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Summary 
In the presented thesis, we explored FP-based tools and fluorescence microscopy to study how S. 

cerevisiae (or budding yeast) adapts to changes in its environment at the single cell level. Obtaining 

single-cell data reveals how variable single yeast cells are between each other. However, to 

quantitatively use fluorescence techniques we first had to characterize the current available palette of 

fluorescent proteins with respect to their functioning in budding yeast. This work was performed in 

Chapter 1. In this chapter we show that fluorescent proteins have remarkably different properties in 

yeast compared to mammalian cells or bacteria. Additionally, we show how in vivo behavior of 

fluorescent proteins can be different from in vitro behavior. The best functioning fluorescent proteins 

were selected and codon-optimized for yeast. Subsequently, we demonstrate that these fluorescent 

proteins indeed improve fluorescent readouts. Next, the characterization of fluorescent proteins in 

chapter 1 was used to develop a FRET sensor for cAMP in yeast, which is presented in Chapter 2. cAMP 

is important for signaling changing environments. It is a second messenger which is produced when 

sugar becomes available. This results in a transient peak in cAMP, which subsequently drops back to an 

increased baseline. It is known that cAMP induces cellular changes in metabolism and stress responses 

but if and how the cAMP dynamics convey information, and how variable this is between cells, is still 

largely unknown. Using the sensor we show that cAMP responses of single-cells show a low 

heterogeneity. Furthermore, we shed light on the cAMP dynamics during various sugar transitions and 

what information these dynamics can convey. Next, we performed the same sensor optimization 

strategy for an ATP FRET sensor, which is shown in Chapter 3. We found that the original sensor was pH 

sensitive and had irregular baseline drifts. This hampers proper usage of the sensor, especially since 

intracellular pH is dynamic in yeast. Optimizing the fluorescent proteins of the sensor greatly improved 

its functioning. Using this sensor reveals, in contrast to cAMP responses, a high variability in ATP 

responses upon sugar transitions. These responses range from hardly responding to sugar addition to 

ending up in an imbalanced state with low ATP levels. Lastly, in Chapter 4, we studied spatial regulation 

of the GAPDH isoform TDH1 in an environment that changes from high amounts of glucose to a sudden 

lack of any carbon source. TDH1 is the minor isoform of GAPDH and its functioning is largely unknown. 

We show that various stresses induced its expression, but only the sudden carbon starvation gave 

localization of TDH1 to specific foci. These foci are reversible and disappear upon restoration of glucose 

availability. Finally, we found a specific function of TDH1 during carbon starvation. After long-term 

starvation, cells without TDH1 show increased cell death and longer lag phases after readdition of 

glucose. This suggests that TDH1 is important for survival of yeast during carbon starvation. 

The results presented in this thesis provide useful information to improve fluorescence single-cell 

measurements in yeast. Furthermore, we show that fluorescent readouts (e.g. via FRET sensors or 

protein tagging) can be used to greatly improve our understanding of yeast adaptation to changing 

environments at a single-cell level.  
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Nederlandse samenvatting 
In dit proefschrift hebben wij onderzocht met microscopie methodes die gebruik maken van 

fluorescerende eiwitten hoe S. cerevisiae (ofwel bakkersgist) zicht aanpast aan veranderingen in zijn 

omgeving. Door het gebruik van microscopie konden wij dit bekijken in individuele gistcellen. Deze 

resultaten kunnen laten zien hoe verschillend gistcellen zijn van elkaar. Om deze methodes echter 

optimaal en accuraat te gebruiken moesten we eerst de beschikbare fluorescerende eiwitten testen op 

hun kwaliteiten in bakkersgist. Dit hebben wij gedaan in Hoofdstuk 1. In dit hoofdstuk laten wij zien dat 

de fluorescerende eiwitten verschillende eigenschappen hebben in gist ten opzichte van humane cellen 

of bacteriën. Daarnaast laten we zien dat de in vivo eigenschappen verschillen van de in vitro 

eigenschappen. De best functionerende eiwitten werden geselecteerd en geoptimaliseerd voor codon 

gebruik. Tenslotte bewezen wij dat deze fluorescerende eiwitten inderdaad een verbeterd signaal 

geven. De informatie van de karakterisatie van de fluorescerende eiwitten in hoofdstuk 1 zijn daarna 

gebruikt om een FRET sensor te ontwikkelen voor cAMP metingen in gist. Dit is gedaan in Hoofdstuk 2. 

cAMP is belangrijk om veranderingen in de omgeving te signaleren voor een gistcel. Het is een 

signaleringsmolecuul (second messenger) wat aangemaakt wordt wanneer suiker beschikbaar is voor 

een gistcel. Deze cAMP aanmaak zorgt voor een korte piek van cAMP, wat daarna terugkomt op een 

nieuw verhoogd grondniveau. Het is bekend dat cAMP veranderingen aanbrengt in het metabolisme en 

de stress respons, maar of en hoe de cAMP dynamiek informatie doorgeeft aan de cel, en hoe variabel 

dit is tussen cellen, is veelal onbekend. Met de cAMP sensor vonden wij dat gistcellen weinig 

heterogeniteit lieten zien in hun cAMP responsen. Daarnaast onderzochten we de cAMP dynamiek van 

verschillende suiker transities en welke informatie deze dynamiek zou kunnen bevatten. In Hoofdstuk 3 

hebben we dezelfde sensor optimalisatie strategie gebruikt voor een ATP FRET sensor. We vonden dat 

de originele sensor pH gevoelig was en onvoorspelbare veranderingen had in zijn FRET waardes. Dit 

bemoeilijkt het gebruik van deze sensor voor betrouwbare en goede ATP lezingen, helemaal omdat in 

gist de intracellulaire pH fluctueert. Het optimaliseren van de fluorescerende eiwitten in deze sensor 

verbeterde de functionaliteit. Deze sensor liet, in tegenstelling tot de cAMP responses, een grote 

variatie in ATP responses zien bij suikertransities in gistcellen. De responses reikte van cellen die amper 

een respons hadden tot cellen die in een onevenwichtige staat kwamen, met lage ATP niveaus. Ten 

laatste, in Hoofdstuk 4, hebben we de localisatie van de GAPDH isoform TDH1 bestudeerd. We keken 

hiernaar in gistcellen die in omgevingen met veel glucose zaten tot omgevingen waarin geen 

koolstofbron was. TDH1 is een ondergeschikte isoform van GAPDH en de functie ervan is grotendeel 

onbekend. We vonden ook dat verschillende stressen de expressie van TDH1 verhogen, maar dat alleen 

een snelle koolstofverhongering een localisatie van TDH1 naar granules gaf. Deze granules zijn reversibel 

en verdwijnen als er weer glucose toegankelijk is. Tenslotte vonden we een functie van TDH1 gedurende 

koolstofverhongering. Na een langdurige verhongering hadden cellen zonder TDH1 verhoogde celdood 

en een langere lagfase wanneer er weer glucose toegediend werd. Dit suggereert dat TDH1 belangrijk 

is voor de overleving van gistcellen tijdens koolstof verhongering.  

De resultaten in dit proefschrift leveren nuttige informatie om fluorescentie metingen te doen in 

individuele gistcellen. We laten ook zien dat fluorescerende uitlezingen (bijvoorbeeld via FRET sensoren 

of eiwit-labellen) perfect gebruikt kunnen worden om beter te begrijpen hoe individuele gistcellen zich 

aanpassen aan veranderende omgevingen.   
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General introduction 
Organisms and their changing environment 

On our planet, organisms often experience changing conditions. Whether it are polar bears dealing with 

melting polar ice1,2, the Barn swallow that suddenly switches to eating insects with insecticides as food 

additive3, or plants that deal with the fast-paced climate changes4; all organisms should adapt in order 

to survive and stay fit. Undoubtedly, the same principle holds for the smallest unicellular organisms on 

earth such as bacteria or yeast. The internal environment of these organisms must behave like a 

motionless hummingbird in the wind; adapt to changing conditions to ensure that its intracellular state 

remains constant and optimal for growth. This is necessary since microorganisms are always in 

competition with all other cells living in its environment. Therefore, cells are evolved to obtain a maximal 

growth in order to not be outcompeted by others. One organism living in these circumstances is the 

budding yeast Saccharomyces cerevisiae. This yeast species is adopted as an important model organism 

in microbiology research. This is because budding yeast has a high similarity of cellular processes with 

humans5. In addition, more than 40% of the 414 essential genes with a human ortholog can be replaced 

by its human variant6. Of note, genes involved in various metabolic pathways such as lipid, amino acids 

and carbohydrate metabolism were highly replacable (up to 92% replacability) which makes yeast a 

good model organism for mammalian metabolism. As a result, various research areas such as cancer, 

metabolic disorders, Alzheimer’s and Huntington’s diseases use yeast as a model organism to elucidate 

mammalian physiology and pathology7–10. Budding yeast is also a useful species to develop new genetic 

methods7: it was the first eukaryotic organism with a fully sequenced genome11. Moreover, gene 

deletion libraries, up to triple knockout mutants12,13, and GFP-tagged libraries11 were also created for 

this species to facilitate research7. Lastly, budding yeast is an important cellular factory in which their 

metabolism is exploited to produce desired products5. Budding yeast is often choosen in both research 

and industry because this organism is well characterized -at the genetics and physiology level- and can 

rather easily be modified genetically to study cellular physiology or improve production efficiencies5,14.  

