

of the underlying cell sub-populations and can mask quiescence-specific attributes. 

Here, exploiting single cell microscopic analyses with microfluidics (Huberts et al., 2013; 

Lee et al., 2012) and single cell metabolite reporters (NAD[P]H autofluorescence and 

FRET-based ATP measurements), we show that an engineered Saccharomyces 
cerevisiae strain with a limited glucose uptake capacity splits into a quiescent population 

and a population of dividing cells at high glucose concentration. Under these nutrient-rich 

conditions, specifically the quiescent cells, and not their coexisting dividing counterparts, 

display features common for starvation-induced quiescent cells, such as ceased growth, 

reduced protein expression, and G1 arrest, however, without being energy deprived. We 

show that an increase in the rate of glycolysis, stochastically occurring or externally 

induced, triggers exit from quiescence, and consistently precedes cells cycle initiation 

also in regularly dividing daughter cells. Thus, the commitment for cell cycle entry or 

abstention, is dictated by the rate of glycolysis independently of external nutrients. The 

dependence of cell fate commitment on metabolic rates highlights glycolysis as an 

intervention target for cell cycle control.  

Results 

Glycolytic rates determine quiescence entry and exit 

To test whether a limitation in the glucose uptake rate can trigger entry into quiescence 

even in presence of high [10 gL-1] glucose, we used a yeast strain, in which 21 known 
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glucose transporter genes were deleted and a single chimeric hexose transporter (HXT) 

gene was re-introduced (Otterstedt et al., 2004). With this strain, in which the glucose 

uptake rate (and thus the glycolytic flux) is about 5-fold lower than in the corresponding 

wild-type (Elbing et al., 2004a), we could uncouple the rate of glycolysis from the 

extracellular glucose conditions.  

 
Figure 1. Dividing and non-dividing cells coexist in the presence of glucose. (A) Schematic 
representation of the microfluidics-based experimental setup. Cells are trapped underneath PDMS 
pads and are continuously fed with fresh medium. (B) Boxplot showing the fractions of coexisting 
dividing and non-dividing cells in the single-HXT (KOYTM6*P) strain (data from 4 biological 
replicates, 966 cells). Cells were identified as non-dividing after spending at least 40 hours without 
budding. Error bars indicate the max and min percentages. (C) Time-lapse images of a single 
dividing and non-dividing cell coexisting at the same nutrient conditions. At the last 20 hours, cells 
originating by neighboring dividing cells can be seen next to the non-dividing cell. 

Cultivating this strain in a microfluidic device (Huberts et al., 2013; Lee et al., 2012), we 

could monitor hundreds of individual yeast cells and their budding events over at least 40 

hours, while cells were constantly fed with glucose-rich medium. Here, we found that 

while the majority of cells divided, a small fraction of cells [3.06% ± 1.93% (mean ± SD)] 
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did not divide for at least 40 hours (Figure 1A-C), indicating that despite the abundant 

presence of glucose, these cells were quiescent. A control experiment with the respective 

wild-type strain, which achieves high glucose uptake rates at the same conditions (Elbing 

et al., 2004a), showed that the presence of quiescent cells was not an artifact of the 

experimental setup, as here all cells divided (Figure 1 – figure supplement 1A). We found, 

that the quiescent cells in the engineered strain were all arrested in the G1 phase of the 

cell cycle, as was indicated by their persistent nuclear Whi5-GFP localization (Figure 1 – 

figure supplement 2A and B), similarly to quiescent cells obtained by nutrient starvation 

(Klosinska et al., 2011) or in stationary phase cultures (De Virgilio, 2012). Thus, these 

experiments demonstrated that cells can enter quiescence despite glucose rich-

conditions, suggesting that quiescence is controlled by the rate of glucose uptake. 

To test whether the glucose uptake rate indeed controls quiescence, we asked whether 

we could trigger quiescence exit by increasing the influx of glucose. To test this, we 

introduced a single HXT gene in a strain lacking all known 21 glucose transporters 

(Otterstedt et al., 2004), under the control of a tetracycline-inducible promoter. In the 

absence of tetracycline, the HXT was expressed at a very low level (Figure 2 – figure 

supplement 1A) and allowed only for a slow population-level growth rate (Figure 2 – 

figure supplement 1B). By growing this strain in the microfluidic device in glucose-rich 

medium without tetracycline, we again found quiescent cells (≈ 8 % of 220 cells, observed 

over 16 h), which coexisted with dividing cells. Further, we found that the dividing cells 

displayed higher levels of HXT-GFP compared to quiescent cells (Figure 2A), suggesting 

that stochastic differences in the expression of the glucose transporter could account for 

the different cell cycle fate of the two sub-populations. When we added tetracycline to the 

medium, we found that almost all (94.9%) quiescent cells started to divide (Figure 2B). 

The exit from quiescence coincided with the increase in HXT levels upon induction 

(Figure 2C). Thus, these findings confirmed that an increase in glucose influx triggers 

quiescence exit, independently of external glucose.  

Next, we asked whether it is the rate of glucose uptake that triggers the exit, or rather the 

rate of glucose breakdown, i.e. the rate of glycolysis. To test this, we cultivated the strain 

with single chimeric HXT-transporter on the disaccharide maltose as carbon source. On 
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maltose, this strain attains a high glycolytic rate (Figure 2 – figure supplement 2), since 

after the uptake by maltose permeases, maltose is cleaved into two glucose molecules, 

thus feeding glycolysis (Novak, Zechner-Krpan, and Marić, 2004). In contrast to the 

experiments with glucose, when maltose was used as a carbon source, we could not 

detect any quiescent cells (Figure 2D). Similarly, when we dynamically switched medium 

from glucose to maltose after 40 h, the majority of the quiescent cells [65.43% ± 6.02% 

(mean ± SEM)] exited quiescence in synchrony (Figure 2E; Figure 2 – figure supplement 

3A and B), while, interestingly, the remaining quiescent cells died within the same time 

window (Figure 2 – figure supplement 3B and C).  

 
Figure 2. An increase in glycolysis triggers quiescent cells to divide. (A) HXT1-GFP peripheral 
mean fluorescence in dividing and quiescent cells right after the loading at the microfluidics device. 
Horizontal yellow lines represent the median value. Two-tailed p-value is shown for Mann-Whitney 
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test. All dividing cells budded at least once during the first 5 hours of the experiment. (B) 
Percentage of quiescent cells from the strain with the inducible HXT (KOYVW100 HXT1) that exit 
quiescence following the HXT overexpression while the extracellular nutrient conditions remain 
constant. Cells were supplemented with minimal medium containing 10 gL-1 glucose for 16 hours 
and then (t = 0), HXT expression was induced by adding 50 ngml-1 tetracycline to the medium. The 
fate of all cells that remained quiescent for the 16 hours of the pre-tetracycline period was 
monitored (n = 39 and n = 48 cells for the treated and control experiment respectively). For the 
control experiment, cells were treated in the same way but no tetracycline was added after the first 
16 hours. Dashed lines indicate cells (n = 7 and n = 9 for the treated and control experiment 
respectively) that were lost from the PDMS pads before showing any response. Because a similar 
fraction of cells was lost before showing any response in the treated and control experiments, lost 
cells do not statistically affect the result. (C) Dynamic expression of HXT1-GFP as a result of 
tetracycline addition determined at the single-cell level (n = 16 to 25) in quiescent cells that exit 
after the addition of tetracycline. The moment of exit with respect to tetracycline addition is 
indicated in the histogram. Cells were supplemented for at least 16 hours in minimal medium 
containing 10 gL-1 glucose and then 50 ngml-1 tetracycline was added to the medium. Inset shows 
HXT1-GFP levels in the same cells aligned for first bud emergence (dashed blue line). X-axis in the 
inset spans from -16 to 4 hours from first bud emergence. Data are represented as mean ± SEM. 
(D) Histogram of time of first division in the microfluidics setup and respective cumulative 
distribution for single-HXT (KOYTM6*P) (n = 779) cells in 10 gL-1 maltose. Cells were constantly 
supplemented with fresh minimal medium. (E) Histogram of time of first division in the microfluidics 
setup for single-HXT (KOYTM6*P) (4 biological replicates, n = 956) cells. Cells were continuously 
supplemented with fresh minimal medium containing 10 gL-1 glucose for 40 hours, and were 
subsequently switched to minimal medium containing 10 gL-1 maltose. The dashed yellow line 
indicates the time threshold after which the entry to division was considered to be stochastic (see 
Figure 4 – figure supplement 7 and Materials and Methods) and the dashed black line the point 
where cells were switched to maltose.  

Together, these experiments demonstrate that not the extracellular glucose level nor the 

rate of glucose uptake control quiescence, but rather, it is a limitation or an increase in 

the rate of glycolysis that trigger the entry into or exit from quiescence respectively.  

Quiescent cells display low metabolic rates, but they are not limited in energy and redox 
cofactors 

Using the unique possibility of being able to observe quiescent cells in nutrient-rich 

conditions (instead of starvation-induced (Klosinska et al., 2011) or stationary phase 

quiescent cells (Allen et al., 2006; Davidson et al., 2011)), we aimed to characterize the 

state of quiescence, and compare it directly with the simultaneously present dividing 

cells. To test whether quiescent cells - along with the cell cycle arrest - had ceased cell 

growth and macromolecular synthesis, we first measured their cell size dynamics. Here, 

we found that quiescent cells increased in size through time, although with a lower rate 

than dividing cells (Figure 3A). Further, using a tetracycline inducible system for GFP 
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expression, we tested their capacity to synthesize protein. Here, we found that the GFP 

abundance increased in the quiescent cells for at least 15 hours and thereafter 

plateaued, while dividing cells displayed a continuous, probably aging related, increase in 

GFP levels (Figure 3B). Thus, despite the arrest of cell division, quiescent cells sustain 

protein production and grow in size, although with notably decreased rates compared to 

dividing cells.  

 
Figure 3. Quiescent cells display a distinct phenotype from dividing cells despite their coexistence. 
(A) Cell size dynamics of dividing (n = 17 to 25) and quiescent (n = 25 to 26) cells. (B) GFP 
abundance in dividing (n = 20) and quiescent (n = 23 to 24) cells. GFP expression is driven through 
a tetracycline inducible promoter at an inducer concentration of 300 ngml-1. GFP abundance 
(straight line) in a cell which dies before the 40 hours (death indicated by the asterisk) is shown for 
comparison purposes. (C) FRET-based ATP dynamics in dividing (n = 19 to 20) and quiescent (n = 
13) cells. (D) NAD[P]H autofluorescence dynamics in dividing (n = 7 to 14) and quiescent (n = 6 to 
18) cells. The dynamics at late time points are likely to also reflect aging effects. Dividing cells 
underwent at least 5 cell divisions. Data are represented as mean ± 95% confidence interval. In all 
cases cells were constantly supplemented with fresh minimal medium containing 10 gL-1 glucose. 
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Next, we asked whether the reduced rate of glycolysis and biomass synthesis in the 

quiescent cells are also reflected in their energy status. To this end, we used an ATP-

FRET sensor and the NAD[P]H autofluorescence to measure the level of these 

metabolites and energy carriers in single quiescent and dividing cells. Unexpectedly, we 

found that quiescent cells had initially and for approximately 15 hours higher ATP level 

than dividing cells, which, however, continuously dropped as a function of time, in 

contrast to dividing cells, which displayed only a minor time-dependent and long-term 

decrease in ATP, which we again attributed to aging (Figure 3C). Striking differences 

were also observed in the NAD[P]H levels between quiescent and dividing cells (Figure 

3D), with quiescent cells exhibiting significantly higher levels of NAD[P]H compared to 

dividing cells.  

These results show that quiescent cells are metabolically active, as they can sustain 

protein synthesis and growth, but both processes are attenuated in comparison to 

dividing cells. Moreover, especially during the first 15 hours, quiescent cells display high 

ATP and NAD[P]H levels, suggesting that at least during this period, quiescence is not 

directly forced by energy deprivation. 

Metabolism comes first and growth follows 

Next, we used these single cell metabolite reporters to shed further light on the dynamic 

process of quiescence exit. Specifically, to characterize the temporal order of events that 

occur during quiescence exit, we measured the dynamics of cell size, NAD[P]H, ATP, and 

Whi5 localization during the transition from quiescence to cell division upon (i) the 

addition of maltose or (ii) the induction of HXT expression. We used the emergence of the 

bud cell as a marker of successful quiescence exit.  