Thus, budding yeast is an excellent organisms to study many aspect of microbiology. Therefore, in this 

thesis, we used this organism to get a view on how organisms cope with changing environments. 

 

Cellular carbohydrate metabolism in yeast 

Budding yeast is an important organism for bio-industry. In its wild habitat, yeast lives on fruits and tree 

barks and encounters periods of sugar excesses alternated by long periods of starvations15,16. Likewise, 

domesticated yeast experiences changing conditions in large-scale fermenters in industry17,18. 

Understanding how yeast cells react and adapt to changing conditions could help us to shed some light 

on how organisms try to stay competitive and fit. In addition, this knowledge could be used to improve 

industrial processes that employ yeast as a working horse. This is highly relevant, since production of 

foods, fuels, pharmaceuticals and more depend on these processes and the demand will only rise with 

the growing world population5,19,20. As aforementioned, yeast is also a widely appreciated model 

organism for eukaryotic biology and hence also for mammalian cells. Understanding its physiology is 

also of importance to understand mammalian physiology. 

 

Yeast cells properly adapt their physiology to the available nutrients at the specific time and place. 

According to the specific conditions, they can alter their cell cycle length more than 10-fold or go to a 

quiescent state where they do not grow anymore21. Nutrients provide substrates for synthesis of 

macromolecules and cell growth, and they can be used for energy generation. To produce energy, yeast 
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prefers glucose over all other available carbon sources and metabolizes it through glycolysis. This is a 

central metabolic pathway that produces energy for many species22,23. Moreover, glycolysis generates 

precursors for various other metabolic pathways such as ribose sugars, lipids, amino acids, NADPH 

metabolism or stress-related metabolites like glycerol and trehalose24,25. Glucose added to yeast cells 

gets immediately transported by hexose transporters and metabolized through glycolysis. A change in 

sugar availability often affects intracellular metabolism as shown by bulk assays that show an immediate 

response of glycolytic metabolites26–30. This startup of glycolysis contains two phases (Fig. 1): the upper 

phase converts glucose to fructose-1,6-bisphosphate and requires an investment of 2 ATP. Next, the 

fructose-1,6-bisphosphate is converted to dihydroxyacetone phosphate (DHAP) and glyceraldehyde-3-

phosphate (GAP) after which Triose-phosphate isomerase (TPI) catalyzes the reversible reaction from 

DHAP to GAP. Afterwards, the lower phase of glycolysis starts where GAP is converted to pyruvate and 

this returns 2 ATP molecules per GAP molecule. Since 1 molecule of glucose generates 2 GAP molecules, 

this lower phase occurs in twofold, and hence returns 4 ATP molecules per glucose molecule. This design 

means that upon glucose addition, a temporary imbalance occurs. First, glucose is metabolized in the 

upper phase, which consumes ATP. Second, new ATP is generated in the lower glycolytic phase. This 

results in a transient decrease of ATP during a glycolytic startup29,31,32. In extreme scenarios, the upper 

glycolytic flux can largely exceed the lower flux which will results in a drainage of metabolites that are 

used as an input for the upper glycolysis (e.g. ATP, phosphate). This drainage can result in an imbalanced 

state. How much variance exists between single cells in the glycolytic response upon addition of sugar 

is unknown. Modelling showed that the responses can be highly variable between cells, depending on 

their specific metabolic state at the time of sugar encounter28,32,33. However, to elucidate these 

mechanisms behind the responses and experimentally test these findings, new tools are necessary to 

quantify metabolic parameters inside single-cells.  

 

When sufficient glucose is present and yeast cells are able to grow fast, the produced pyruvate from the 

glycolytic pathway is converted to ethanol, a process called fermentation34–38. Of note, other fast 

metabolizable sugars, such as mannose or fructose can also be fermented39. On the other hand, yeast 

can also consume other carbon sources that give lower fluxes through glycolysis (e.g. galactose or 

trehalose) or they can consume carbon sources which are party glycolytic (e.g. glycerol) or 

gluconeogenic substrates that travel glycolysis in the opposite direction, starting from pyruvate. Carbon 

sources that give a low glycolytic flux or are gluconeogenic are not fermented, but are metabolized in 

the TCA cycle. These substrates are converted to acetyl-Coenzyme A trough pyruvate and subsequently 

oxidized in the TCA cycle to CO2 which yields ATP and NADH. The produced NADH is then used to 

generate a proton gradient in the mitochondria which can be used to generate even more ATP when 

oxygen is present. This process is called respiration. Yeast cells can also use both strategies, 

fermentation and respiration, at the same time, called respirofermentative growth, which happens 

above a critical growth rate35. The energy yield of fermentation, measured by the produced ATP per 

glucose molecule, is lower compared to respiration, as respiration produces roughly an additional 12 

ATP per pyruvate molecule36,40,41. Still, even when oxygen is present, cells growing on fast metabolizable 

sugars will ferment the sugar and not respire it. This phenomenon is called the Crabtree effect and 

interestingly, cancer cells (known as the Warburg effect) and bacteria do the same, showing this is a 

universal trait for fast growing organisms42,43. The reason why microorganisms switch to fermentation 

at high growth rates is currently under intensive investigation, but the currently most widely accepted 

explanation is that fermentation yields more ATP per protein (whose amounts are limited in a cell) 

invested in the pathway37,44. 



 
9 

 

In yeast glycolysis, 8 of the 12 enzymes are encoded by paralogs which mostly arose from whole-

genome duplication in an ancestor ca. 100 million yeast ago, or by other duplication events45–47. The 

introduction of isoforms for glycolytic genes is often mentioned as the event that enabled yeast to 

ferment46. However, various studies argue against this45. Still, more than 90% of the genes after the 

duplication event were deleted again47,48, indicating that the remaining genes have obtained a specific 

function. Indeed, a duplicated gene often adopts a new role or function in the cell47,48 but the function 

of many isoforms of yeast is often unclear or still completely unknown. In fact, deletion of all (apparent) 

redundant isoforms does not give a clear phenotype at various growth conditions45. However, not all 

conditions can be tested and some isoforms likely have a function during a (highly) specific situation. 

Therefore, testing the function of the paralogs during changing conditions such as a switch from glucose 

excess to carbon starvation could unmask their importance for a yeast cell. 

 

To summarize, the glycolysis of yeast cells adapts to a variety of conditions: From substrate absence, to 

substrates that give low fluxes to substrates that enable a maximal flux which results in overflow 

metabolism. New single-cell data of glycolytic responses to changing conditions indicated that the 

response to these changes are heterogenous28. When, during glycolytic startup, the flux of the upper 

glycolytic pathway keeps exceeding the lower flux, cells can enter a imbalanced state28,32,33. This indeed 

seems the occur, even in wild-type yeast cells28. However, these results were obtained through 

computational modelling and single timepoints measurements. Continuous and reliable measurements 

of intracellular metabolites at single-cell level is therefore desired. These type of measurements could 

elucidate how the dynamical response of single-cells is during a nutrient transition. Yet, these kind of 

data is difficult to obtain, mainly due to the lack of robust tools that can measure cellular metabolites. 

Lastly, various paralogs of glycolytic enzymes exists of which their function is unidentified. These 

paralogs could also emerge as essential during changing conditions. 
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Figure 1. Glycolysis in budding yeast.  

Substrate signalling and decision making at cellular level 

The preference to consume glucose above all other carbon sources is caused by cellular signaling and 

subsequent regulation of enzyme expression and activity. This signaling ensures that cells adapt 

properly to the current conditions, including the available carbon sources. When glucose is available, it 

represses metabolic pathway for other potentially available carbon sources, a process called glucose 

repression21,39,49–51. The decision to start fermenting glucose or to invest in respiration machinery is 

critical for a cell, because the change between fermentation and either respiration or even quiescence 

comes with huge protein investment costs30,38,52. When cells switch to a fermentation mode that is 

associated to fast growth, they invest more in protein synthesis and less in stress resistance. 

Additionally, they exchange respiratory capacity for fermentation. This should only be done if a yeast 

cell is confident that it indeed can perform overflow metabolism for some time, i.e. that there is enough 

fast-fermentable sugar present. Therefore, yeast cells should measure sugar levels accurately. As a 

consequence, yeast cells evolved a plethora of sensing and signaling mechanisms to measure the levels 
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of glucose and other sugars in the environment and decide which metabolic mode to use49,51,53,54.  Three 

important signaling cascades exist in yeast (Fig. 2).  

The first pathway is the Snf1-Mig1 signaling cascade. Snf1 is an AMP-activated protein kinase (AMPK) 

that gets activated during low glucose levels but also during stresses, including salt stress or an alkaline 

pH55. Active Snf1 inhibits Mig1 and activates Adr152,56. This results in a relieve of glucose repression and 

induction of genes involved in metabolism of alternative carbon sources57. Snf1 also activates Msn2, 

which regulates together with Msn4 the cellular stress response of yeast58. They activate genes with a 

stress-response elements (STREs), regulating the wide variety of stress-related genes25,54,59. Overall, Snf1 

induces a cellular transition to use carbon sources other than glucose and increases the stress resistance 

of a cell. 

 
Figure 2. Cellular signalling of carbohydrate metabolism in budding yeast.  

In addition to Snf1, the second signaling route induces a phenotype related to fast growth and low stress 

resistance: The cAMP- protein kinase A (PKA) signaling cascade26,31,68,69,60–67.  The cAMP signaling cascade 

senses sugar availability in two distinct ways. First, direct import and metabolism of sugars induces 

intracellular acidification and a rise in the levels of the glycolytic metabolite fructose-1,6-

bisphosphate26,70–73. Acidification activates Ras through inhibition of the Ras inhibitors Ira1/260 whereas 

fructose-1,6-bisphosphate activates Ras trough Cdc25 activation70. Active Ras stimulates cAMP 

production from ATP through Cyr1 activation. The second route occurs through extracellular sensing; 

the G-protein coupled receptor Gpr1 senses extracellular glucose and sucrose which activates the Gα 

subunit Gpa2 and this activates Cyr1 as well74–76. Transitions to glucose or sucrose results in a transient 

increase of cAMP, called the cAMP peak which activates PKA. The transient nature is caused by rapid 

breakdown of cAMP by phosphodiesterase Pde1 (which has a high cAMP affinity) and 2 (which has a 

low cAMP affinity)77–79. In addition, Ras and Cdc25 itself can be phosphorylated which inhibits their 

activity. These feedbacks go through PKA itself as reduced PKA activity mutants lead to 

hyperaccumulation of cAMP whereas increased PKA activity mutants lead to decreased cAMP 

levels78,80,81 . PKA activation by cAMP induces metabolic reprogramming in yeast52. This cascade 

instigates mainly shifts to a glycolytic mode by altering yeast physiology through various targets. First, 
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PKA activates trehalase and inhibits glycogen synthase Gsy2 expression, thereby activating trehalose 

and glycogen consumption82–84. For glycolysis, PKA increases the levels of fructose2-6-bisphosphate, a 

signalling metabolites that activates phosphofructokinase1 (Pfk1) and inhibits the reverse reaction 

catalysed by fructose-1,6-bisphosphatase (Fbp1)85–87. In contrast to Snf1, cAMP-PKA signalling inhibits 

Adr1 expression, thereby (partly) inhibiting metabolism of alternative carbon sources88–90. Lastly, PKA 

inhibits Msn2 and Msn4, decreasing stress resistance. In summary, cAMP-PKA signaling induces a 

transition to fermentation. Interestingly, cAMP also seems to be involved in a proper transition to 

respiratory growth when glucose is exhausted91.  

The next signaling pathway is the Sch9 signaling cascade. In contrast to cAMP signaling, which senses 

only sugars, Sch9 senses the availability of a variety of nutrients essential for growth, such as nitrogen, 

phosphate and glucose92,93. Thereby, this route is also known as the fermentable-growth-medium-

induced (FGM) pathway39,92. The various necessary components of a fermentable growth medium are 

sensed through so-called transceptors94. Transceptors are transporters which also have a sensing role 

and largely impinge on Sch9. Examples are the amino acid transceptor Gap1; the ammonium 

transceptors Mep1/2; and the phosphate transceptor Pho84. Activation of Sch9 activates 90% of the 

genes as PKA does52, making Sch9 also an important signaling cascade in yeast. 

The final signalling pathway regulates hexose transporter expressions95,96. Yeast has 7 hexose 

transporters Hxt1, Hxt2, Hxt3, Hxt4, Hxt6, Hxt7 and Gal2 which differ between each other in terms of 

sugar affinities and Vmax of sugar transport97–99. The availability of glucose determines the expression of 

the hexose transporters such that the appropriate transporters are expressed during a certain glucose 

concentration. This is mainly acquired by the Rgt2/Snf3 pathway. When glucose is absent, Rgt1 

represses the expression of HXT1-499–101. At low glucose levels (e.g. 5 mM), Snf3 inhibits Rgt199,100, and 

this ensures expression of HXT1-4. Finally, at high glucose concentrations (e.g. > 100 mM), Mig1 is 

activated as explained together with Mig2 and these repress HXT2, HXT4, the high-affinity transporters 

HXT6 and HXT7 and Snf396,99,101,102. Furthermore, Mig1 induces expression of the low affinity transporter 

HXT1 at high glucose concentrations. Rgt2 also relieves repression of HXT1 at high glucose 

concentrations trough inhibition  Rgt199,103. Remarkbly, at high glucose concentrations Rgt2 activates 

Rgt1 which induces HXT1, making Rgt1 both a repressor as an inducer of transcription100. These 

processes ensure a proper adaptation to glucose levels. High affinity transporters are expressed when 

when glucose levels are low and transporters with a high Vmax are expressed when glucose levels are 

low. 

Clearly, a lot of progress on intracellular sugar signaling in yeast has been made. However, most 

experiments were performed using a transition with only glucose as fermentable carbon source. 

Therefore, signaling responses to other carbon 

sources or to stress-conditions are less studied. 

Yet, these responses  are also of interest to 

understand how cells are able to distinguish 

the wide variety of environmental conditions 

and adjust their physiology in such a way that 

they can grow as fast as possible. In addition, 

current knowledge is based on static 

timestamps at a population level. This gives some information, but also obscures information about 

potential (short-term) dynamic processes and single-cell heterogeneity (Fig. 3).  

 

Figure 3. Population-averaged measurements at single timepoints 

obscure true dynamics in single-cells which biosensors do show. 
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Starvation responses 

In contrast to transition to sugar, yeast cells often experience periods of starvation where no carbon 

source is present to supply energy. When this occurs, cells should shift from a growth state to a 

quiescent state. Again, various signaling pathways regulate this reverse transition, which involves a 

major rearrangement of the cell as transcription, translation and protein degradation should be 

redirected104–106. Not surprising, signaling pathway activities are redirected to induce, and enable, the 

new cellular state. Upon stresses such as starvation, stress-related 

transcription factors such as Msn2 and Msn4 will induce a stress 

response59,107,108, and Snf1 is activated25,54–57,109. However, during 

rapid transitions, cells still have a proteome completely intended for 

full growth and active catabolism. Cells probably stop irrelevant (or 

even harmful) processes during starvation. One way to achieve this 

could be the recently documented phenomenon of phase-

separation110,111,120,121,112–119. In periods of sufficient resources, yeast 

cells maintain a strictly coordinated and stable cytosolic state. Cells 

maintain their pH, osmotic conditions and salt concentration to 

ensure maximal growth. During starvation, cells cannot maintain this 

homeostasis. This global cellular change can, without the involvement 

of any signaling cascade, affect protein functioning. Indeed, a sudden 

acidification of the cytosol during carbon stress causes various 

proteins to suddenly form granules. These granules are a consequence of phase-separations and are 

membrane-less cellular compartments implied to be important for stress adaptation114,116,118,122. 