Here, we found that during both perturbations bud emergence was preceded by a rapid 

increase in cell size (Figure 4A and B; Figure 4 – figure supplement 1A and B), a burst in 

NAD[P]H levels (Figure 4C and D; Figure 4 – figure supplement 1C and D), and a rapid 

increase in ATP content (Figure 4 – figure supplement 2A). As we found similar increases 

in NAD[P]H levels also when we shifted starved cells to glucose medium, i.e. perturbation 

leading  to an  increase  of  glycolysis  (Figure 4 – figure supplement 3A) or  directly after 
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Figure 4. Cell cycle entry is preceded by a metabolically induced burst in cell growth. (A) Cell size 
dynamics of single-HXT cells that exit quiescence after the switch from 10 gL-1 glucose to 10 gL-1 
maltose (KOYTM6*P, n = 35 to 49). Dashed black line (t = 0) indicates the point of the nutrient 
switch and solid blue lines the point of first bud emergence for a random subset (≈ 60%) of single 
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cells. Inset shows cells size dynamics of the same cells aligned for first bud emergence (dashed 
blue line). X-axis on inset spans from -9.8 to 4.5 hours from first bud emergence. (B) Cell size 
dynamics of cells aligned for first bud emergence (t = 0, dashed blue line), which exit quiescence as 
a response to tetracycline addition in 10 gL-1 glucose [KOY VW100 Hxt1:(ph)GFP, n = 22 to 24], or 
(G) stochastically in 10 gL-1 glucose (KOYTM6*P, n = 44 to 50), (J) and in normally dividing 
KOYTM6*P daughter cells in 10 gL-1 glucose (KOYTM6*P, n = 20 to 104). (C) NAD[P]H 
autofluorescence dynamics in cells that exit quiescence after the switch from 10 gL-1 glucose to 10 
gL-1 maltose (KOYTM6*P, n = 9 to 20). Dashed black line (t = 0) indicates the point of the nutrient 
switch and solid blue lines the point of first bud emergence. (D) NAD[P]H autofluorescence 
dynamics in cells aligned for first bud emergence (t = 0, dashed blue line), which exit quiescence as 
a response to tetracycline addition in 10 gL-1 glucose [KOY VW100 Hxt1:(ph)GFP, n = 23 to 25], or 
(H) stochastically in 10 gL-1 glucose (KOYTM6*P, n = 15 to 19), and (K) in normally dividing 
KOYTM6*P daughter cells in 10 gL-1 glucose (KOYTM6*P, n = 29 to 104). (E) Cross-correlation 
analysis between the rate of NAD[P]H autofluorescence [N(t)] and cell size [(V(t)] change in cells 
that exit quiescence as a response to tetracycline addition in 10 gL-1 glucose (KOYVW100 HXT1, n 
= 24), or (I) stochastically in 10 gL-1 glucose (KOYTM6*P, n = 19). For both (E) and (I) the cross-
correlations were computed for the time period of -9.33 hours to exit from quiescence until the 
moment of exit (bud emergence). In all cases data are represented as mean ± SEM. (F) Schematic 
representation of the order of events that precede the exit from quiescence after induction of 
glycolysis with a glucose to maltose switch. 

increasing the glucose uptake rate under constant glucose conditions (Figure 4 – figure 

supplement 3B), we consider the NAD[P]H burst a reflection of an increase in glycolysis. 

START, the irreversible commitment to cell-cycle entry, which is denoted by the exit of 

Whi5 from the nucleus (Doncic, Falleur-Fettig and Skotheim, 2011), occurred last, right 

after the rapid increase in cell growth (Figure 4 – figure supplement 4A and B). 

To determine the relative timing of the glycolytic burst, reflected by the change in NADPH 

dynamics, and the growth burst, we determined the dynamic rates of NAD[P]H 

autofluorescence change N(t) and the instantaneous cell growth rate V(t) from the data 

and performed a cross-correlation analysis on these rates. Here, we found positive cross-

correlations at approximately -1 to -1.5 hours (Figure 4E), indicating that the burst in 

NAD[P]H accumulation preceded the increase of the cell growth rate. Because ATP 

levels increased shortly before NAD[P]H (Figure 4C; Figure 4 – figure supplement 2A) 

and the Whi5 nuclear exit after the increase in cell size (Figure 4 – figure supplement 4A), 

these results indicated that the commitment of quiescent cells to cell-cycle entry occurs 

upon the burst in the rate of glycolysis, and after the subsequent burst in cell growth 

(Figure 4F). 

To confirm that this particular order of events happens during quiescence exit, we 

allowed wild-type cells to enter quiescence by carbon source depletion in a batch culture 
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(Figure 4 – figure supplement 5). Then, we loaded these cells in the microfluidics device, 

provided them with fresh glucose-rich medium, and followed their budding activity, 

NAD[P]H levels, and cell size dynamics. Here, while we found that after the addition of 

the fresh medium cells exited quiescence at considerably different times (≈ 1.5-4.5 hours) 

(Figure 4 – figure supplement 6A), exit from quiescence was always preceded by a burst 

in NAD[P]H levels (Figure 4 – figure supplement 6B) and a subsequent burst in cell 

growth (≈ 1 hour after the NAD[P]H burst) (Figure 4 – figure supplement 6C). Importantly, 

the time of exit was dependent on the timing of the NAD[P]H and the respective growth 

bursts, rather than the time of the nutrient replenishment (Figure 4 – figure supplement 

6B-D).  

These findings show that quiescence exit, independently of the means by which the rate 

of glycolysis is increased, is preceded by a burst in NAD[P]H levels, reflecting an increase 

in glycolysis, a subsequent burst in cell size growth, and then exit of Whi5 from the 

nucleus and commitment to the cell cycle.  

Stochastic or programmed metabolic alterations can determine cell fate 

Next, we asked whether the same sequential order of events would also occur in cells 

that spontaneously exit quiescence without any external induction of glycolysis, which we 

occasionally noticed in the single-HXT strain (see Materials and Methods) (Figure 2E; 

Figure 4 – figure supplement 7). Indeed, also here, we found that the exit of Whi5 from 

the nucleus and budding were preceded by a burst in cell growth (Figure 4 – figure 

supplement 4C; Figure 4G; Figure 4 – figure supplement 1A). Similar to the induced exits, 

the burst in cell growth was preceded by a burst in NAD[P]H levels (Figure 4H and I; 

Figure 4 – figure supplement 1C), and also a cessation of the long-term declining trend of 

the ATP levels (Figure 3C) just prior to the stochastic exit (Figure 4 – figure supplement 

2B), which indicated also an increase in ATP synthesis during this period. Thus, despite 

the constant extracellular nutrient environment and the lack of external induction, we 

found here exactly the same order of events to take place prior to quiescence exit. 

Next, we asked whether we would find the same order of events to comprise a general 

requirement for entry into cell division. To test this, we analyzed the cell growth and 
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NAD[P]H dynamics during the first cell division of cells that were newly born in the 

microfluidic device. Here, we found that following their birth and prior to their entry to cell 

division, these newborn cells displayed a burst in NAD[P]H levels and a rapid increase in 

cell size (Figure 4J and K; Figure 4 – figure supplement 1A and C; Figure 4 – figure 

supplement 8A-D; Figure 4 – figure supplement 4D), in striking similarity to what was 

observed for quiescent cells during exit. These findings indicate that an increase in the 

rate of glycolysis and a subsequent burst in cell growth, not only facilitate the exit from 

quiescence, but might be also critical for triggering normal cell cycle entry. 

 

Discussion 

Using microfluidics, different genetic and environmental perturbations, and single cell 

analyses, we found that the rate of glycolysis controls the entry of cells to quiescence, 

and to the cell division cycle, independently of external glucose concentration. We found 

that quiescent cells in nutrient-rich conditions are not limited in energy (ATP) and redox 

(NAD[P]H) cofactors and that they are metabolically active, as they can grow in size and 

sustain protein synthesis, but with rates that are attenuated in comparison to dividing 

cells. We found that after the induction of glycolysis, cells undergo a defined series of 

events prior to exit: they transiently increase their ATP and NAD[P]H levels and they 

exhibit a burst in their previously attenuated cell growth rate. Similar events occur at 

steady-state nutrient-rich conditions when cells exit quiescence stochastically or when 

regularly dividing daughters initiate their cell cycle, suggesting that also in these cases 

fate commitment is dominated by the rate of metabolism (Figure 5). 

The notion that cells can undertake decisions on the basis of their intracellular metabolic 

fluxes has recently gained recognition (Kochanowski et al., 2013; Kotte et al., 2014; 

Kotte, Zaugg and Heinemann, 2010; Schmidt-Glenewinkel and Barkai, 2014; Elbing et 

al., 2004b; Huberts, Niebel and Heinemann, 2012; Folmes et al., 2012; Agathocleous and 

Harris, 2013). For example, the levels of persister cells in Escherichia coli cultures were 

found to be modulated in a metabolic flux-dependent manner independently of external 

nutrient conditions (Kotte et al., 2014). In addition, glycolytic gene expression was found 
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to be set by the rate of glycolysis independently of the extracellular concentration of 

glucose (Elbing et al., 2004b), and observations also suggest that yeast cells determine 

their mode of metabolism on the basis of the level of their glycolytic rate (Huberts, Niebel 

and Heinemann, 2012). Further, it was shown that yeast undergoes cell-cycle-

autonomous periodic changes in metabolic activity at constant nutrient environments, and 

that these metabolic oscillations are coupled to the cell cycle when sufficient metabolic 

rates are attained (Papagiannakis et al., 2017). In line with what we demonstrate here, 

these findings suggest that a periodic increase in metabolic activity might be essential 

and even sufficient for triggering cell cycle entry independently of changes in the 

extracellular nutrient environment. 

 
Figure 5. Schematic model for the regulation of quiescence. The level of glycolytic flux determines 
whether cells reside in quiescence or enter cell division. High flux levels could dictate exit by 
promoting the growth-dependent dilution of cell-cycle inhibitors or by directly inducing the 
expression of cell-cycle activators. The role of extracellular glucose availability in the regulation of 
quiescence is mainly restricted on allowing glycolysis to operate within a certain range of rates. At 
conditions of low enzyme or transporter abundance, stochastic variations in gene expression can 
determine fate commitment by influencing the rate of glycolysis. Further, periodic bursts in 
metabolic activity occurring under constant nutrient conditions can also influence cell fate.  

How cells translate metabolic rates to fate decisions? We found that the increase in 

glycolytic flux is followed by an increase in the cellular growth rate, which is highly 

predictive for commitment. While an increased rate of size growth could promote fate 

commitment by leading to the attenuation of a critical cell size required for entry to the cell 

cycle, we found no correlation between absolute cell size and cell cycle entry (Figure 5 – 

figure supplement 1) suggesting that the rate by which the size changes, and not the 
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absolute cell size, is relevant for commitment. From this perspective, our results support 

inhibitor-dilution models for cell cycle entry, where for example the rate of cell growth 

would exceed the rate of synthesis of a cell cycle inhibitor, leading thus to a decrease in 

its concentration. Recent findings provided evidence that the commitment of yeast cells to 

the cell-cycle is controlled by inhibitor-dilution models (Schmoller et al., 2015; Soifer, 

Robert and Amir, 2016).  

Next, it will be necessary to unravel how metabolic rates are mechanistically translated 

into cell cycle control. The high degree of conservation of G1 control across eukaryotes 

(Bertoli, Skotheim, and Bruin, 2013), together with the fact that proliferative disorders are 

often coupled to altered metabolic activity (Levine and Puzio-Kuter, 2010; DeBerardinis et 

al., 2008; Calvo-Vidal and Cerchietti, 2013; Altman and Dang, 2012), could render our 

results of a metabolic flux triggered cell fate decision relevant also for eukaryotes other 

than yeast.  

 

Materials and Methods 

Strains and media 

Yeast strains used in this study are all prototrophic and of the CEN.PK2-1C strain-
background, with the exception of YSBN6 (S288C strain-background). All the strains are 
summarized in Table A. All experiments were performed using minimal medium with 
composition (modification from Verduyn et al., 1992) per liter of 5 g of (NH4)2SO4, 3 g of 
KH2PO4, 0.5 g of MgSO4 · 7H2O, 4.5 mg of ZnSO4 · 7H2O, 0.3 mg of CoCl2 · 6H2O, 1.0 
mg of MnCl2 · 4H2O, 0.3 mg of CuSO4 · 5H2O, 4.5 mg of CaCl2 · 2H2O, 3.0 mg of FeSO4 · 
7H2O, 0.4 mg of NaMoO4 · 2H2O, 1.0 mg of H3BO3, 0.1 mg of KI, 1.5 or 15 mg of EDTA, 
0.05 mg of biotin, 1.0 mg of calcium pantothenate, 1.0 mg of nicotinic acid, 25 mg of 
inositol, 1.0 mg of pyridoxine, 0.2 mg of para-aminobenzoic acid, and 1.0 mg of thiamine. 
The minimal medium was further supplemented with either 10 gL-1 or 0.01 gL-1 glucose, 
or 10 gL-1 maltose as a carbon source. Chemicals were purchased from Sigma-Aldrich 
(St. Louis, Missouri), Acros-Organics (Geel, Belgium), Formedium (Hunstanton, United 
Kingdom), or Merck-Millipore (Billerica, Massachusetts). 

Strain construction 

To monitor global protein dynamics in single cells, we introduced a yeGFP (yeast codon 

optimized version of eGFP) under the regulation of a tetracycline inducible system 

(Blount et al., 2012) to the HO genomic locus of the KOY TM6*P strain (strain KOY TM6 
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C6B C). The integration cassette with the tetracycline inducible system [pINV plasmid, 

(Blount et al., 2012)], the KanMX4 gene, and overhangs with homology to the HO region 

were amplified from the pC6B plasmid (Papagiannakis et al., 2017) using primers Seq4 

(all the primers used in this study are summarized in Table B). Transformants were 

selected in the presence of G418 (Formedium) in YPD (Formedium) (20 gL-1 glucose 

(Sigma-Aldrich)) plates and were tested for correct cassette integration using the Seq5 

primers.  