Formation of phase separations is caused through weak interaction between protains having so-called 

low-complexity domains and RNA. The specific content of these granules is still largely unknown 

although recent studies found that virtually every mRNA can be found in the granules and 95% of the 

granules consist of mRNAs123. The dynamic properties of phase-separations are also quite broad. These 

compartments can be liquid-like which are highly dynamic with a high turnover, movement and quick 

dissolution ability. They can also be gel-like (or solid-like) which are less dynamic and have slower 

dissolution ability. Since formation of phase separations relies on weak-interaction, the cytosolic 

composition has a large effect on their formation, such as temperature, salt concentration, pH and also 

protein concentrations. This dependence can be visualized using a phase diagram that shows under 

which conditions phase-separations of a certain protein can occur (Fig. 4).  

Since phase-seprations are quick in formation and reversible, they could be important for cells to switch 

-and adapt- almost immediately to the stress situation. Phase-separations have several proposed 

beneficial properties. They could increase cellular survival by storing proteins and mRNAs during the 

stress period and prevent them from degradation114,115,122,124, it can reduce activity of proteins114,125 or 

change the transcriptional state of a cell by recruiting specific mRNAs to the granules which induces 

transcriptional silencing126. However, the precise role of phase-separations and the mechanisms 

involved are still subject for further research. Consequently, several studies also showed contradictory 

findings that phase-separations can also be disadvantageous for the fitness  of cells (e.g. problems with 

resumption of growth after a period of stress)114,122,124.  

Various studies showed that metabolic enzymes take part into the formation of reversible 

granules110,114,118,122,127–129. Examples are glutamine synthethase114 and the glycolytic enzyme pyruvate 

kinase (Cdc19) whose phase-separations goes along with an increased growth fitness at elevetated 

growth temperatures122. However, other enzymes in glycolysis that could form phase-separations are 

Figure 4. A phase diagram shows 

under which conditions a protein 

forms phase separations. Line 

indicates the transition front.  The 

area with circles depict the area 

where a certain protein can form 

phase-separations.  
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not yet identified. The discussed glycolytic paralogs could have a function in these processes as well. 

However, this remains to be examined. 

 

Metabolic regulation in industry and disease 

In industry, yeast is a widely used cell factory. Fermentation is often used to produce a large number of 

products (Fig. 5)5,14,18,19. However, various compounds are only produced in rather small amounts by 

budding yeast and therefore, strain optimization through metabolic rewiring is needed to improve the 

titer, rate, and yield of the product made. To improve these production efficiencies, a full understanding 

of a cell’s metabolism is desired. To gain insights in this, bulk-assays such as omics can be applied5. 

However, metabolite profiles in yeast are more difficult to obtain due to their rapid turnover and their 

diversity in chemical properties. 

Furthermore, data on localisation 

of proteins and signalling 

dynamics are also difficult, if not 

impossible, to obtain using 

standard bulk-assay methods. 

Finally, single-cell responses are 

also not available through these 

methods. This is particularly 

relevant for mechanistic models based on such data: possibly the models describe an average behaviour 

that is non-existent in individual cells. This is particularly relevant for biotechnological settings, as in 

industrial fermentation. Due to the large scale and hence poor stirring conditions, organisms often 

experience dynamics in environmental conditions17,18. Single-cell heterogeneity can be expected when 

populations are exposed to such dynamic conditions. The potential occurrence of heterogeneity is 

important for biotechnological processes but is unavailable when using bulk-assays18,130–133. Selecting 

for specific cellular subpopulations can increase production efficiencies132. If the specific origins of the 

heterogeneity is known, this could perhaps be targeted (or measured and filtered) to either make 

improved and more robust strains or change environmental conditions to reduce the heterogeneity as 

much as possible.  Moreover, the increased knowledge about metabolism and its regulation can also be 

exploited to engineer new strains to produce desired products19,20. 

Regulation of glycolysis is also of interest for mammalian diseases. For example, cancer cells also use 

overflow metabolism and also show heterogeneity at single-cell level42,43,134–139. Rewired metabolism is 

a hallmark of cancer and, unsurprisingly, cancer cells heavily rely on glycolysis to reach and maintain 

their oncogenic potential. Like yeast, cancer cells encounter changing conditions, even within a solid 

tumour and the conditions of these tumour microenvironments largely affect cellular metabolism of 

cancer cells. Characterizing regulation of metabolism and its heterogeneity could help to understand 

the variation in efficacy of therapeutic targets. Thus, how single-cells regulate their metabolism is of 

high interest for both industry as for healthcare.  

 

Fluorescent proteins to visualize single-cells 

But how to measure the spatiotemporal (i.e. in space and time) responses of single yeast cells to 

changing circumstances? To visualize these processes in single-cells, a breakthrough discovery was 

presented in the 90s. In 1992, Douglas Prasher published the DNA sequence encoding the Green 

Fluorescent Protein (GFP)140. GFP is a protein which can emit light upon excitation at a specific 

wavelength. Since it is genetically encoded, researchers are able to tag or express any protein of interest 

Figure 5. Yeast can produce various products through its metabolism. 

Understanding its metabolism to improve the titer, rate and yield of the 

product is essential to make strains attainable for industrial usage. 
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to the GFP without introducing harm in the desired organism. This enabled researchers to visualize every 

desired protein in single-cells continuously in time, greatly expanding the possibilities to obtain 

information about how single-cells behave. Nowadays, a substantial amount of fluorescent proteins 

have been developed in the full spectral range, each with its own specific characteristics141,142,151–155,143–150. 

Various parameters determine the suitability of an FP to be used for a certain experiment.  

First, brightness of an FP determines how much signal a fully functional FP emits. It is determined by 

how many photons a fully matured FP absorbs at a specific wavelength (the extinction coefficient) 

multiplied by the fraction of absorbed photons that is emitted (the quantum yield). In cells, not all 

produced FPs fully mature to a functional FP and also other environmental factors affect the quantum 

yield and extinction coefficient. This affects the obtained brightness in vivo, and therefore this practical 

brightness is often different compared to the intrinsic (theoretical) brightness156–158. Second, 

photostability is an import feature as this determines how long FPs can be visualized with sufficient 

fluorescence signal159,160. Excited FPs have electrons in the excited singlet state which often return to a 

ground state. However, the electron can also transition to a triplet state after which it interacts with 

other molecules. This damages the chromophore irreversibly, making the FP nonfunctional. Importantly, 

this process is nontrivial and largely depends on the specific setup used. For this reason, photostability 

properties are difficult to interpret, but should be characterized141. Third, fusion of an FP to a protein 

should not affect its localization or in any other way affect its functioning. Yet, FPs have a natural 

tendency to dimerize161,162. Therefore, this property has been reduced through FP optimization161–163. 

The monomeric properties have been thoroughly examined in mammalian cells141 but it is not known 

how these properties translate to other species such as yeast. Fourth, like all proteins, FPs are affected 

by pH. This should be considered when using FPs in conditions where intracellular pH shows 

fluctuations. Finally, for an FP to become fluorescent it should fold and go through various autocatalytic 

steps164–167. The duration of this maturation process differs among FPs, and also the fraction of FPs that 

fully matures is different and should be considered, especially when monitoring changes in protein 

expression levels.  

All the described characteristics of FPs can have major effects on experimental outcomes. However, the 

decision on which FP to use is still taken by consulting FP properties derived from bacterial, mammalian 

or in vitro data; It is expected that this does not fully represent in vivo conditions in yeast as the cellular 

environment cannot be fully represented by a buffer156–158. Moreover, FPs characterized in mammalian 

or bacterial cells are matured at 37°C, which is different than the 30°C at which yeast grows. 

Consequently, characteristics of FPs could be different than reported, and in vivo quantification of FPs 

in budding yeast are desired to use the FPs properly in this species. 
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Exploiting fluorescent proteins to measure cellular responses 

The usage of fluorescent proteins can be even further expanded to develop biosensors that can measure 

concentrations of a molecule of interest with spatiotemporal information. One type of biosensors are 

based on Förster Resonance Energy Transfer (FRET)168,169. FRET biosensors consist of a donor and an 

acceptor FP. When excited, the donor FP can transfer its energy to an acceptor FP. This transfer occurs 

through a dipole-dipole moment and is non-radiative. As a consequence, the donor FP becomes more 

dim whereas the acceptor FP becomes more bright. The amount of energy that can be transferred is 

given by equations (1) and (2). The FRET efficiency is very sensitive to the FP distance r (by the inverse 

sixth power) with R0 being the distance at which 50% FRET efficiency occurs. The R0 is also dependent 

on the spectral overlap (����), orientation of the FPs (�2), quantum yield of the donor FP (QD) and the 

extinction coefficient of the acceptor (EA). In FRET sensors, the donor and acceptor FP often have a 

protein domain in between that binds to a molecule of interest, causing a conformational change of the 

2 fluorescent proteins. This change affects the distance and/or orientation of the 2 fluorescent proteins. 