Table A. List of yeast strains 

 

To determine the cell cycle phase of the non-dividing cells, we generated a genomic 

fusion of the Whi5 gene with mGFP in the KOY TM6*P and KOY VW100 Hxt1 strains 

(strains KOY TM6* Whi5-mGFPa and KOY VW100 Hxt1 Whi5-mGFP). An integration 

cassette with long (≈ 500 bp) overhang sequences homologous to the regions upstream 

Strain Genotype Source 
KOY PK2-1C83 
(wild-type) 

MATa MAL2-8c SUC2 Otterstedt et 
al., 2004 

YSBN6 (wild-
type) 

MATa FY3 ho::HphMX4 Canelas et al., 
2010 

KOY VW100 (hxt 
null strain) 

MATa MAL2-8cSUC2 hxt17 Δ ura3-52 gal2 Δ::loxP stl1 
Δ::loxP agt1 Δ::loxP ydl247w Δ::loxP yjr160c Δ::loxP hxt13 
Δ::loxP hxt15 Δ::loxP hxt16 Δ::loxP hxt14 Δ::loxP hxt12 
Δ::loxP hxt9 Δ::loxP hxt11 Δ::loxP hxt10 Δ::loxP hxt8 Δ::loxP 
hxt514 Δ::loxP hxt2 Δ::loxP hxt367 Δ::loxP 
Integration cassette at former HXT367 site 
containing the truncated, constitutive promoter of HXT7 
(Hauf et al., 2000), the KlURA3 open reading frame for 
counter selection, and the HXT7 terminator 

Otterstedt et 
al., 2004 

KOY VW100 
Hxt1 

KOY VW100P ho::KanMX4-pINV-HXT1 This study 

KOY VW100 
Hxt1:(ph)GFP 

KOY VW100 ho::KanMX4-pINV-HXT1-(ph)GFP This study 

KOY VW100 
Hxt1 Whi5-mGFP 

KOY VW100P ho::KanMX4-pINV-HXT1 whi5Δ::WHI5-
mGFP-zeoR 

This study 

KOY TM6*P KOY.VW100P Integration into the cassette: 
HXT7prom-TM6*-HXT7term, ura3-52::URA3 

Otterstedt et 
al., 2004 

KOY TM6 C6B C KOY TM6*P ho::yEGFP-TetR-KanMX4 This study 
KOY TM6* Whi5-
mGFPa 

KOY TM6*P whi5Δ::WHI5-mGFP-zeoR This study 

KOY.TM6 
TEF:ATP1 

KOY TM6*P ho::TEF1p-ATeam1.03-KanMX4 This study 
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and downstream the stop codon of Whi5 was generated using an adaptation of the 

method described here (Wach, 1996). First, the mGFP sequence together with the zeoR 

(zeocin resistance) gene were amplified from the pSNA10 plasmid (Saraya et al., 2010) 

using primers with short overhangs homologous to the region upstream and downstream 

the stop codon of Whi5 (Whi5-mGFP For, Whi5-ZEO Rev). Then, the sequences 

spanning ≈ 500bp upstream and ≈ 500 bp downstream the stop codon of Whi5 were 

amplified from genomic KOY TM6*P DNA using the Whi5-CDS For & Rev and Whi5-DN 

For & Rev primers respectively. All 3 amplification products were subsequently fused to a 

single linear fragment in an additional PCR step and the primers Whi5-CDS For and 

Whi5-DN Rev were used to amplify the final product of the mGFP- zeoR cassette carrying 

the long integration overhangs. Transformants were selected in the presence of zeocin 

(Thermo Fisher Scientific, Waltham, Massachusetts) in YPD (20 gL-1 glucose or maltose) 

plates and correct cassette integration was confirmed by microscopically observing the 

expected cell-cycle dependent Whi5 localization cycles (Doncic, Falleur-Fettig and 

Skotheim, 2011) using the Whi5-mGFP screen For & Rev and Whi5-ZEO screen For & 

Rev primers. 

To monitor ATP dynamics in single cells, we introduced a yeast codon optimized version 

of the Ateam 1.03 ATP FRET sensor (Imamura et al., 2009) to the HO genomic locus of 

the KOY TM6*P strain (strain KOY.TM6 TEF:ATP1). The integration cassette with codon 

optimized version of the Ateam 1.03 ATP FRET sensor and overhangs with homology to 

the HO region were amplified from the pTEF:ATP plasmid (Papagiannakis et al., 2017) 

using primers Seq4. Transformants were selected in the presence of G418 in YPD (20 

gL-1 glucose) plates. 

To dynamically modulate glucose influx while retaining the extracellular glucose 

concentration constant, we introduced the HXT1 gene under the regulation of a 

tetracycline inducible system to the HO genomic locus of the hxt null strain KOY VW100P 

(strain KOY VW100 Hxt1). The integration cassette was generated using Gibson DNA 

assembly (Gibson et al., 2009). First, the tetracycline inducible system [(pINV plasmid 

(Blount et al., 2012)] without the yeGFP cpding sequence, together the KanMX4 gene 

and the HO integration overhangs, were amplified from the pC6B plasmid (Papagiannakis 
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et al., 2017) using primers with short overhangs homologous to the prime ends of the 

HXT1 gene (hxt1-TETEX For & Rev). Then, the HXT1 gene was amplified from KOY 

PK2-1C83 genomic DNA using primers with short overhangs homologous to the prime 

ends of the PCR product generated at the previous step (tetex-HXT1 For & Rev). The two 

PCR products were reconstituted to a single plasmid (pHxt1) using Gibson DNA 

assembly (New England Biolabs, Ipswich, Massachusetts) and the plasmid was amplified 

in Escherichia coli. The integration cassette was amplified from pHxt1 using the Seq4 

primers. Yeast transformants were selected in the presence of G418 in YPD (20 gL-1 

maltose) plates and were tested for correct cassette integration using the Seq5 primers.  

For the characterization of KOY VW100 Hxt1, a version of the strain with a GFP tag fused 

to the HXT1 transporter was generated (strain KOY VW100 Hxt1:(ph)GFP). The 

integration cassette was generated using a 3-piece Gibson DNA assembly. In specific, 

the same part of the pC6B plamsid (Papagiannakis et al., 2017) as above was amplified 

using the hxt1-TETEX For and phgfp-TETEX Rev primer combination, the HXT1 gene 

was amplified using phgfp-HXT1 For and tetex-HXT1 Rev primer combination, and a GFP 

variant with reduced pH sensitivity was amplified from genomic DNA of the KOY WT 

Hxk2-pH-GFP strain (Schmidt, 2014) using primers tetex-PHGFP For & hxt1-PHGFP 

Rev. The three PCR products were reconstituted to a single plasmid (pHxt1-(pH)GFP) 

using Gibson DNA assembly and the plasmid was amplified in Escherichia coli. The 

integration cassette was amplified from pHxt1-(pH)GFP using the Seq4 primers. Yeast 

transformants were selected in the presence of G418 in YPD (20 gL-1 maltose) plates and 

were tested for correct cassette integration using the Seq5 primers. 

Physiological characterization on glucose and maltose 

For physiology measurements, 250-ml flasks containing 25 ml of 10 gL-1 glucose or 

maltose minimal medium were used. Media were inoculated with a single colony of KOY 

KOY PK2-1C83 or KOY TM6*P and cultures were incubated overnight at 30oC, 300 rpm. 

Cultures were then diluted in 25ml fresh medium of the same initial composition and cells 

were allowed to attenuate exponential growth. While at exponential phase, cultures were 

diluted in fresh medium at a final OD600nm of ≈ 0.1 and after completing at least 3 



The rate of glycolysis dictates cell fate commitment in Saccharomyces cerevisiae 

57 

divisions, cells were further diluted in fresh medium at a final OD600nm of ≈ 0.1 before 

measurements were initiated.  

Table B. List of primers  

 

OD600nm was measured by spectrophotometry and absolute cell counts were determined 

by flow cytometry (BD Accuri C6; BD Biosciences, Franklin Lakes, New Jersey). Levels of 

Primer Sequence Used for strain 
Seq4 Forward AATTATCCTGGGCACGAG KOY TM6 C6B C; KOY.TM6 

TEF:ATP1; KOY VW100 Hxt1 
Seq4 Reverse ACTGTAAGATTCCGCCAC KOY TM6 C6B C; KOY.TM6 

TEF:ATP1; KOY VW100 Hxt1 
Seq5 Forward CTGGGACAATCGTTATCC KOY TM6 C6B C; KOY VW100 

Hxt1 
Seq5 Reverse CCACAACTCTTATGAGGC KOY TM6 C6B C; KOY VW100 

Hxt1 
Whi5-mGFP 
Forward 

CCGAAGTGGAGACGTCTGTGAGC
AAGGGCGAG 

KOY TM6* Whi5-mGFPa; KOY 
VW100 Hxt1 Whi5-mGFP 

Whi5-ZEO Reverse GGAGAAAAAACTCGTACTACCACA
CCGTACCGCGTCTGTAC 

KOY TM6* Whi5-mGFPa; KOY 
VW100 Hxt1 Whi5-mGFP 

Whi5-CDS Forward ACGGACACGTTAGTATGCC KOY TM6* Whi5-mGFPa; KOY 
VW100 Hxt1 Whi5-mGFP 

Whi5-CDS Reverse AGACGTCTCCACTTCGG KOY TM6* Whi5-mGFPa; KOY 
VW100 Hxt1 Whi5-mGFP 

Whi5-DN Forward TGTGGTAGTACGAGTTTTTTCTCC KOY TM6* Whi5-mGFPa; KOY 
VW100 Hxt1 Whi5-mGFP 

Whi5-DN Reverse TGGTGCCGAGTCTGC KOY TM6* Whi5-mGFPa; KOY 
VW100 Hxt1 Whi5-mGFP 

hxt1-TETEX 
Forward 

CGGGAGTTGAATTCATTTTAATAA
CTAGTAGTTGGGTTCTCTATC 

KOY VW100 Hxt1; KOY VW100 
Hxt1:(ph)GFP 

hxt1-TETEX 
Reverse 

GTTTAGCAGGAAATAACTCGAGTA
AGCTTGGTACCG 

KOY VW100 Hxt1 

tetex-HXT1 Forward AAGCTTACTCGAGTTATTTCCTGC
TAAACAAACTCTTG 

KOY VW100 Hxt1 

tetex-HXT1 Reverse CTACTAGTTATTAAAATGAATTCAA
CTCCCGATC 

KOY VW100 Hxt1; KOY VW100 
Hxt1:(ph)GFP 

phgfp-TETEX 
Reverse 

GATGAGCTCTACAAATAACTCGAG
TAAGCTTGGTACCG 

KOY VW100 Hxt1:(ph)GFP 

phgfp-HXT1 
Forward 

TTCTCGTTTACTCATTTTCCTG
CTAAACAAACTCTTG 

KOY VW100 Hxt1:(ph)GFP 

tetex-PHGFP 
Forward 

AGCTTACTCGAGTTATTTGTAG
AGCTCATCCATGC 

KOY VW100 Hxt1:(ph)GFP 

hxt1-PHGFP 
Reverse 

TTGTTTAGCAGGAAAATGAGT
AAACGAGAAGAACTTTTCAC 

KOY VW100 Hxt1:(ph)GFP 
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glucose and extracellular metabolites were determined by sampling the supernatant of 

the cultivation medium every 60 or 120 min for the whole duration of the exponential 

growth phase. In specific, 0.2 ml of culture were collected in 1.5-ml eppendorf tubes 

(Eppendorf, Hamburg, Germany) and samples were centrifuged for 5 min at 13200 rpm. 

The cell-free supernatant was transferred to filter columns of 0.22 pore size (SpinX; 

Corning Inc., Corning, New York), was spinned for 15 seconds, and the flow-through was 

transferred to an HPLC vial. HPLC (Agilent 1290 LC System; Agilent Technologies, Santa 

Clara, California) analysis for glucose, maltose, pyruvate, glycerol, acetate, and ethanol 

concentrations was performed using the Hi-Plex H column with 5 mM H2SO4 as eluent at 

a constant flow rate of 0.6 ml/min and a constant column temperature of 60oC. 10 ul of 

each sample and appropriate standards were injected for analysis. Substrate 

concentrations were detected with refractive index and UV (210 nm) detection and 

chromatogram integration was done with Agilent Open Lab CDS software. Data were 

obtained from at least 3 biological replicates for each stain at each tested condition. 

Dry cell weight was determined by filtering at least 20 ml of culture at an OD600nm of 7.5 or 

higher through pre-weighed nitrocellulose filters of 0.2 um pore size (Whatman; GE 

Healthcare Life Sciences, Chicago, Illinois). After filtration, filters were washed with 

distilled water and were subjected to dry-incubation at 80oC. Following the incubation, the 

filters were weighed again to obtain the dry weight of the filtered population. The absolute 

cell count of the culture right before filtering was used to calculate the dry weight per cell 

of the examined strain at the respective nutrient condition. 

Oxygen and carbon dioxide transfer rates were determined at a shaking bioreactor using 

an online gas exhaust monitoring system termed RAMOS (Kühner AG, Basel, 

Switzerland) (Anderlei and Büchs, 2001; Anderlei et al., 2004). Cultivation in the RAMOS 

device was performed in 250-ml flasks containing 25 ml of minimal medium with 10 gL-1 

of the appropriate carbon source. Media were inoculated at a final OD600nm of ≈ 0.1 from 

the same cultures used to inoculate the cultures for the determination of glucose and 

extracellular metabolites concentrations, and cultivations were run in parallel. 

Measurements with RAMOS were performed every 30 min. Every measurement cycle 

was composed of a 10-min measurement phase during which the partial oxygen and 
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carbon dioxide pressures were monitored, and a 20-min rinsing phase during which 

measuring flasks were rinsed with air in order to achieve headspace gas concentrations 

that are similar to those of regular shake flasks.  