This causes a change of the energy transfer from the donor FP to the acceptor FP which affects the 

fluorescence ratio. The ratio of the donor and acceptor fluorescence gives an indication for the 

concentration of ligand that is present in a cell. Clearly, to reliably use FRET sensors, the FP properties 

discussed should be carefully considered to ensure the sensor gives a reliable signal, without any 

artefacts generated by other parameters than the ligand that the sensors should measure. For example, 

differences in maturation time of the FPs of a FRET sensor affect the sensors performance: a FRET sensor 

with an unmatured donor will give a sensor that cannot be visualized whereas a FRET sensor with 

unmatured acceptor will decrease the FRET efficiency since the donor has no acceptor for energy 

transfer. Additionally, disproportionate sensitivity to environmental conditions such as pH, but 

presumably also other factors such as ions, osmotic pressure or metabolites, can affect FRET readout170–

173. This can be considerable in yeast, since environmental changes have a large impact on the 

intracellular environment in yeast. The most prominent examples are the large pH changes upon 

glucose addition or glucose starvation60,64. Furthermore, comparable photobleaching kinetics are 

desired as unequal bleaching of the FPs affect the obtained FRET ratio in time. Finally, the foundation 

of a proper FRET sensor lies on the amount of possible energy transfer between the fluorescent 

proteins. This means that the donor should have a high quantum yield, the acceptor needs a high 

extinction coefficient, and there should be an acceptable spectral separation between the donor and 

acceptor (both excitation as emission).  

In FRET sensors, the traditional FRET pair used is a CFP-YFP pair. This is because of the rather ideal 

spectral overlap. Furthermore, YFPs are bright174 which is desired when recording sensitized emission. 

However, YFPs are prone to environmental changes and in particularly sensitive to pH. Therefore, many 

FRET sensors have a high sensitivity for pH, making them often less suitable to study dynamic conditions 

in yeast170–173. This is why other FRET pairs should be considered and characterized to make sensors 

���	
 �
�

��
�

��
��

 (1) 

 

�� �   �2.8 ∙ 10�� ∙ �� ∙ �� ∙ �� ∙ �����
 
�        (2) 

 

Figure 6. FRET principles. A) A schematic overview of a FRET sensor and the changes upon ligand binding. B) Equations 

depicting the FRET efficiency.  
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more robust. These new sensors could improve intracellular measurements at single-cell level. The 

future use of more robust biosensors should help researchers to study the discussed cellular physiology 

of budding yeast at a single-cell level with high spatiotemporal resolution. 
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Abstract 

Fluorescent proteins (FPs) are widely used in many organisms, but are commonly characterised in vitro. 

However, the in vitro properties may poorly reflect in vivo performance. Therefore, we characterised 27 

FPs in vivo using Saccharomyces cerevisiae as model organism. We linked the FPs via a T2A peptide to a 

control FP, producing equimolar expression of the 2 FPs from 1 plasmid. Using this strategy, we 

characterised the FPs for brightness, photostability, photochromicity and pH-sensitivity, achieving a 

comprehensive in vivo characterisation. Many FPs showed different in vivo properties compared to 

existing in vitro data. Additionally, various FPs were photochromic, which affects readouts due to 

complex bleaching kinetics. Finally, we codon optimized the best performing FPs for optimal expression 

in yeast, and found that codon-optimization alters FP characteristics. These FPs improve experimental 

signal readout, opening new experimental possibilities. Our results may guide future studies in yeast 

that employ fluorescent proteins. 

Introduction 

Fluorescent proteins (FPs) have become a widely used tool for many organisms as they enable 

visualization and measurements of cellular processes in a spatiotemporal and non-invasive manner. 

Since the discovery of GFP by Prasher and colleagues140, new FPs have been developed, each with their 

own traits141,142,151–155,143–150. Not a single FP is optimal for all possible experiments, since every FP has 

its strong and weak characteristics. Based on the specific characteristics needed for an experiment, one 

should choose the most suitable FP. 

The two most important factors for live cell imaging are brightness and photostability as these 

determine the fluorescent signal and the ability to maintain it over time. The in vitro brightness is often 

defined as the multiplication of the quantum yield (the amount of photons emitted per absorbed 

photons) and the extinction coefficient (the amount of absorbed photons at a specific wavelength). In 

contrast, the in vivo (or practical) brightness also depends on the level of functional FPs, determined by 

protein folding, maturation and degradation. Moreover, other factors such as the cellular environment 

and post-translation modifications can affect the practical brightness. Therefore, the in vitro brightness 

is often not directly proportional to the more relevant in vivo brightness156–158. 

The loss of fluorescence intensity due to illumination of a fluorophore is known as photobleaching. Upon 

excitation, electrons can transition from the excited singlet state to the excited triplet state and 

subsequently interact with other molecules, and this can irreversibly modify and damage the 

chromophore159,160. The amount of excitation and emission cycles an FP can undergo before it bleaches 

depends on the specific FP and the illumination settings141. A photostable FP with simple bleaching 

kinetics (i.e. mono exponential decay) is obviously desirable. 

Yet, bleaching kinetics can be complex due to reversible bleaching processes called photochromism. 

This under-apreciated process is bleaching-related and is caused by a reversible dark state of the FP 

chomophore144,158,175–177. Photochromism results in reversible bleaching when using multiple excitation 

wavelengths. Reversible bleaching is caused by the transition of FPs from the reversible dark state back 

to the fluorescent state, which subsequently increases fluorescent signal in time. The mechanisms 

underlying photochromism are probably a cis-trans conversion of the chromophore tyrosyl side chain 

combined with a protonation of the chromophore178–181. Although photochromism can greatly affect 

readouts in multicolour timelapse experiments, it has hardly been systematically characterised, and the 

effect of each different excitation wavelength on photochromism is poorly documented.  

Fourth, FPs have a natural tendency to form dimers or oligomers, which affects localisation and the 

functionality of tagged proteins161,162. Optimization of Aequorea victoria derived FPs has led to 

monomeric variants in which the hydrophobic amino acids at the dimer interface (i.e. Ala206, Leu221 and 

Phe223) have been replaced with positive charged amino acids (i.e. A206K, L221K, or F223R)163. These 

mutations are specific for FPs derived from Aequorea victoria, and similar mutations in other FPs may 

not work. The generation of monomeric FPs from obligate tetramers requires substantial engineering, 

which usually is accompanied by a loss in brightness154,162,182. Oligomerisation tendency has been 
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extensively characterised in vivo in mammalian cells but it is not known whether these results hold in 

other species 141. 

Fifth, pH quenching of fluorescence occurs by the protonation and deprotonation of the chromophore 

side chains of FPs183. FPs with low pH sensitivity are necessary under conditions of dynamic pH changes, 

which is very common in yeast184. The pH quenching curves can be described by a Hill fit that gives a 

pKa value and a Hill coefficient. The pH robustness can easily be misinterpreted by only looking at pKa 

values. However, FPs with a low pKa and a low Hill coefficient do not show a pH range in which the 

fluorescence remains constant and are still pH-sensitive. On the other hand, FPs with a low pKa and a 

high Hill coefficient are pH-insensitive as these FPs have a plateau at pH values above the pKa. Thus, pH-

insensitive FPs are better identified based on these two parameters combined. In addition, pH sensitivity 

has always been described in vitro, neglecting the effect of cytolosic components on the pH quenching. 

How representative in vitro pH sensitivity is for the in vivo performance is unknown.  

Finally, after translation, an FP should fold and undergo various autocatalytic steps before becoming 

fluorescent, a process called maturation164–167. Although FPs do not need a cofactor for maturation, they 

do need oxygen, an important sidenote for studies in anaerobic conditions. Maturation times are 

important for timelapse experiments, FP brightness and reliable maturation reduces day-to-day 

variation. 

Clearly, all aforementioned properties of FPs can influence experimental success and reliability of the 

results. Until now, people still choose FPs for use in yeast or other organisms based on characteristics 

derived from bacterial, mammalian or in vitro data. These data may not represent the in vivo behaviour 

of FPs156–158. We therefore aimed to characterise the mentioned characteristics systemetically in vivo, 

using Saccharomyces cerevisiae as model organism. This is a yeast species that grows optimally at 30°C. 