Regression analysis was performed in gPROMS using an exponential growth model 

consisting of the following equations: 
d
dt

X = µ ∗ X 

 
𝑑𝑑𝑐𝑐𝑆𝑆
𝑑𝑑𝑑𝑑

= −𝑋𝑋 ∗ 𝑞𝑞𝑆𝑆 

 

𝑞𝑞𝑠𝑠 =
µ
𝑌𝑌𝑥𝑥𝑠𝑠

 

 

 

 

For each extracellular metabolite the following equations were used: 
𝑑𝑑𝑐𝑐𝑃𝑃
𝑑𝑑𝑑𝑑

= 𝑋𝑋 ∗ 𝑞𝑞𝑃𝑃 

 

𝑞𝑞𝑝𝑝 =
𝑌𝑌𝑝𝑝𝑠𝑠
𝑌𝑌𝑥𝑥𝑠𝑠

 

Where: 

𝑋𝑋 ∶          [𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑 𝑙𝑙⁄ ]  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑐𝑐𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑟𝑟𝑏𝑏𝑑𝑑𝑏𝑏𝑏𝑏𝑐𝑐 

𝑐𝑐𝑠𝑠 ∶         [𝑔𝑔 𝑙𝑙⁄ ]  𝑏𝑏𝑠𝑠𝑏𝑏𝑏𝑏𝑑𝑑𝑟𝑟𝑏𝑏𝑑𝑑𝑐𝑐 𝑐𝑐𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑟𝑟𝑏𝑏𝑑𝑑𝑏𝑏𝑏𝑏𝑐𝑐 

𝑐𝑐𝑝𝑝 :         [𝑔𝑔 𝑙𝑙⁄ ]   𝑝𝑝𝑟𝑟𝑏𝑏𝑑𝑑𝑠𝑠𝑐𝑐𝑑𝑑 𝑐𝑐𝑏𝑏𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑑𝑑𝑟𝑟𝑏𝑏𝑑𝑑𝑏𝑏𝑏𝑏𝑐𝑐 

µ ∶           [ℎ−1]  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑔𝑔𝑟𝑟𝑏𝑏𝑔𝑔𝑑𝑑ℎ 𝑟𝑟𝑏𝑏𝑑𝑑𝑐𝑐 

𝑞𝑞𝑠𝑠 ∶         [𝑔𝑔 (𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑 ∗ ℎ)⁄ ]  𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐𝑏𝑏𝑓𝑓𝑏𝑏𝑐𝑐 𝑔𝑔𝑙𝑙𝑠𝑠𝑐𝑐𝑏𝑏𝑏𝑏𝑐𝑐 𝑠𝑠𝑝𝑝𝑑𝑑𝑏𝑏𝑢𝑢𝑐𝑐 𝑟𝑟𝑏𝑏𝑑𝑑𝑐𝑐 

𝑞𝑞𝑝𝑝 ∶         [𝑔𝑔 (𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑 ∗ ℎ)⁄ ]  𝑏𝑏𝑝𝑝𝑐𝑐𝑐𝑐𝑏𝑏𝑓𝑓𝑏𝑏𝑐𝑐 𝑝𝑝𝑟𝑟𝑏𝑏𝑑𝑑𝑠𝑠𝑐𝑐𝑑𝑑𝑏𝑏𝑏𝑏𝑐𝑐 𝑟𝑟𝑏𝑏𝑑𝑑𝑐𝑐 

𝑌𝑌𝑥𝑥𝑠𝑠 :        [𝑔𝑔𝑑𝑑𝑑𝑑𝑑𝑑 𝑔𝑔⁄ ]  𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏 𝑦𝑦𝑏𝑏𝑐𝑐𝑙𝑙𝑑𝑑 

𝑌𝑌𝑝𝑝𝑠𝑠 ∶        [𝑔𝑔 𝑔𝑔⁄ ]  𝑝𝑝𝑟𝑟𝑏𝑏𝑑𝑑𝑠𝑠𝑐𝑐𝑑𝑑 𝑦𝑦𝑏𝑏𝑐𝑐𝑙𝑙𝑑𝑑 
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Characterization of the tetracycline inducible system 

To determine the effect of tetracycline (Sigma-Aldrich) on HXT1 expression through the 

tetracycline-inducible system and the respective effects of HXT1 expression on growth, 

the KOY VW100 Hxt1:(ph)GFP strain was grown in 50 ml 10 gL-1 maltose minimal 

medium until an OD600nm of ≈ 1. The culture was centrifuged for 4 min at 300 rpm at room 

temperature, growth medium was removed, and cells were resuspended at 1 ml 10 gL-1 

glucose minimal medium. 15-ml tubes containing 5ml of 10 gL-1 glucose minimal medium 

and a range of different anhydrous tetracycline concentrations were inoculated with the 

resuspended cells and cultures were incubated at 30oC, 300 rpm. HXT1-GFP 

fluorescence and growth rate were followed by flow cytometry with measurements 

starting 90 min following the inoculation and taking place each 60 min for the rest 12 

hours. Steady state HXT1-GFP expression was achieved 2 hours after the initiation of 

measurements (3.5 hours after inoculation in the media containing the inducer), and the 

3-8 hours period of the measurements was used to estimate the mean HXT1-GFP 

fluorescence and growth rate per condition. Data from 3 technical replicates were 

generated at each tetracycline concentration. As a control for leaky HXT1-GFP 

expression, cultures without KOY VW100 Hxt1:(ph)GFP tetracycline were followed. As a 

control for cellular autofluorescence, a culture of KOY VW100 Hxt1 without tetracycline 

was followed. To correct for tetracycline-related fluorescence at the GFP spectrum, KOY 

VW100 Hxt1 cells were incubated for ≈1 hour in 10 gL-1 minimal medium containing all 

the range of the tested tetracycline concentrations. An effect of tetracycline on cellular 

autofluorescence was observed at tetracycline concentrations of 200 ngml-1 and higher, 

and the level of tetracycline-induced autofluorescence was subtracted from the KOY 

VW100 Hxt1:(ph)GFP measurements at the respective concentrations. 

Microfluidics 

For microfluidics experiments, single colonies were used to inoculate 100-ml shake flasks 

containing 10ml of the cultivation medium and cells were incubated overnight at 30oC at a 

shaking speed of 300 rpm. Unless indicated otherwise, the cultures were then subjected 

to at least one round of dilution in fresh medium of the same initial composition and 

further incubated at 30oC, 300 rpm, until attenuation of exponential growth. Cells from the 



The rate of glycolysis dictates cell fate commitment in Saccharomyces cerevisiae 

61 

exponentially growing cultures at an OD600nm of 0.1-0.5 were used to load the 

microfluidics device. During the microfluidics cultivation, cells were continuously 

supplemented with fresh medium of the same initial composition as during the batch 

cultivation. When a nutrient-shift was performed, the switch medium was pre-incubated at 

30oC.  

Specifically for the null-HXT strains (KOYVW100 Hxt1 and KOYVW1-Hxt1:(ph)GFP), 

single colonies were used to inoculate 10 gL-1 maltose minimal medium. After overnight 

incubation, the cultures were diluted at a final OD600nm of roughly 0.025 in 10 gL-1 glucose 

minimal medium, and were further incubated for 12 hours. Cells were then used to load 

the microfluidics device and were thereafter continuously supplemented with fresh 10 gL-1 

glucose minimal medium. After 16-18.5 hours of cultivation in the microfluidics device, 50 

ngml-1 anhydrous tetracycline was added to the medium to induce the expression of the 

HXT1 transporter. 

For the nutrient upshift experiments using the wild-type strain YSBN6, cells from 

exponentially growing cultures on 10 gL-1 glucose minimal medium were used to load the 

microfluidics device, and were thereafter supplemented with 0.0010 gL-1 glucose minimal 

medium. After the first 3 hours on 0.01 gL-1 glucose in the microfluidics device, cells were 

supplemented with minimal medium containing 10 gL-1 glucose.  

For the nutrient upshift experiments using the wild-type strain KOY PK2-1C83, single 

colonies were used to inoculate 10 gL-1 glucose minimal medium and cells were 

incubated for 64 hours at 30oC, 300 rpm. The cultures were then diluted at an OD600nm of 

0.1 in minimal medium without carbon source and cells were immediately loaded at the 

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

supplemented with 10 gL-1 glucose minimal medium.  

For the experiments with the KOY TM6 C6B C strain, the medium for both the batch and 

the microfluidics cultivation was supplemented with 300 ngml-1 anhydrous tetracycline.  

Microscopy 
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Microscopy experiments were performed using a microfluidics dissection platform 

(Huberts et al., 2013) mounted to an inverted fluorescence microscope (Eclipse Ti-E; 

Nikon instruments, Amsterdam, The Netherlands). A custom-made microscope incubator 

(Life Imaging Services GmbH, Basel, Switzerland) was used to retain the temperature 

constant at 30oC. For the determination of budding activity and cell size measurements, 

brightfield images were captured every 10 minutes using either a 60x (CFI Plan Apo; NA 

= 1.4; Nikon, Tokyo, Japan) or a 40x (CSI S Fluor Oil; NA = 1.3; Nikon) objective and a 

UV blocking filter. For fluorescence imaging, an LED-based system (pE2; CoolLED 

Limited, Andover, United Kingdom) was used. GFP (excitation at 470 nm using a 470/40 

nm bandpass filter and a 495 nm or 491 nm beam-splitter, 100 ms exposure time, 10 % 

light intensity, 525/50 nm emission filter) was measured every 60 minutes for protein 

abundance measurements (EM gain 3), every 40 minutes for detection of Whi5-GFP 

localization and determination of the cell cycle phase (EM gain 300), and every 10 

minutes (200 ms exposure time, 10 % light intensity, EM gain 3) for detection of Whi5-

GFP localization and determination of START during exit. NAD[P]H autofluorescence 

(excitation at 365 nm using a 350/50 nm bandpass filter, 200 ms exposure time, 15 % 

light intensity, 435/40 nm emission, EM gain 0) was measured every 40 minutes in the 

mutant strains and every 10 minutes in the wild-type strains. ATP-FRET measurements 

(CFP: 440 nm with 438/24 bandpass filter, 100 ms exposure time, 10 % light intensity, 

483/32 nm emission filter, EM gain 3, YFP: 535/30 nm emission filter, EM gain 3) were 

performed every 40 minutes. All fluorescence measurements were performed using the 

60x objective with the exception of NAD[P]H auto-fluorescence for which the 40x 

objective was used. Brightfield and GFP images were captured using a LucaEM R DL-604 

(Andor Technology Ltd, Belfast, United Kingdom) or an iXon Ultra 897 DU-897-U-CD0-

#EX (Andor Technology Ltd) camera while for NAD[P]H the latter was exclusively used. 

FRET measurements were recorded using a dual-camera setup (iXon Ultra 897 DU-897-

U-CD0-#EX; Andor Technology Ltd). Readout speed for fluorescence imaging was set to 

1 MHz. Axial focus fluctuations during time-lapse imaging were corrected using 

automated hardware (PFS; Nikon).  

Image and data analysis 



The rate of glycolysis dictates cell fate commitment in Saccharomyces cerevisiae 

63 

Cell size and fluorescence intensity measurements were performed in a semi-automated 

manner using the ImageJ plugin BudJ (Ferrezuelo et al., 2012). Unless explicitly 

indicated, time-series data from each cell were normalized to the mean value of the 

signal during the respective time period, to avoid artefacts arising from extreme 

behaviours of individual cells. Measurements of fluorescence intensity were corrected for 

background autofluorescence. Whi5-GFP localization was evaluated on the basis of the 

presence (nuclear) or absence (cytoplasmic) of a single bright cluster within the cell. For 

comparison of HXT-GFP levels between quiescent and dividing cells in the absence of 

tetracycline right after the loading of the microfluidics device, the mean fluorescence at 

the periphery of each cell was measured manually using ImageJ. For time-series HXT-

GFP measurements, the mean fluorescence of the cell was measured using BudJ. The 

FRET-based ATP levels were obtained by calculating the YPF to the CFP ratio of each 

cell for a specific time point after correction of both signals for background 

autofluorescence. The de-trending of the ATP signal was performed by fitting a linear 

regression to the ATP signal of each individual cell and subtracting the regression values 

from the raw signal at each time point. For the calculation of the cross-correlations 

between the NAD[P]H accumulation rate N(t) and cell instantaneous growth rate V(t), a 

LOWESS curve was fitted to the raw NAD[P]H and respective cell size data and the 1st 

derivative of the smoothed signals was calculated. Then, the cross-correlation between 

the derivatized signals was computed. To determine the timing of the NAD[P]H and 

growth bursts in single cells following the addition of fresh nutrients in the wild-type strain, 

a LOWESS curve was fitted in the NAD[P]H and respective cell size data and the 1st 

derivative was calculated. The time point where cells attained the highest rate of 

NAD[P]H increase or cell size growth prior to exit from quiescence was denoted as the 

point of the NAD[P]H or growth burst respectively. Curve fitting, derivatization, and 

statistical analyses were performed in GraphPad Prism. The cross-correlations were 

computed using the ccf function in the R package.  

Determination of stochastic exits 

In the 40-hour microscopic experiments with the single-HXT strain, we occasionally 

observed cells that did not divide for even a day or more, but would spontaneously start 
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to divide while the nutrient conditions were retained constant (Figure 2E). To identify 

whether these cells display a regularly long lag between cell birth and division, or whether 

these cells are quiescent and exit quiescence stochastically, we determined the time 

between birth and first cell division for hundreds of daughter cells of the single-HXT strain 

(Figure 4 – figure supplement 7). While it would typically take 1.17 ± 3.33 (median ± IQR) 

hours between cell birth and the first cell division, Tukey’s outlier detection (Tukey, 1977) 

suggested that cells which spent at least 9.17 hours without dividing are in a quiescent 

state, rather than in a long lag between birth and division. 
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Supplementary material 

 
 
 
 

 
Figure 1 – figure supplement 1. No quiescent cells are observed in the wild-strain at the same 
nutrient conditions. Histogram of time of first division in the microfluidics setup and respective 
cumulative distribution for wild-type (KOY PK2-1C83, n = 789) cells in 10 gL-1 glucose. Cells were 
constantly supplemented with fresh minimal medium. 