By using a variety of assays, we measured FP properties in vivo. We found many critical differences 

between our characterisation in vivo in yeast compared to characterisations done in mammalian cell 

systems or in vitro. Furthermore, we codon-optimized the best performing FPs in each spectral class 

which generated yeast FPs (yFPs). The yFPs outperform the conventional FPs and are recommended for 

future experiments in yeast.  

 

Material & Methods 

Creation of constructs 

Creation of constructs is described in the supplementary methods. 

Yeast transformation 

W303-1A WT W303-1A (MATa, leu2-3/112, ura3-1, trp1-1, his3-11/15, ade2-1, can1-100) yeast 

cells were transformed according to Gietz and Schiestl, 2007185. 

 

Characterisation of brightness, day-to-day variation and expression 

W303-1A yeast cells expressing the FP-T2A-FP constructs were grown overnight at 200 rpm and 30°C in 

YNB medium (Sigma Aldrich, Stl. Louis, MO, USA), containing 100 mM glucose (Boom BV, Meppel, 

Netherlands), 20 mg/L adenine hemisulfate (Sigma-Aldrich), 20 mg/L L-tryptophan (Sigma-Aldrich), 20 

mg/L L-histidine (Sigma Aldrich) and 60 mg/L L-leucine (SERVA Electrophoresis GmbH, Heidelberg, 

Germany). Next, cells were diluted and grown again overnight to mid-log (OD600 0.5-2). Subsequently, 

samples were put on a glass slide and visualized using a Nikon Ti-eclipse widefield fluorescence 

microscope (Nikon, Minato, Tokio, Japan) equipped with an Andor Zyla 5.5 sCMOS Camera (Andor, 

Belfast, Northern Ireland) and a SOLA 6-LCR-SB power source (Lumencor, Beaverton, OR, USA). 

CFPs were visualized with a 438/24 nm excitation filter, a 483/32 nm emission filter and a 458 nm long-

pass (LP) dichroic mirror. GFPs were visualized using a 480/40 nm excitation filter, 535/50 nm emission 

filter and a 505 nm LP dichroic mirror. YFPs were visualized with a 500/24 nm excitation filter, a 542/27 

nm emission filter and a 520 nm LP dichroic mirror. RFPs were visualized with a 560/20 nm filter, a 610 

nm LP emission filter and a 600 nm LP dichroic mirror (all filters from Semrock, Lake Forest, IL, USA). 

Images were taken using a 60x plan Apo objective (numerical aperture 0.95), 10-30% light power, 2x2 
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binning and 20-200 msec exposure time at 30°C, dependent on the FP expression. Per FP, fluorescence 

of 3 biological replicates was recorded. Images were analyzed with FiJi (NIH, Bethesda, MD, USA) and 

an in-house macro which performs background correction, identifies cells using the Weka segmentation 

plugin186 and measures the mean brightness of every cell per channel. Data was analysed and visualised 

using R (R Foundation for Statistical Computing, Vienna, Austria). 

 

Bleaching kinetics 

Cells expressing the FP-T2A-FP constructs were grown and prepared as described for brightness 

characterisation. The same microscope and filter setups were used as described for brightness 

characterisation. Bleaching was performed by visualizing the cells every 500 msec, using a 60x plan Apo 

objective (numerical aperture 0.95), 10% light power, 2x2 binning and 200 msec exposure time at 30°C 

for 181 frames. Per FP, at least 2 independent bleaching curves were obtained. Afterwards, images were 

segmented as previously described and the photostability was calculated by dividing the fluorescence 

of the last time point (frame 181) by the fluorescence of the first time point. Besides, half times were 

determined by fitting the bleaching curves with a one-phase (equation 1) or two-phase exponential 

(equation 2) decay formula187, with a en b being offsets components for the first and second bleaching 

component, respectively. X is the time in milliseconds and r and s are the decay rates for each 

component. Per fit, Bayesian information criterion (BIC) values were obtained for both fits to determine 

whether the decay curves were mono- or biexponential. 

 

Normalized fluorescence � �1 − a� + a · e34∙5       (1) 

Normalized fluorescence � �1 − a − b� + a · e34∙5 + b · e34∙7     (2) 

 

For photochromicity characterisation, cells expressing the FP-T2A-FP were bleached by alternating 

excitation with the correct wavelength for the FP of interest and a second wavelength (filter setups 

described in characterisation of brightness), starting with the wavelength for the FP of interest. 

Bleaching was performed by exposing the cells every 3 sec for both excitation wavelengths, using a 60x 

plan Apo objective (numerical aperture 0.95), 10% light power, using 2x2 binning and 200 msec 

exposure time at 30°C. Cells were segmented as previously described and bleaching curves were 

normalized to the first frame. Model fitting and analysis of photochromism are explained in the 

supplementary information. Photochromic FPs were selected when an FP had a photochromism value 

above 50 (photochromism values for each excitation wavelength are shown in table S2). 

 

pH curves (in vivo) 

W303-1A yeast cells expressing the FP-T2A-FP constructs were grown overnight at 200 rpm and 30°C in 

YNB medium containing 100 mM glucose, 20 mg/L adenine hemisulfate, 20 mg/L L-tryptophan, 20 mg/L 

L-histidine and 60 mg/L L-leucine. Also, W303-1A WT cells were grown overnight at 200 rpm and 30°C 

in the same medium with 20 mg/L uracil (Honeywell Fluka, Morris Plains, NJ, United States) added. Next, 

cells were diluted and grown again overnight to an OD600 of 1.5-3. Cells were washed twice with sterile 

water and concentrated to an OD600 of 15. Next, cells were diluted 10 times in a 96 wells plate, 

containing a citrate phosphate buffer (0.1 M citric acid (Sigma Aldrich), 0.2 M-Na2HPO4 (Sigma Aldrich) 

set to pH values ranging from 3-8 with 2 mM of the ionophore 2,4-Dinitrophenol (DNP, Sigma Aldrich). 

Per FP, 3 replicates were used. Cells were incubated for 2 hours to ensure pH equilibration. Next, the 

fluorescence intensity was measured using a FLUOstar Omega plate reader (BMG labtech, Ortenberg, 

Germany) using 25 flashes per well at 30°C. Fluorescence of CFPs were obtained by using a 430/10 nm 

excitation filter and 480/10 nm emission filter, GFPs and YFPs were detected using a 485/12 nm filter 

and a 520/10 nm emission filter and RFPs were detected using a 544/10 nm excitation filter and a 590 

nm long-pass emission filter (all filters from BMG labtech). Cells were corrected for auto fluorescence 

and normalized to the pH value giving the highest fluorescence. Per FP, a Hill fit (equation 3)158 was 

performed to obtain the pKa, the Hill coefficient (steepness of the curve), the offset (the plateau a curve 

can approach at low pH levels), and the pH value giving an absolute 50% decrease in fluorescence. 
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pH curves (in vitro) 

50 mL of E. coli bacteria expressing mTq2 were grown in LB medium overnight at 200 rpm and 37°C. 

Next, cells were incubated for 6 hours at 21°C for FP maturation. Cells were harvested by centrifuging 

at 3220 g for 30 minutes in a swing-out centrifuge using 50 mL tubes. Subsequently, cells were 

resuspended in 20 mL ST buffer (20 mM Tris, 200 mM NaCl, pH=8) centrifuged again and resuspended 

in 2 mL ST buffer. The sample was put on ice, lysozyme (1 mg/ml, Sigma-Aldrich) and benzoase nuclease 

(5 unit/ml, Merck-Millipore) were added and the mixture was incubated for at least 30 minutes on ice. 

Bacteria were sonicated for 5 mins at 40W and the lysate was centrifuged for 30 mins at 40,000 g and 

4 °C. Next, the supernatant was transferred to Ni2+-loaded His-Bind resin (Novagen (Merck)) and 

incubated for at least 1 h at 4 °C. The resin was washed three times with 14 mL ST buffer and the FP was 

obtained by adding 0.5 mL ST buffer containing 0.6 M imidazole. Lastly, the FP solution was dialyzed 

overnight in 10 mM Tris–HCl pH 8.0 using 3.5 kD membrane tubing (Spectrum Laboratories (Repligen), 

Waltham, MA, USA). Proteins were snap-frozen and stored at −80 °C. 

For pH curves, purified mTq2 protein was thawed on ice. The protein was diluted 10 times in a black µ-

clear 96 wells plate (Greiner Bio-One International GmbH, Kremsmünster, Austria) in 100 mM citric 

acid–sodium citrate buffer (pH 3.0–5.0) or 100 mM phosphate buffer (pH 6.0–8.0) buffer to a final 

volume of 200 µL. Fluorescence was measured by exciting mTq2 at 430/20 nm and measuring 

fluorescence at 484/40 nm using a BIO-TEK FL600 Fluorescence plate reader (Biotek, Winooski, VT, USA) 

at room temperature. Analyses was performed as described for in vivo pH characterisation. 

 

yFP spectra 

W303-1A cells expressing the yFPs were grown for at least 2 weeks on 2% agarose plates containing 6.8 

gr/L YNB, 100 mM glucose, 20 mg/L adenine hemisulfate, 20 mg/L L-tryptophan, 20 mg/L L-histidine 

and 60 mg/L L-leucine. An additional set of W303-1A cells with the empty pDRF1-GW vector was grown 

on the same plates. Next, cells were resuspended in selective growth medium (6.8 gr/L YNB, 100 mM 

glucose, 20 mg/L adenine hemisulfate, 20 mg/L L-tryptophan, 20 mg/L L-histidine and 60 mg/L L-leucine) 

to an OD600 of 3. Subsequently, cells were transferred to a black 96 wells plate (Greiner Bio-One) using 

150 µL per well. Per FP, 5 replicates were used. Emission and excitation spectra were recorded using a 

1 nm stepsize. For emission spectra, an excitation bandwidth of 16 nm and an emission bandwidth of 

10 nm was chosen. For excitation spectra, an excitation bandwidth of 10 nm and an emission bandwidth 

of 16 nm was chosen. For ymTq2, excitation spectra were recorded from 320 to 530 nm at 565 nm 

emission, emission was recorded from 428 to 740 nm with excitation set at 398 nm. For ymNeongreen, 

excitation spectra were recorded from 320 to 540 nm at 570 nm emission, emission was recorded from 

480 to 740 nm with excitation set at 450 nm. For ymVenus and ymYPET, excitation spectra were 

recorded from 320 to 570 with 605 nm emission, emission was recorded from 495 to 740 nm with 

excitation set at 464 nm. For ytdTomato, excitation spectra were recorded from 320 to 626 nm with 

662 nm emission, emission was recorded from 530 to 740 nm with excitation set at 500 nm. For 

ymScarletI, excitation spectra were recorded from 320 to 635 nm with 670 nm emission, emission was 

recorded from 530 to 740 nm with excitation set at 500 nm. Spectra were corrected for 

autofluorescence and were normalized to their highest values. 

 

Fluorescence lifetimes 

Cells were grown on 2% agarose plates as described for the yFP spectra. Frequency domain FLIM was 

essentially performed as described before188. Briefly, 18 phase images were acquired using a RF-

modulated image intensifier (Lambert Instruments II18MD, Groningen, The Netherlands) set at a 

frequence of 75.1 MHz coupled to a CCD camera (Photometrics HQ, Tucson, AZ, USA) as detector. For 

cyan FPs, a directly modulated 442 nm laser diode (PicoQuant, Berlin, Germany) was used and for green 

and yellow FPs a 488 nm argon laser was passed through a RF-modulated AOM (set at 75.1 MHz) for 
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intensity modulation. Emission was passed through a BP480/40 nm filter for cyan FPs and a BP545/30 

nm filter for green/yellow FPs. The lifetimes were calculated based on the phase shift of the emitted 

light (τφ). 

Oligomerisation tendency 

Cells expressing CytERM-dtomato, CytERM-yeVenus, CytERM-ymTq2, CytERM-ymNeongreen, CytERM-

ymYPET, CytERM-ymVenus, CytERM-ytdTomato and CytERM-ymScarletI were grown as described for 

brightness analysis. Next, cells were incubated for at least 1 hour at room temperature, put on a glass 

slide and visualized using the same setup as described for brightness characterisation. Z-stacks of 

multiple positions were taken using a Plan Apo λ 100x Oil Ph3 objective (numerical aperture 1.45), 20% 

light power, 2x2 binning and 100 msec exposure time at 30°C. Per FP, 2 biological replicates were 

recorded. Images were analyzed with FiJi (NIH, Bethesda, MD, USA) and an in-house macro that 

performs background correction, makes a Z-projection, identifies cells and OSER structures using the 

Weka segmentation plugin and measures the amount of identified OSER structures per cell. Data was 

analysed and visualised using R. 

 

FBPase flow cytometry 

According to Gardner and Jaspersen, 2014189, a PCR on pFA6a-link-ymNeongreen-SpHis5, pFA6a-link-

yoEGFP-CaURA3 and pFA6a-link-yoSuperfolderGFP-CaURA3 was performed using KOD Hotstart 

polymerase with the FW primer 

CAAATCTTCTATTTGGTTGGGTTCTTCAGGTGAAATTGACAAATTTTTAGACCATATTGGCAAGTCACAGGGTGA

CGGTGCTGGTTTA and the RV primer 

ATACAGATTTTTTTTTTCGCGTACTAAAGTACAGAACAAAGAAAATAAGAAAAGAAGGCGATCATTGAATCGAT

GAATTCGAGCTCG. Next, the products were transformed in CEN.PK2-1C WT (MATa; ura3-52; his3-Δ1; 

leu2-3,112; trp1-289; MAL2-8c SUC2, obtained from Euroscarf), generating CEN.PK2-1C + FBP1-yoeGFP 

(MATa; ura3-52; his3-Δ1; leu2-3,112; trp1-289; MAL2-8c SUC2 FBP1-yoeGFP (URA)), CEN.PK2-1C + 

FBP1-yosfGFP (MATa; ura3-52; his3-Δ1; leu2-3,112; trp1-289; MAL2-8c SUC2; FBP1-yosfGFP (URA)) and 

CEN.PK2-1C + FBP1-ymNeongreen (MATa; ura3-52; his3-Δ1; leu2-3,112; trp1-289; MAL2-8c SUC2; 

FBP1-ymNeongreen (HIS)). CEN.PK2-1C + FBP1-yoeGFP and CEN.PK2-1C + FBP1-yosfGFP were grown 

overnight at 30°C and 200 rpm in 1x YNB medium containing 20 mg/L L-histidine, 60 mg/L L-leucine, 20 

mg/L L-tryptophan and 50 mM phthalate buffer at pH 5 (adjusted with KOH) and 100 mM glucose. 

CEN.PK2-1C + FBP1-ymNeongreen was grown overnight at 30°C and 200 rpm in 1x YNB medium 

containing 20 mg/L L-uracil, 60 mg/L L-leucine, 20 mg/L L-tryptophan and 50 mM phthalate buffer at 

pH 5 (adjusted with KOH) and 100 mM glucose. CEN.PK2-1C WT was grown overnight at 30°C and 

200 rpm in 1x YNB medium containing 20 mg/L L-histidine, 20 mg/L L-uracil, 60 mg/L L-leucine, 20 mg/L 

L-tryptophan and 50 mM phthalate buffer at pH 5 (adjusted with KOH) and 100 mM glucose. Next, cells 

were diluted in medium containing 2 mM glucose and 100 mM ethanol or medium containing 100 mM 

glucose and grown again overnight to an OD600 of 1. Next, GFP was measured using a BD Accuri C6 Flow 

Cytometer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Per sample, 50 µL was run on 

medium flowrate with a maximum of 10.000 events per second. The threshold was set on a forward 

scatter height (FSC-H) of 80.000 and fluorescence was recorded using 488 nm excitation and an 

emission filter of 533/30 nm. Data was analysed and visualised using R. 

Results 

In vivo brightness and photostability 

The most important criterium for choosing an FP is its brightness, as this largely determines the 

fluorescent signal that can be obtained. To obtain the practical brightness,  we linked 27 of the mostly 

used FPs to either mTurquoise2 (mTq2) or mCherry with a viral T2A peptide, as was previously done for 

mammalian cells190. We did not include the yeast-optimized GFP Envy as it is known to be dimeric191,192. 

The linkage through the T2A peptide ensures the equimolar expression of the two FPs193 required for 
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quantitative comparisons. Normalizing the FP of interest to the expression levels of mTq2 or mCherry 

(the control FPs) gives the practical brightness of an FP in yeast (Figs 1 and 2, Table S2).  

 
Figure 1. Example of practical brightness quantification using the T2A peptide linker. Cells expressing either yoeCFP-T2A-

mCherry or mTq2-T2A-mCherry were grown to midlog and visualized using a widefield microscope. yoeCFP shows a low 

brightness compared to mCherry. In contrast, mTq2 shows a higher brightness than mCherry. Calibration bar indicates the 

ratio value when dividing the CFP by the RFP channel (i.e. the relative brightness to mCherry). 