 

 

Figure 1 – figure supplement 2. Quiescent cells are arrested in G1. (A) Schematic representation of 
the cell cycle phase to Whi5 localization relationship (Doncic, Falleur-Fettig and Skotheim, 2011). 
(B) Whi5-GFP localization in dividing and quiescent cells. Merged phase contrast and fluorescent 
images. Whi5-GFP localization dynamics were followed for at least 40 hours for 23 quiescent cells. 
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Figure 2 – figure supplement 1. Response of KOYVW100 HXT1 cells in the addition of tetracycline. 
(A) Steady-state expression of HXT1-GFP as a function of tetracycline concentration in minimal 
medium containing 10 gL-1 glucose. HXT1-GFP levels were determined with flow cytometry. (B) 
Population growth rate as a function of HXT1-GFP fluorescence in minimal medium containing 10 
gL-1 glucose, determined with flow cytometry. In both cases, data are represented as mean ± SD 
for data were derived from 3 technical replicates. 

  



Chapter 2 

70 

 
Figure 2 – figure supplement 2. Physiology of KOYTM6*P on glucose and maltose. (A) Rates of 
carbon uptake, ethanol production, CO2 production and O2 depletion, respective respiratory 
quotient, and rates of acetate, glycerol and pyruvate production in the single-HXT (KOYTM6*P) 
strain on glucose and maltose. All parameters were determined in cells growing exponentially 
during butch cultivation on minimal medium containing 10 gL-1 of the respective carbon source. For 
comparison purposes, the same parameters for the wild-type (KOY PK2-1C83) strain on 10 gL-1 
glucose were determined. Error bars indicate the propagated standard error of the parameter 
estimation. (B) Respective carbon balance. 
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Figure 2 – figure supplement 3. Response of single-HXT cells in the switch from glucose to 
maltose. (A) Time of first division in the microfluidics setup for 956 (KOYTM6*P) single cells that 
were used in Figure 2A. Each color corresponds to a biological replicate. Cells were continuously 
supplemented with fresh minimal medium containing 10 gL-1 glucose for 40 hours, and were 
subsequently switched to minimal medium containing 10 gL-1 maltose. The dashed black line 
indicates the point where cells were switched to maltose. (B) Time of first division (n = 18) or death 
(n = 8) of previously non-dividing cells after the switch from 10 gL-1 glucose to 10 gL-1 maltose 
(Mann–Whitney U test, P-value: 0.678). (C) Phase contrast images showing morphological 
phenotypes associated to cell death following the switch from 10 gL-1 glucose to 10 gL-1 maltose. 
Cell death was identified as the point of cell lysis (Cell 1) or as the point where cells acquired a 
sudden osmotic-stress-like phenotype (Cell 2) which was typically also followed by cell lysis. 
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Figure 4 – figure supplement 1. Single cell dynamics during exit. Single cell traces for (A, B) cell 
size (C, D) and NAD[P]H autofluorescence dynamics. The arrows indicate the time point of first bud 
emergence for each cell.  
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Figure 4 – figure supplement 2. FRET-based ATP dynamics during exit from quiescence. (A) 
FRET-based ATP dynamics in single-HXT (KOYTM6*P) quiescent cells (n = 10 to 13) that exit 
quiescence as a response to the switch from 10 gL-1 glucose to 10 gL-1 maltose. Before the switch, 
cells were on glucose for at least 40 hours. Dashed black line (t = 0) indicates the point of the 
nutrient switch and solid blue lines the point of first bud emergence of single cells. (B) Detrended 
FRET-based ATP dynamics in single-HXT (KOYTM6*P) quiescent cells (n = 9) that exit quiescence 
stochastically in 10 gL-1 glucose. Cells are aligned for first bud emergence (t = 0, dashed blue line). 
In both cases data are represented as mean ± SEM. 

 

 
Figure 4 – figure supplement 3. NAD[P]H autofluorescence dynamics as a response to increased 
glycolytic flux. (A) Absolute raw NAD[P]H autofluorescence dynamics in wild-type (YSBN6) cells (n 
= 93 to 95) following a nutrient upshift from 0.01 gL-1 to 10 gL-1 glucose concentration in the minimal 
medium. For the control experiment (blue line), glucose concentration was retained constantly to 
0.01 gL-1 (n = 56). (B) Absolute NAD[P]H autofluorescence dynamics in KOY VW100 Hxt1:(ph)GFP 
cells (n = 29 to 57) following the addition of 50 ngml-1 tetracycline to the minimal medium while 
retaining the glucose concentration constant at 10 gL-1. In all cases data are represented as mean 
± SEM. 
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Figure 4 – figure supplement 4. START occurs after the burst in cell growth. (A) Cell size dynamics 
of single-HXT cells aligned for START (t = 0, dashed blue line), which exit quiescence as a 
response to maltose addition (KOYTM6*P Whi5-mGFPa, n = 4 to 5), or (B) as a response to 
tetracycline addition in 10 gL-1 glucose (KOY VW100 Hxt1 Whi5-mGFP, n = 32 to 37), or (C) 
stochastically in 10 gL-1 glucose (KOYTM6*P Whi5-mGFPa, n = 5), (D) and in normally dividing 
daughter cells in 10 gL-1 glucose (KOYTM6*P Whi5-mGFPa, n = 13 to 22). Data are represented as 
mean ± SEM. 
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Figure 4 – figure supplement 5. Carbon source depletion in wild-type cells during batch cultivation. 
Extracellular glucose and ethanol concentration during batch cultivation of wild-type (KOY PK2-
1C83) cells. 10 ml minimal medium with 10 gL-1 glucose were inoculated at an OD600nm of ≈ 0.05. At 
these conditions, glucose and ethanol are fully depleted after ≈ 28 hours. Cells were subjected to 
batch cultivation for at 64 hours without replenishment of nutrients before their usage in further 
experiments.  
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Figure 4 – figure supplement 6. The glycolytic and growth burst requirements for exit explain the 
variability during exit of starvation-induced wild-type quiescent cells. (A) Cumulative distribution of 
quiescent wild-type (KOY PK2-1C83) cells (n = 36) that exit quiescence as a response to addition 
of fresh medium. Cells were batch cultivated in minimal medium containing 10 gL-1 glucose and 
were allowed to enter quiescence by naturally depleting their nutrients. 64 hours after the 
inoculation of the batch culture, cells were transferred to the microfluidics device and were 
supplemented with fresh medium containing 10 gL-1 glucose (t = 0). The group of Fast cells 
contains the 50% of cells that exited quiescence first after the addition of the fresh medium. The 
group of Slow cells contains the remaining fraction. (B) Dynamics of NAD[P]H autofluorescence 
and (C) cell size of cells in (A). (D) Correlation of time between the NAD[P]H and growth bursts and 
time of exit from quiescence (bud emergence) in single cells. Apart from the population response 
where only mean values are shown, data in (B) and (C) are represented as mean ± SEM. 
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Figure 4 – figure supplement 7. Determination of stochastic exits. Time from birth (detachment from 
mother cell) till first division (bud emergence) for KOYTM6*P daughter cells (n = 242). Cells that 
spent at least a period equal to the 3rd quartile plus 1.5 times the interquartile range of the data set 
(t = 9.17 hours) without dividing, were identified as quiescent. After this time threshold, cells start to 
divide at random time points while the extracellular conditions remain constant, and therefore, these 
exits from quiescence were categorized as stochastic. Birth was identified by the characteristic 
darkening of the bud neck followed by the displacement of the daughter away from the mother cell. 
Onset of division was identified by the appearance of the bud protrusion. During the determination 
of the time between birth and first division cells were continuously supplemented with minimal 
medium containing 10 gL-1 glucose.  
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Figure 4 – figure supplement 8. Cell size and NAD[P]H autofluorescence dynamics in normally 
dividing daughter cells. (A) Cell size and respective (B) NAD[P]H autofluorescence dynamics in 
single-HXT (KOYTM6*P) daughter cells (n = 82 to 104) aligned for birth (t = 0, dashed line). 
Histogram in (A) and (B) shows the time of first bud emergence for the respective cells. (C) Cell 
size and (D) NAD[P]H autofluorescence dynamics in single-HXT (KOYTM6*P) daughter cells 
aligned for first bud emergence (t = 0, dashed line). Cells were categorized in groups according to 
the time they spent between birth and first bud emergence [n = 23 to 35 (light grey), 5 to 11 (grey), 
and 8 to 15 (dark grey)]. Data are represented as mean ± SEM. 
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Figure 5 – figure supplement 1. Absolute cell size at bud emergence does not correlate with entry 
to cell division. Absolute cell size at first bud emergence versus time of first bud emergence for 
normally dividing daughter cells (open circles) and cells which exit quiescence stochastically (solid 
circles) during constant supplementation of 10 gL-1 glucose minimal medium, and cells which exit 
quiescence after induction with 10 gL-1 maltose minimal medium (triangles) in the single-HXT 
(KOYTM6*P) strain. Each color corresponds to a different biological replicate.  
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Abstract 

For decades, it has been considered that after START, the point of commitment to the 

mitotic cycle, yeast cells will finish their cell cycle independently of extracellular nutrient 

availability. However, recent studies have challenged this notion, leading to the question 

of how post-START cells orchestrate their on-going cell cycle processes such as bud 

formation and DNA replication in response to nutrient shortage. Here, using microfluidics 

in combination with time-lapse microscopy and single-cell reporters for cell-cycle stage 

and DNA synthesis, we show that glucose withdrawal leads to G2 arrest by halting bud 
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growth and causing premature recruitment of the START-inhibitor Whi5 in the nucleus, 

but allowing for unimpeded synthesis of DNA. We show that cells with genetically-limited 

glycolytic flux capacity, stochastically enter G2 arrest even in the presence of glucose, 

suggesting that, similarly to the activation of START, a critical rate of glycolysis is 

essential also after START for efficient bud growth and unimpeded progression through 

the cell cycle. Finally, using a tandem fluorescent protein timer and an inhibitor of protein 

synthesis, we demonstrate that glucose flux elimination potentially elicits the G2 arrest by 

ceasing protein synthesis. Our results reveal different bioenergetic requirements for bud 

formation and DNA synthesis, and indicate an important role for glycolytic flux in post-

START cell-cycle progression.  

 

Introduction 

Eukaryotic cells commit to a round of cell division after traversal though a cell cycle 

checkpoint that is called START in yeast, and the restriction point in mammals (Johnson 

and Skotheim, 2013). START is defined by the exit of the transcriptional inhibitor Whi5 

from the nucleus (Doncic, Falleur-Fettig and Skotheim, 2011), activation of G1/S related 

transcription (Bertoli, Skotheim and de Bruin, 2013), and subsequent initiation of bud 

growth and DNA replication (Madden and Snyder, 1998); Bertoli, Skotheim and de Bruin, 

2013). After sufficient growth of the bud and completion of DNA replication, nuclear 

division takes place (Lew, 2003), and the elimination of cyclin-dependent kinase (CDK) 

activity at mitotic exit leads eventually to the re-sequestration of Whi5 back in the nucleus 

(Costanzo et al., 2004), where it is retained until the commitment to a new mitotic cycle.   

It has been long thought that once yeast cells have traversed through START, they will 

complete their cell cycle even if nutrients become later scarce. However, recent findings 

have shown that post-START cells are in fact sensitive to nutrient availability (Ewald et 

al., 2016; Laporte et al., 2011). In specific, acute glucose removal can arrest cells that 

have already undergone START, in a mono-nucleated state, before the completion of 

their cell cycle program (Ewald et al., 2016). Further, stationary phase glucose-deprived 

cultures were found to be composed not only of unbudded cells that have finished, or 
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even not initiated their cell cycle program, but also of budded cells, and thus, cells that 

had undergone START but did not complete cell division (Laporte et al., 2011). Such 

budded, post-START arrested cells were viable and did not represent fatally damaged 

cells (Laporte et al., 2011). These findings contrast the long-standing notion that passage 

through START leads to completion of the cell cycle program independent of thereafter 

nutrient availability. If the completion of the cell cycle program is in fact sensitive to 

nutrient availability, then the question arises of how cells administrate their ongoing cell-

cycle processes, such as bud formation and DNA replication, once nutrients become 

limited.  

During regular cell cycle progression, bud growth and DNA synthesis are initiated right 

after START, and both processes progress concomitantly until the completion of the S 

phase (Madden and Snyder, 1998). The coordinated onset of bud growth and DNA 

synthesis arises largely from Cln1 and Cln2 activity, which apart from deactivating the 

DNA-synthesis inhibitors Sic1 and Cdh1 (Nasmyth, 1996) also promote bud emergence 

and growth at the S-phase of the cell cycle (Madden and Snyder, 1998). The importance 

of the coordination between bud growth and DNA synthesis is highlighted by the finding 

that defects in bud formation lead to arrest of the cell cycle program in G2, even if DNA 

replication has been completed (Lew, 2003). However, the fact that DNA synthesis can 

proceed even if bud growth is arrested (Hereford and Hartwell, 1973) shows that while 

these two processes are normally coordinated, they are not coupled. Therefore, how 

post-START nutrient limitation impinges on the progression of each of these processes 

remains unclear.  

Here, using microfluidics (Huberts et al., 2013; Lee et al., 2012) combined with time-lapse 

microscopy, and single-cell reporters for cell-cycle stage and DNA synthesis, we show 

that limitation in carbon influx leads to acute arrest of budding, but allows for unimpeded 

replication of DNA and entry and arrest to the G2 phase of the cell cycle. These events 

are accompanied by early re-shuttling of Whi5 in the nucleus, an event that was 

previously associated exclusively with entry to the G1 phase of the cell cycle. Re-

establishment of favorable nutrient conditions leads to re-exit of Whi5 from the nucleus, 

continuation of budding, and mitosis, showing that the G2 arrest is reversible. We show 
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that similarly to the activation of START, a critical rate of glycolysis is also required after 

START for bud growth and unimpeded progression through the cell cycle. Using a 

tandem fluorescent protein timer (Khmelinskii et al., 2012) and a protein synthesis 

inhibitor, we show that the limitation of carbon influx potentially leads to the arrest of 

budding and the pre-mature nuclear recruitment of Whi5, by diminishing the rate of 

protein synthesis. Our results suggest that post-START nutrient deprivation does not lead 

to unconditional arrest of on-going cell cycle processes. Rather, carbon deprivation 

arrests post-START yeast in a G2 state, where cells have a duplicated genome, but 

display halted bud growth and G1-like Whi5 localization. Our findings reveal that in 

contrast to bud growth, DNA replication is insensitive to nutrient availability, shedding 

new light on how yeast cells coordinate their ongoing cell cycle processes in response to 

fluctuations in nutrient availability – conditions that they typically encounter in their natural 

niches.  

 

Results  

Post-START glucose withdrawal leads to halt of bud growth and early nuclear Whi5 
recruitment 

To examine how carbon deprivation affects cell cycle progression after START, we 

monitored the dynamics of budding in individual yeast cells that were exposed to a 

sudden shift from glucose-rich to glucose-free medium using a microfluidics dissection 

platform (Huberts et al., 2013; Lee et al., 2012). We used the localization of Whi5 to 

distinguish between G1 and cell-cycle committed cells, and the number of histone (Hta2) 

clusters (one or two) to distinguish between cells that had or had not undergone mitosis. 

Here, we found that upon sudden carbon withdrawal, bud growth in cells that had 

undergone START was almost acutely halted (Figure 1A and B) and most cells (69.4 % 

of 98 cells) arrested in a mono-nucleated state. The remaining fraction of cells completed 

their cycle, and we found that the more time that had passed between START and the 

moment of glucose withdrawal, the higher the probability that a cell would undergo 
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mitosis (denoted by the appearance of a distinct Hta2-RFP spot in the bud cell) in the 

absence of glucose was (Figure1 – figure supplement 1).  

 

Figure 1. Glucose withdrawal after START leads to controlled G2 arrest. (A) Brightfield, Whi5-GFP, 
Hta2-RFP, and merged microscopy images of a cell that experiences glucose withdrawal after 
START. (B) Dynamics on bud growth (light-grey lines: single-cell traces of bud size; dark-grey line: 
mean rate of bud size increase for 17 cells), (C) Whi5 localization (n = 17; light-red vertical bar: 
lower and upper 95% CI of the Whi5-GFP nuclear-whole-cell ratio during G1 calculated from 22 
single-cells growing on 10 gL-1 glucose; light-grey vertical bar: respective range for 19 single cells 5 
min after START), and (D) Hta2-RFP abundance (n = 11; the dark grey line without error bars 
indicates the percentage of cells in the dataset that had undergone START begore the withdrawal 
of glucose; Light-grey and light-red indicate single-cell traces) in cells that experience glucose 
withdrawal after START. (E) Bud size (single-cell traces) and (F) Whi5 localization (n = 9; light-red 
line shows the percentage of cells in the dataset that underwent mitosis) dynamics in G2-arrested 
cells as a response to glucose re-addition after ≈ 9 h in carbon-free medium. In total, 85.9% out of 
64 G2-arrested cells underwent mitosis after the re-addition of glucose. In all cases except the 
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single-cell traces, data are represented as mean ± SEM. For glucose withdrawal, the fed in the 
microfluidic device was switched from 10 gL-1 glucose minimal medium to glucose-free minimal 
medium. (G) Schematic representation of regular post-START bud growth, Whi5 localization, and 
DNA synthesis dynamics, and comparison with the respective dynamics after glucose withdrawal. 

Strikingly, while Whi5 is thought to display nuclear localization only before cell cycle 

commitment, and thus, before START, we also found that upon glucose withdrawal, Whi5 

was prematurely recruited back in the nucleus in nearly all cells (89.5 %) that did not 

complete cell division (Figure1 A and C; Figure 1 - figure supplement 2). Thus, despite 

the notion that the residency of Whi5 in the nucleus is restricted in the G1 phase of the 

cell cycle (Costanzo et al., 2004), glucose withdrawal can lead to Whi5 nuclear 

recruitment also at other phases of the cell cycle. These results show that carbon 

deprivation in cells that have undergone START, leads to complete inhibition of bud 

growth, premature Whi5 nuclear recruitment, and arrest of cells in a mono-nucleated 

state. 

DNA replication progresses in post-START glucose-depleted cells 

Then, we asked whether along with the pause of bud growth, these mono-nucleated cells 

had also inhibited DNA replication after the withdrawal of glucose. To answer this, we 

measured the dynamics of histone (Hta2-RFP) abundance after glucose removal in cells 

that had already undergone START. Because the synthesis of histones and DNA are 

coupled, with the inhibition of one process leading to the inhibition of the other (Nelson et 

al., 2002), histone abundance can be used as an estimate of DNA content in single cells 

(Bogenberger and Laybourn, 2008). Here, we found that despite the arrest of bud growth, 

cells that underwent START continued to increase their histone, and thus, DNA content 

after glucose withdrawal, until histone abundance was approximately doubled (Figure 1A 

and D). This finding suggested that these cells had managed to duplicate their genome in 

the complete absence of extracellular glucose. 

To confirm that the duplicated histone content corresponded to duplicated DNA material, 

we checked whether cells which duplicated their histones after the withdrawal of glucose, 

could also successfully undergo mitosis. Here, we found that among the cells which had 

finished their cell cycle in the absence of glucose, were also cells that duplicated their 

histones after the withdrawal of glucose (Figure 1 – figure supplement 3A and B), 
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confirming that despite the arrest of bud growth, DNA replication takes place in post-

START glucose-depleted cells. Thus, upon carbon deprivation, cells that have passed 

START and do not finish their cell cycle, complete S phase, and enter a G2 arrest 

characterized by duplicated genome, halted bud growth, and nuclear Whi5 localization 

(Figure 1G).  

Replenishment of glucose leads to Whi5 re-exit, continuation of budding, and mitosis 

To test whether these post-START glucose depleted cells could exit the G2-arrest and 

finish their cell cycle, we provided cells that were on glucose-free medium for ≈ 9 hours, 

again with glucose-rich medium. Here, we found that the replenishment of glucose led to 

a rapid exit of Whi5 from the nucleus (Figure 1A and F), continuation of budding (Figure 1 

and E), and successful completion of the cell cycle (Figure 1A and F). Thus, post-START 

glucose-deprived cells enter a controlled G2 arrest, that is fully reversible, and whose 

reversibility depends on glucose availability. 

A critical rate of glucose influx is required for regular cell cycle progression after START  

Because in Chapter 2 we found that a critical rate of glycolysis is required for the START 

transition, we asked whether a critical rate of glycolysis, and not simply flux through 

glycolysis, is also required for proper bud growth and unimpeded completion of the cell 

division program. To test this, we used a yeast strain that is genetically limited to low 

glucose uptake rates even in the presence of high extracellular glucose levels, due to the 

absence of native glucose transporters and the sole expression of a chimeric hexose-

transporter (HXT) gene (Otterstedt et al., 2004). Here, we found that while the vast 

majority of cells progressed after START smoothly through the cell cycle in the presence 

of glucose, at extremely rare occasions (≈5 in 1000 cell cycles) cells arrested bud growth 

(Figure 2A), re-sequestered Whi5 in the nucleus (Figure 2B), but unimpededly doubled 

their histone content (Figure 2C), entering therefore a G2 arrest. These cells could, in a 

stochastic fashion, re-shuttle Whi5 back to the cytoplasm, continue budding, and 

eventually undergo mitosis and complete their cell cycle (Figure 2A-C). Thus, low rates of 

glucose influx can lead to stochastic G2 arrest, suggesting that a minimum rate of 

glycolysis is also essential for regular cell cycle progression after START. 
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Figure 2. Low glycolytic can lead to stochastic G2 arrest in a glucose-rich environment. (A) Bud 
size, (B) Whi5 localization, and (C) Hta2-RFP abundance dynamics in stochastic, reversible G2 
arrests and in regular cell cycles in a flux-limited strain (KOY TM6*P). (D) Occurrence of G2 arrests 
in glucose-rich conditions in strains with deferent steady-state glycolytic flux level. Growth rates for 
the KOY VW100 Hxt1 were obtained from Chapter 2. (E) Brightfield, Whi5-GFP, Hta2-RFP, and 
merged microscopy images of a cell from a flux-limited strain (KOY VW100 Hxt1), that undergoes a 
stochastic, reversible G2 arrest at a constant, glucose-rich environment.  In all cases, cells in the 
microfluidics device were constantly supplemented with 10 gL-1 minimal medium. 
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To confirm that a minimum rate of glycolysis is required for regular bud growth and 
prevention of G2 arrest, we used a strain that lacks all known glucose transporter genes, 
but in which a single HXT was introduced under the regulation of an orthogonally 
inducible promoter (This study, Chapter 2). In glucose-rich conditions but in the absence 
of inducer, this strain expresses only low HXT levels and sustains a slow growth rate 
(This study, Chapter 2), which is even lower than the one of the single-HXT strain that 
was used above (Figure 2D). Here, we found that without induction, the occurrence of 
stochastic G2 arrests increased almost 10-fold with respect to the strain with the chimeric 
HXT (Figure 2D and E; Figure 2 – figure supplement 1), suggesting that that the 
unimpeded bud growth and progression through the cell cycle after START requires a 
critical rate of glycolytic flux. 

Glucose deprivation can lead to G2-arrest by diminishing protein synthesis 

To understand why specifically bud growth, but not DNA synthesis, was halted after 

glucose withdrawal, we asked whether the halted bud growth was due to the cessation of 

protein synthesis likely caused by the deprivation of glucose. In contrast to DNA 

replication, whose progression does not depend on protein synthesis, bud growth is 

halted immediately as a response to inhibition of protein synthesis (Hereford and 

Hartwell, 1973). To monitor the dynamics of protein synthesis after glucose withdrawal, 

we used a RFP-GFP tandem fluorescent protein timer that can report on in vivo protein 

turnover in single cells (Khmelinskii et al., 2012), and which we expressed by a 

constitutive promoter. In the absence of active degradation of the timer, increases in 

protein synthesis are reported by a decrease of the RFP (slow-maturing FP) to GFP (fast-

maturing FP) ratio (Barry et al., 2015), while the opposite is anticipated when protein 

synthesis is halted. Here, we found that glucose withdrawal was indeed followed by an 

acute increase in the RFP-GFP ratio, indicating a cessation of protein synthesis (Figure 

3A). Consistently, we found that the levels of Cln2, a cyclin that due to its instability 

(Salama, Hendricks and Thorner, 1994; Deshaies, Chau and Kirschner, 1995; Lanker, 

Valdivieso and Wittenberg, 1996) requires continuously active protein synthesis and 

which controls both Whi5 localization (Skotheim et al., 2008) and bud growth during early 

S (Madden and Snyder, 1998), rapidly dropped after glucose withdrawal (Figure 3 – 

figure supplement 1). Accordingly, re-addition of glucose resulted in a decrease in the 

RFP-GFP ratio, indicating the re-initiation of protein synthesis (Figure 3B). Importantly, 

bud growth following the re-addition of glucose was re-initiated only once the RFP-GFP 
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ratio was decreased again (Figure 3B), confirming that protein synthesis is required for 

bud growth. 

 
Figure 3. G2 arrested can be caused by carbon-starvation-induced cessation of protein synthesis. 
(A) RFP/GFP dynamics from a constitutively expressed tandem fluorescent protein timer as a 
response to glucose withdrawal (n = 16 cells). (B) RFP/GFP dynamics from the protein timer as a 
response to glucose re-addition (n = 16 cells) and respective single-cell traces of bud size 
dynamics for a subset of cells. (C) Single-cell traces of bud size, (E) Whi5 localization (n = 11; light-
grey and light-red vertical bars that indicate nuclear and cytoplasmic Whi5 localization respectively 
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were estimated as described in Figure 1C from 15 and 12 single cells of the current experiment), 
and (F) Hta2-RFP abundance dynamics (n = 12 cells that have passed START at the moment of 
cycloheximide addition) and 3 (cells that have not passed START at the moment of the treatment); 
the dark grey line without error bars indicates the percentage of cells in the dataset that had 
undergone START begore the withdrawal of glucose) as a response to addition of the protein 
synthesis inhibitor cycloheximide. (D) Brightfield, Whi5-GFP, Hta2-RFP, and merged microscopy 
images of a cell that undergoes G2 arrest after the addition of cycloheximide. In all cases except 
the single-cell traces, data are represented as mean ± SEM. For glucose withdrawal, the fed in the 
microfluidic device was switched from 10 gL-1 glucose minimal medium to same composition 
medium supplemented with 100 ugml-1 cycloheximide. 

To confirm that the cessation of protein synthesis can lead to the type of G2 arrest that 

we observed when glucose was withdrawn, we added cycloheximide, a protein synthesis 

inhibitor, in cells growing constantly on glucose-rich medium. Here, we found that upon 

cycloheximide addition, cells halted bud growth (Figure 3C), re-sequestered Whi5 in the 

nucleus (Figure 3D), and duplicated their histone content (Figure 3E). The duplication of 

the histone content suggested first, that DNA was replicated, and second, that histone 

synthesis is highly resilient to perturbations of the protein synthesis machinery. Notably, 

the increase in Hta2-RFP fluorescence could be also due to the maturation of mRFP1 

molecules in the Hta2-RFP fusion which were produced before the addition of 

cycloheximide, instead of de novo histone synthesis. However, the fast maturation 

kinetics of mRFP1 (t1/2 = 12 min; (Jach et al., 2006) render such a scenario unlikely. 

Thus, the striking similarity between the G2 arrests induced by glucose withdrawal and 

inhibition of protein synthesis with cycloheximide, in combination with the observation that 

glucose withdrawal also ceases protein synthesis, suggest that glucose deprivation could 

potentially lead to G2 arrest through diminishing protein production. 

 

Discussion 

Although it was long thought that yeast cells can complete their cell cycle after START 

independently of extracellular nutrient availability, it was recently demonstrated that the 

majority of cells are unable to finish their cell division program upon removal of glucose 

(Ewald et al., 2016). One of the most crucial processes of the cell division program is the 

replication of the genetic material. Here, using microfluidics and single-cell analyses of 

cell-cycle reporters, we show that despite most post-START cells halt bud growth and do 
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not finish their ongoing cell-cycle program upon glucose removal, they manage to 

duplicate their genome and enter a state of G2-arrest (Figure 4). This state of G2-arrest is 

fully reversible and after the re-addition of external glucose cells resume growth and 

successfully undergo mitosis.  

 
Figure 4. Scheme: Dependence of bud growth and DNA synthesis on glycolytic flux. In contrast to 
bud growth which requires a minimum level of glycolytic flux to progress, DNA synthesis is after its 
initiation almost insensitive to glycolytic flux levels. As a result, glucose withdrawal after START 
inhibits only bud growth but allows for DNA replication, leading cells to entry into G2-arrest. During 
the G2-arrest, Whi5 is prematurely localized in the nucleus.  

However, the question emerges of how cells manage to complete DNA replication in the 

absence of extracellular carbon supply. Recent studies provided evidence that internal 

carbohydrate storage is liquidized during late G1 and S phases in response to CDK 

activity (Ewald et al., 2016; Zhao et al., 2016). Given that histones comprise only ≈ 1 % of 
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the proteome content (Kulak et al., 2014), and DNA comprises only ≈ 0.1 % of a cell’s 

total mass (Sherman, 2002), DNA replication in conditions of extracellular carbon 

shortage could assumingly rely solely on liquidation of internal carbon pools. In fact, 

estimates show that the amount of carbohydrates stored in yeast is more than sufficient 

to synthesize DNA, but not enough for generation of new cell wall (Zhao et al., 2016). 

Thus, intracellular carbon storage could secure that cells finish their on-going replication 

of their genome and enter G2, independently of extracellular nutrient availability. 

We show that the removal of glucose causes an acute cessation of protein synthesis, and 

also, that drug-induced inhibition of protein synthesis leads to the same type of G2-arrest 

even in the presence of glucose. This finding is in accordance with previous findings 

which suggest that bud growth is, in contrast to DNA synthesis, sensitive to inhibition of 

protein synthesis (Hereford and Hartwell, 1973). Moreover, we had previously found that 

START activation requires a critical rate of glycolysis (Chapter 2). Similarly, we show here 

that a sufficient rate of glycolysis is required also after START for efficient bud growth and 

unimpeded progression through the cell cycle. In combination, these findings could 

suggest that glycolytic flux facilitates bud formation, apart from providing cell wall 

precursors and energy, by allowing also for the sustentation of sufficient protein 

synthesis.  

We show that upon the removal of glucose and during the G2-arrest, Whi5 is prematurely 

recruited in the nucleus. Interestingly, so far Whi5 has been thought to localize in the 

nucleus exclusively during the G1 phase of the cell cycle. In specific, CDK activity is 

considered to inhibit Whi5 during the START transition, leading to its shuttle from the 

nucleus to the cytoplasm, and elimination of CDK activity at the end of mitosis results to 

its re-sequestration in the nucleus (Costanzo et al., 2004). Therefore, our results suggest 

that the reduction of glycolytic flux leads to the premature nuclear Whi5 localization 

possibly by interfering with CDK activity, in consistence with the recent finding that the 

elimination of CDK activity (by orthogonal depletion of Cdc28) after START is sufficient to 

cause acute re-entry of Whi5 in the nucleus (Papagiannakis, 2017). However, whether 

the nuclear localization of Whi5 holds any role in the regulation of the G2-arrest, or is 

simply a passive outcome of the reduced glycolytic flux, remains to be elucidated.  
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Further, arrest in the G2 phase of the cell cycle has been previously reported to occur in 

yeast in the context of the morphogenesis checkpoint (Lew and Reed, 1995). While it is 

not clear which aspect of bud formation is monitored (Lew, 2003), the morphogenesis 

checkpoint delays mitosis when budding or bud growth is defective. Whether the G2 

arrest that is observed in post-START cells after glucose withdrawal coincides with the 

morphogenesis checkpoint, is to be investigated (Figure 4).   

The realization that the cell division program is after START not insensitive to the nutrient 

environment, opens new questions on the interplay between cell-cycle control, 

metabolism, and nutrient availability. Understanding this complex inter-relationship, could 

potentially prove useful for elucidating cell-cycle control not only in yeast, but also in more 

complex eukaryotic systems.  

 

Materials and Methods 

Strains and media 

Yeast strains used in this study are prototrophic and of the S288C strain-background 

(YSBN6; YSBN16) or the CEN.PK2-1C strain-background (KOY TM6*P; KOY VW100). 

All strains are summarized in Table A. Minimal medium with composition (modification 

from Verduyn et al., 1992) per liter of 5 g of (NH4)2SO4, 3 g of KH2PO4, 0.5 g of MgSO4 · 

7H2O, 4.5 mg of ZnSO4 · 7H2O, 0.3 mg of CoCl2 · 6H2O, 1.0 mg of MnCl2 · 4H2O, 0.3 mg 

of CuSO4 · 5H2O, 4.5 mg of CaCl2 · 2H2O, 3.0 mg of FeSO4 · 7H2O, 0.4 mg of NaMoO4 · 

2H2O, 1.0 mg of H3BO3, 0.1 mg of KI, 1.5 or 15 mg of EDTA, 0.05 mg of biotin, 1.0 mg of 

calcium pantothenate, 1.0 mg of nicotinic acid, 25 mg of inositol, 1.0 mg of pyridoxine, 0.2 

mg of para-aminobenzoic acid, and 1.0 mg of thiamine, was used for all experiments. The 

minimal medium was further supplemented with either 10 gL-1 glucose or used as such 

for the glucose withdrawal experiments. All chemicals were purchased from Sigma-

Aldrich (St. Louis, Missouri), Acros-Organics (Geel, Belgium), Formedium (Hunstanton, 

United Kingdom), Merck-Millipore (Billerica, Massachusetts), or Jena Bioscience (Jena, 

Germany). 
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Table A. List of yeast strains 

 

Strain construction 

To monitor Whi5 localization and Hta2 abundance dynamics in single cells, we generated 

a genomic fusion of the Whi5 gene with mGFP in the YSBN6 and KOY TM6*P Hta2-RFP 

(Schmidt et al., 2014) strains as described in Chapter 2. Transformants were selected in 

the presence of zeocin (Thermo Fisher Scientific, Waltham, Massachusetts) in YPD 

(Formedium) (20 gL-1 glucose; Sigma-Aldrich) plates and correct cassette integration was 

confirmed by microscopically observing the expected cell-cycle dependent Whi5 

localization cycles (Doncic, Falleur-Fettig and Skotheim, 2011). Then, we generated a 

genomic fusion of the Hta2 gene with mRFP1 in the YSBN6 Whi5-mGFP and KOY 

VW100 Hxt1 Whi5-mGFP strains. The integration cassette of mRFP1-NatMX with 

homologous overhangs to the regions upstream and downstream the stop codon of the 

Hta2 gene was amplified from KOY TM6*P Hta2-RFP strain using the Hta2Lin For & Rev 

primers (Papagiannakis et al., 2017). Transformants were selected in the presence of 

100 µgmL-1 nourseothricin (Jena Bioscience) in YPD (20 gL-1 glucose for YSBN6 Whi5-

mGFP Hta2-mRFP1 or 20 gL-1 maltose (Sigma-Aldrich) for KOY VW100 Hxt1 Whi5-

Strain Genotype Source 
YSBN6 (wild-type) MATa FY3 ho::HphMX4 Canelas et al., 

2010 
YSBN6 Whi5-mGFP YSBN6 WHI5::mGFP-zeoR   This study 
YSBN6 Whi5-mGFP Hta2-
mRFP1 

YSBN6 WHI5::mGFP-zeoR   mRFP1-NatMX This study 

YSBN16 Cln2-GFP YSBN16 CLN2:: eGFP-HIS3MX6 Papagiannakis 
et al., 2017 

YSBN6 TET-RFP-GFP YSBN6 ho::ptetO7-mCherry-sfGFP-KanMX4 Huberts, 2015 
KOY TM6*P KOY.VW100P Integration into the cassette: 

HXT7prom-TM6*-HXT7term, ura3-52::URA3 
Otterstedt et al., 
2004 

KOY TM6*P Hta2-RFP KOY TM6*P HTA2::mRFP1-NatMX Schmidt, 2014 
KOY TM6*P Hta2-mRFP1 
Whi5-mGFPa 

KOY TM6*P HTA2::mRFP1-NatMX 
WHI5::mGFP-zeoR   

This Study 

KOY VW100 Hxt1 KOY VW100P ho::KanMX4-pINV-HXT1 This study, 
Chapter 2 

KOY VW100 Hxt1 Whi5-
mGFP 

KOY VW100P ho::KanMX4-pINV-HXT1 
WHI5::mGFP-zeoR  

This study, 
Chapter 2 

KOY VW100 Hxt1 Whi5-
mGFP Hta2-mRFP1 

KOY VW100P ho::KanMX4-pINV-HXT1 
WHI5::mGFP-zeoR  HTA2::mRFP1-NatMX 

This study 
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mGFP Hta2-mRFP1) plates and correct cassette integration was confirmed by 

microscopically observing a single bright fluorescent spot and anticipated nuclear cycles.  

Determination of growth rates 

For the determination of growth rate, 250-mL flasks containing 25 mL of 10 gL-1 glucose 

minimal medium were used. Media were inoculated with a single colony of YSBN6 or 

KOY TM6*P and cultures were incubated overnight at 30oC, 300 rpm. Cultures were then 

diluted in 25ml fresh medium of the same initial composition and cells were allowed to 

attenuate exponential growth. While at exponential phase, cultures were diluted in fresh 

medium at a final OD600nm of ≈ 0.1 and after completing at least 3 divisions, cells were 

further diluted in fresh medium at a final OD600nm of ≈ 0.1 before measurements were 

initiated. OD600nm was measured by spectrophotometry. 

Microfluidics 

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

medium supplemented with 10 gL-1 glucose, 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 at an OD600nm of <= 0.005 and were allowed to attenuate exponential growth. 

Exponentially growing cells at an OD600nm of 0.1-0.5 were used to load the microfluidics 

device. During cultivation in the microfluidic device cultivation, cells were constantly with 

fresh minimal medium containing 10 gL-1 glucose. For glucose withdrawal, the fed was 

switched to constant supplementation of glucose-free minimal medium pre-incubated at 

30oC. For the conditionally null-HXT (KOY VW100 Hxt1 Whi5-mGFP Hta2-mRFP1) 

strain, a different regime was followed. In specific, single colonies were used to inoculate 

10 gL-1 maltose minimal medium. After overnight incubation, the cultures were diluted to 

OD600nm ≈ 0.025 in 10 gL-1 glucose minimal medium, and were further incubated for 12 

hours. Cells were then used to load the microfluidics device and were thereafter 

continuously supplemented with fresh 10 gL-1 glucose minimal medium.  

Microscopy 
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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 5 minutes for the wild-type strains and every 10 minutes for 

the HXT mutants using a 60x (CFI Plan Apo; NA = 1.4; Nikon, Tokyo, Japan) and a UV 

blocking filter. Fluorescent measurements were preformed using an LED-based system 

(pE2; CoolLED Limited, Andover, United Kingdom) and the same 60x objective, every 5 

minutes for the wild-type strains and every 10 or 20 minutes for the HXT mutants. For 

Whi5-GFP measurements, 400 ms exposure time was used (470 nm excitation using a 

470/40 nm bandpass filter and a 495 or 491 nm beam-splitter, 25 % light intensity, 525/50 

nm emission filter, EM gain 3), while for Cln2-GFP measurements, exposure time was set 

to 500 ms (EM Gain 0). Hta2-RFP measurements were performed using 200 ms 

exposure time (565 nm excitation using a 560/40 or 562/40 nm excitation filter and a 585 

or 593 nm beam-splitter, 20 % light intensity, 630/75 or 624/40 nm emission filter, EM 

gain 3). Images were captures using either an iXon Ultra 897 DU-897-U-CD0-#EX (Andor 

Technology Ltd) or a LucaEM R DL-604 (Andor Technology Ltd, Belfast, United 

Kingdom) camera. Readout speed for fluorescence imaging was set to 1 MHz. 

Fluctuations in axial focus during time-lapse imaging were corrected using automated 

hardware (PFS; Nikon).  

Image and data analysis 

Whole-cell fluorescence intensity measurements were performed the semi-automated 

ImageJ plugin BudJ (Ferrezuelo et al., 2012) was used. In all cases, acquired fluorescent 

intensity measurements were corrected for background autofluorescence before any 

further analysis, using either the Rolling Ball Background Subtraction plugin of ImageJ, or 

by subtracting the background intensity value estimated by BudJ (modal value of whole 

image). For nuclear fluorescence intensity measurements, the clustered Hta2-RFP signal 

was manually segmented using ImageJ. The segmented pixels were used to measure 

nuclear mean Hta2-RFP and Whi5-GFP fluorescence. For the calculation of histone 

abundance in the nucleus, an ellipse or circle was fitted at the segmented Hta2-RFP 
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cluster and the area of the nucleus was estimated. Hta2-RFP abundance was calculated 

by multiplying the mean nuclear Hta2-RFP with the nuclear area. START was identified 

by the sharp shuttle of Whi5-GFP from the nucleus to the cytoplasm, identified either by 

visual inspection or by the decrease in the ratio of Whi5-GFP nuclear to whole-cell 

fluorescent intensity. Bud size measurements were performed by manual segmentation 

of the bud using ImageJ. For the calculation of the rate of bud growth during the switch 

for glucose-rich to glucose-free medium, a LOWESS curve was fitted to the bud size 

measurements and the first derivative of the smoothed signals was calculated. Curve 

fitting and derivatization were performed in GraphPad Prism. The probability for a cell to 

undergo mitosis or display pre-mature Whi5 recruitment to the nucleus was computed 

using the glm function in the R package.  
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Supplementary material 

 

 

 

 
Figure 1 – figure supplement 1. Probability for a cell to undergo mitosis in the absence of glucose 
as a function of time passed after START at the moment of glucose withdrawal. The probability and 
95% CI were calculated using logistic regression of data from 99 cells. 

 

 

 

 
Figure 1 – figure supplement 2. Probability for a cell to prematurely recruit Whi5 in the nucleus as a 
function of time passed after START at the moment of glucose withdrawal. The probability and 95% 
CI were calculated using logistic regression of data from 92 cells.  
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Figure 1 – figure supplement 3. Cells that duplicated their histone content after glucose-withdrawal 
can complete occasionally complete their cell cycle in the absence of glucose. (A) Hta2-RFP 
abundance and Whi5 localization, and (B) bud size dynamics in a single cell that completes its cell 
cycle after the switch from 10 gL-1 to glucose-free minimal medium. Horizontal light-grey and green 
bars that indicate nuclear and Whi5 localization respectively in (A) were estimated as described in 
Figure 1C. 
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Figure 2 – figure supplement 1. Stochastic, reversible G2 arrest in a cell from a strain with 
genetically restricted glycolytic flux capacity. (A) Bud size, (B) Whi5 localization, and (C) Hta2-RFP 
abundance dynamics of the cell depicted in Figure 2E. 
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Figure 3 – figure supplement 1. CLN2-GFP dynamics as a response to glucose withdrawal. Cells in 
the microfluidics device were switched from 10 gL-1 glucose to glucose-free minimal medium. Data 
are represented as mean ± SEM (n = 18 cells). 
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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 
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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 



Chapter 4 

116 

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 



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

119 

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. 
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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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Summary of thesis 

In this thesis, we investigated the role of metabolic rates, such as the rate of glycolysis 

and the overall rate of protein synthesis, on cell cycle commitment and progression in 

Saccharomyces cerevisiae. In Chapter 1, we presented evidence from the literature that 

metabolic fluxes are critical determinants of the cellular phenotype, we proposed a model 

of how flux-dependent regulation occurs, and identified candidates for flux-signalling 

metabolites through a meta-data analysis. In Chapter 2, we demonstrated that the flux 

through glycolysis is the critical parameter that controls the entry of cells to the non-

dividing state of quiescence, or the commitment to the cell division cycle. In Chapter 3, 

we tested the role of glycolytic flux on cell cycle progression after the commitment to the 

cell division cycle. We found that cells, which were deprived of glucose after the 

commitment, arrested bud formation, but would continue and complete DNA replication. 

Moreover, we found that cells with low rate of glycolysis could also stochastically display 

this behaviour. The findings of Chapters 2 & 3 showed that metabolic rates determine 

whether S. cerevisiae cells enter and successfully complete the cell division cycle. 

Therefore, in Chapter 4, we addressed the question on how the rate of metabolism 

mechanistically triggers the commitment to the cell cycle. By performing dynamic, single-

cell measurements of fluorescent-protein levels and cell size, we found that the rate of 

protein synthesis increases right before the commitment to the cell cycle. By using a 

novel method for monitoring the levels of the cell cycle activator Cln3, we could show that 

Cln3 synthesis correlates with the rate of protein synthesis, and that, in contrast to the 

current notion, the concentration of Cln3 peaks close to the moment of the cell cycle 

commitment. These results suggested that the dynamics of the rate of protein synthesis 

are crucial for the decision to enter the cell cycle, and provided a possible mechanistic 

link between metabolic rate and cell cycle commitment in S. cerevisiae. 

 

Future outlook 

In this thesis, we identified a strong dependence of cell cycle commitment and 

progression on metabolic rates in S. cerevisiae. Nevertheless, our findings generated 
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also new questions, which can form the basis of new research. Below, we elaborate on 

these questions. 

 

A mechanistic link between metabolic activity and cell cycle commitment 

In Chapter 2, we show that the rate of glycolysis dictates whether yeast cells commit to 

the cell division cycle, and in Chapter 4 that the overall rate of protein synthesis, and 

consequently, Cln3 levels, peak close to the moment of the commitment. To prove that 

glycolytic flux controls START through shaping the levels of Cln3, then the effect of 

different glycolytic flux levels on the rate of protein synthesis, and thus, Cln3 

concentration should be determined, and the impact of flux-related changes in Cln3 

concentration on START traversal should be assessed. 

 

Do internal carbohydrate pools secure DNA replication at harsh environmental 

conditions? 

In Chapter 4, we show that S. cerevisiae cells complete DNA replication even when they 

are completely deprived of extracellular carbon sources. This finding suggests that at 

these conditions internal carbohydrate storage might be responsible for providing 

sufficient precursors and energy for DNA synthesis. In fact, recent studies demonstrated 

that carbohydrate storage is liquidized at the cell cycle phase where DNA synthesis takes 

place (Ewald et al, 2016; Zhao et al., 2016), and it was also estimated that stored 

carbohydrates are indeed sufficient to support DNA replication (Zhao et al., 2016). An 

experiment where carbohydrate-storage utilization mutants would be exposed to the 

sudden deprivation of glucose, and cells would not be able to complete DNA replication, 

would confirm our hypothesis.  

 

At the wrong place the wrong time: the role of the nuclear Whi5 localization during G2 
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In Chapter 3, we found that Whi5 can localize pre-maturely in the nucleus in cells 

arrested at G2 due to low glycolytic rates. Such an early sequestration of Whi5 in the 

nucleus was previously considered not to be possible in cells with an intact cell cycle 

machinery (Charvin et al., 2010), and according to our knowledge, Whi5 was never 

before reported to localize in the nucleus in the G2 phase of the cell cycle. We found that 

when the glycolytic rate was increased by supplementation of fresh glucose, Whi5 exited 

the nucleus and cells completed their cell cycle. Whether the early shuttling of Whi5 to 

the nucleus is an event that is actively involved in establishment and/or maintenance of 

the G2-arrest, is an interesting question that future studies could address. Employing 

optogenetic systems for light-induced protein localization control (Wang et al., 2016) 

would be an elegant way to force Whi5 out of the nucleus during G2, and characterize the 

response of the arrested cells.  

 

START: Cln3, Whi5, or both? 

In Chapter 3, we showed that the levels of Cln3, a well-established potent activator of the 

cell cycle (Nash et al., 1988; Tyers, Tokiwa and Futcher, 1993) peak around the moment 

of the cell cycle commitment (START). However, since it was previously thought that Cln3 

levels are constant during G1, the latest model for START regulation does not involve an 

increase in Cln3 levels, but rather, a decrease in the levels of the cell cycle inhibitor and 

Cln3-target Whi5 (Schmoller et al., 2015). Therefore, is the increase in Cln3 

concentration, the decrease in Whi5 concentration, or the combined effect of these two 

events the critical trigger for START activation? Experiments where the levels of Cln3 and 

Whi5 will be concomitantly measured in the same cell, and the relative change in the 

concentration of each of these regulators prior to START will be estimated, could 

probably provide the answer to this question. 
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Conclusion  

Together, our results show that for Saccharomyces cerevisiae, cell division is indeed a 

metabolic problem (Cai and Tu, 2012; Lee and Finkel, 2013). Recently, it was 

demonstrated that the cell-cycle machinery is coupled to an autonomous metabolic 

oscillator which potentially triggers the occurrence of cell cycle events (Papagiannakis et 

al., 2017). This thesis proves that changes in metabolism alone are sufficient to trigger 

the initiation of the cell cycle program independently of extracellular inputs, and provides 

a substantial framework on how metabolic rates can be translated into cell fate decisions. 
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Samenvatting 

 

 

De celdelingscyclus - het proces waarbij twee dochtercellen worden gevormd uit één 

oorspronkelijke moedercel - is essentieel voor de voortzetting van het leven. Fouten in de 

regulatie van dit proces kunnen leiden tot ziektes. Het proces van celdeling is energetisch 

en biosynthetisch veeleisend. Daarom moeten cellen, alvorens de beslissing te nemen 

om hun celdelingsprogramma uit te voeren, hun extracellulaire voedingsomgeving 

nauwkeurig beoordelen. Echter, hoe extracellulaire signalen invloed kunnen uitoefenen 

op de beslissing van een cel om zich aan te zetten tot de celdelingscyclus en hoe dit 

mechanistisch mogelijk wordt gemaakt, zijn vragen waarop thans nog bevredigende 

antwoorden gevonden moeten worden.  

In tegenstelling tot het idee dat micro-organismen beslissingen nemen door directe 

waarnemingen uit hun extracellulaire omgeving, bewezen recente bevindingen dat het 

fenotype van micro-organismen kan worden gevormd door veranderingen in 

intracellulaire metabolische fluxen (reactiesnelheden), zelfs wanneer de externe 

nutriëntenomstandigheden onveranderd zijn. Zoals besproken in hoofdstuk 1, kan een 

dergelijke fluxgebaseerde regulering van de microbiële fysiologie worden bereikt door 

middel van regulerende metabolieten die fluxafhankelijke concentraties vertonen, en kan 

deze vorm van regulatie micro-organismen bepaalde voordelen verlenen ten opzichte 

van directe extracellulaire waarneming. 

Gedreven door recente bevindingen die suggereren dat het begin van de 

celdelingscyclus in Saccharomyces cerevisiae correleert met verhoogde glycolytische 

flux, is de hypothese geformuleerd dat celcyclustoewijding een op fluxen gebaseerde 

beslissing is. Door het combineren van benaderingen  op enkel cel- en populatieniveau is 

in hoofdstuk 2 aangetoond dat cellen beslissen, op basis van hun glycolytische snelheid, 

of ze zich aan de celdelingscyclus toewijden of hun toevlucht nemen tot de niet-delende 

status van “quiescence”. Bovendien bleek dat stochastische schommelingen in het 
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metabolisme deze beslissing ook kunnen beïnvloeden. De bevindingen in hoofdstuk 2 

bevestigen dat de celcyclustoewijding niet direct wordt bepaald door de extracellulaire 

nutriëntenomstandigheden, maar door de omvang van de metabolische flux. 

Een lange tijd werd aangenomen dat, nadat de celdelingscyclus eenmaal was gestart, 

gistcellen dit proces onafhankelijk van bovenliggende signalen voltooien. Niettemin werd 

deze gedachte onlangs op de proef gesteld, omdat het ontbreken van extracellulaire 

voedingsstoffen het celdelingsproces bleek te stoppen, zelfs na de aanvang ervan. In 

hoofdstuk 3 wordt aangetoond, dat zelfs in aanwezigheid van voedingsstoffen, de 

voortgang van de celdeling - en specifiek de vorming van de dochtercel (“bud”) - 

afhankelijk is van de grootte van de glycolytische flux. Desalniettemin, is tevens 

aangetoond dat, na de celcyclustoewijding, DNA-replicatie onafhankelijk van de 

beschikbaarheid van extracellulaire glucose kan optreden, wat suggereert dat cellen de 

opgeslagen intracellulaire koolhydraten sturen om zodoende de voltooiing van 

genoomduplicatie te waarborgen. Deze bevindingen tonen aan dat de metabolische flux 

cruciaal is, zowel voor de activatie van het celdelingsprogramma, als ook voor de 

succesvolle uitvoering ervan. Tevens hebben de bevindingen het bestaan van 

veiligheidsmechanismen onthuld die ervoor zorgen dat belangrijke 

celcyclusgebeurtenissen worden voltooid wanneer de omgevingsomstandigheden 

ongunstig worden. 

Hoewel het werk in hoofdstuk 2 onthult dat verhoogde reactiesnelheden in de glycolyse 

de activatie van het celdelingsprogramma veroorzaken, is er nog geen antwoord gegeven 

op hoe dit mechanisch wordt gerealiseerd. In knopvormende gist wordt Cln3, een 

constitutief geproduceerd hoogst onstabiel eiwit, waarvan de niveaus - wegens de snelle 

afbraak ervan - correleren met zijn translatiesnelheid, beschouwd als de meest 

stroomopwaartse, krachtige celcyclusactivator. Gegeven de sterke relatie tussen 

intracellulaire metabolische fluxen en cellulaire translatiesnelheid, wat in hoofdstuk 1 

uiteen is gezet, werd de hypothese gevormd dat celcyclusactivering plaatsvindt na een 

toename van de totale translatiesnelheid, en derhalve, een toename in Cln3-niveaus. In 

hoofdstuk 4 wordt deze hypothese bevestigd door dynamische metingen van de 

productiesnelheid van een fluorescent eiwit met constitutieve expressie en door gebruik 
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te maken van een innovatieve werkwijze voor het meten van de productiesnelheid van 

Cln3. In het bijzonder tonen de bevindingen aan dat de totale snelheid van eiwitsynthese 

en daarmee de snelheid van Cln3-synthese zeer dynamisch zijn en hun piek bereiken 

vlak voor de celcyclustoewijding, wat leidt tot een plotselinge toename in Cln3-niveaus. 

Deze bevindingen bieden dus een potentiële mechanistische link tussen metabolische 

snelheid en de activatie van de celdelingscyclus. 

Dit proefschrift demonstreert dat metabolische snelheden cruciale bepalende factoren 

zijn voor besluiten betreffende de celcyclus, wat aanzet tot een verschuiving van focus 

van de extracellulaire voedingsomgeving naar de intracellulaire metabolische omgeving, 

op weg naar het begrijpen van de eukaryotische celcycluscontrole.  
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