As can be inferred from figure 2A and 2C, the differences in practical brightness between spectrally 

similar fluorescent proteins were substantial. A relatively low brightness was observed for mTFP, Clover, 

tagRFP, mScarlet, mRuby2, Citrine and mVenus. In contrast, eCFP, mTq2, mNeonGreen, YPET, mScarlet-

I and mKate2 showed a relatively high practical brightness. In addition, tdTomato also showed high 

brightness. However, tdTomato is known to mature badly in mammalian cells in which it shows a large 

fraction of unmature green fluorescent proteins154,194. Yet, this did not occur in yeast and tdTomato is 

therefore a useful red FP in yeast. The altered brightness of yoeCFP and yotagRFP-T compared to their 

non-codon optimized variants might be  due to these constructs not being completely identical. We also 

measured day-to-day variation, depicted by the coefficient of variation (CV) of the mean of each day. 

We found various YFPs and RFPs to have a large day-to-day variation (Fig 2D). These FPs will give broader 

distributions or different readouts when used at different days due to intrinsic brightness variations 

between days. 

Next to brightness, the photostability of FPs is often considered when choosing an FP as this determines 

how long an FP can be visualized. To assess photostability, we imaged cells expressing the FPs using low 

amounts of widefield exposure as this resembles real experiments best. All fluorescence was normalized 

to the first frame and the photostability was determined as the fluorescence fraction still present at the 

last frame of the bleaching experiment (Figs 2B and 2C). Various FPs in the red and yellow spectrum 

showed a low photostability whereas most of the CFPs and GFPs showed a high photostability. We found 

that the relative photostability (i.e. compared to other FPs) of mVenus and yosfGFP was lower than 

previously determined141. In contrast, YPET, Citrine, mKate2 and tdTomato were relatively more 

photostable than reported in vitro. The most photostable FPs are mTFP, mNeongreen, tdTomato, 

mCherry and yotagRFPT. YPET and Citrine were the most photostable yellow FPs (besides mNeongreen) 

but still showed considerable bleaching. Combining FP brightness with photostability resulted in YPET, 
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mNeongreen, mTq2, tdTomato and mScarletI as the best performing FPs.  

 

 

 

Figure 2. In vivo brightness and photostability of FPs. A) In vivo brightness of FPs measured by dividing the fluorescence 

intensity of the FP of interest by the fluorescence of the control FP (either mTq2 or mCherry). B) Photostability of FPs. Per 

FP, a time-lapse movie was recorded and the photostability was measured as the fluorescent fraction of the last time frame 
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compared to the first frame. Dots represent relative brightness or photostability of an individual cell, boxes indicate median 

with quartiles, whiskers indicate the 0.05-0.95 fraction of the datapoints. C) Overview of the brightness and photostability 

of all characterised FPs. D) Coefficient of variation (CV) of the mean brightness of 3 days as an indication of day-to-day 

variation. 

Photochromism 

Although photobleaching experiments give information about FP photostability, these single-

wavelength bleaching kinetics give an incomplete picture of FP behaviour in time. Nowadays, FPs are 

often used simultaneously so that FPs are excited at various wavelengths. Exposing an FP to multiple 

wavelengths can induce or accelerate both reversible and irreversible photobleaching144,158,175–177. 

Moreover, another photophysical phenomenon of FPs is photoswitching or photoconversion into a 

spectrally different species195. The term that we will use for any of these effects is photochromism. We 

identified photochromic FPs and focussed on the effect of different excitation wavelengths on 

photochromism.  

We assessed  photochromic behaviour of all FPs in our library (Figs 3 and S3). We did this by fitting 

bleaching curves of single-wavelength and dual-wavelength bleaching data to a mathematical model. 

This model includes 3 FP states: a natural (nat), a reversible dark (dark), and an irreversible dark state 

(irrdark) (Fig 3A). In the natural state, the FPs are fluorescent. FPs can transition from the natural state 

to the dark state, both by light exposure and spontaneously. In the dark state, the FPs are not 

fluorescent, but can return to the natural state both spontaneously and by excitation light. For the 

different wavelengths that can be combined for an FP, we fitted different rate constants for these 

transitions, as well as for the spontaneous transitions. Lastly, FPs can also transition from the dark state 

to an irreversible dark state in which the FP stays non-fluorescent. Using this small model, we were able 

to fit all obtained bleaching kinetics for each FP (Figs 3C, S3). The model can therefore be used to correct 

for complex bleaching kinetics occurring with photochromic FPs. 

With the model we were also able to show that tagRFP and mRuby2 are photochromic, which is in 

agreement with other studies (Fig. 3B)144,158,177. We also identified mKoκ and mKo2 as photochromic, in 

agreement with an earlier observation that blue light triggers photoconversion of these FPs188,196. Lastly, 

we observed photochromism of sGFP2. Interestingly, photochromic behaviour of most FPs only occurs 

when using wavelengths shorter than the optimum wavelength for the FP. This suggests that the 

transition from the reversible dark state to the natural state requires more energy than the energy 

required to excite the fluorescent protein. To test the effect of each specific excitation wavelength on 

photochromism, we systematically determined the photochromic sensitivity of an FP for any of the 

other wavelengths (i.e. CFP, GFP, YFP or RFP excitation wavelengths) that can be combined with that FP 

(for example, YFP photochromism is not determined in combination with a GFP excitation wavelength 

as a YFP and GFP cannot be combined for dual colour experiments). Our data indicates that the specific 

second wavelength used does not largely affect photochromism effects. The only requirement is a 

wavelength smaller than the optimum wavelength for the specific FP. The identified photochromic FPs 

can create biased fluorescence readouts and should be used carefully. When these FPs are used with 

multiple excitation wavelengths, bleaching corrections can be performed with our supplied model.  
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Figure 3. Photochromism characterisation, determined by recording bleaching data of FPs using single-wavelength and 

dual-wavelength excitation. A) Model used to fit the bleaching data and obtain photochromism parameters. B) The 

identified photochromic FPs. C) Bleaching plots including model fitting of the photochromic mRuby2 and the non-

photochromic mScarletI. Dots represent mean fluorescence values at the specific time point, normalized to the first frame. 

Shades indicate standard deviation. Red and yellow lines indicate the fitted natural (fluorescent) FP fraction and reversible 

dark FP fraction, respectively. Blue lines indicate the fitted mean fluorescence, normalized to the first frame. Used 

wavelengths are shown above each graph. 

pH stability 

Next, we determined the brightnes of all 27 FPs at different pH values to determine which are usable in 

acidic environments or when intracellular pH is dynamic. We measured pH-induced quenching in vivo 

by incubating cells in a citric-acid phosphate buffer with pH values ranging from 3-8. In order to ensure 

equilibration of the intracellular pH with the buffer we added the ionophore 2,4-DNP, which is known 

to remove the pH gradient in yeast68. FP fluorescence was measured and a Hill fit was performed to 

obtain the pKa values and Hill-coefficients (Figs. 4A, S1 and Table S2). We also determined the pH value 

that gives an absolute 50% decrease compared to the pH value with the highest fluorescence, as the 

pKa value does not always give the pH value with 50% fluorescence decrease when FPs show offsets 

(Fig 4C). Examples are sYFP2, mScarletI, mScarlet or Clover, which have different pH50% value compared 

to their pKa. We also found 7 FPs with a pKa that differed more than 0.5 compared to previously 

published in vitro data (Table S2). mTq2, mTFP and Clover showed increased pH sensitivity; In contrast, 

eCFP, YPET, mKate2 and mScarletI showed decreased pH sensitivity. We confirmed the difference 

between our in vivo assessment with in vitro assessments (Fig. 4B). Therefore, in vitro quenching 

characterisation is not representative for the in vivo FP behaviour, at least not in yeast cells. 

To be insensitive to pH changes, the Hill coefficient of a pH-curve should be high and the pKa should be 

low; then the curve shows a plateau where the fluorescence does not change at physiological pH values. 

Fig. 4A shows that CFPs and RFPs show a low pKa whereas most YFPs and GFPs have a higher pKa. Of 

the ones with a low pKa, only yomCherry, mCherry, YPET, tagRFP, yotagRFPT and tdTomato show also 

high Hill coefficient. Therefore, these FPs are most pH-insensitive. In conclusion, pH sensitivity of many 
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FPs is different in vivo than in vitro. Of the identified bright and photostable FPs, tdTomato is the most 

pH robust. Although less pH robust, mTq2, mNeongreen and YPET are still the best CFP, GFP and YFP 

variants, respectively. 

 
 

Figure 4. pH sensitivity of FPs. A) Yeast cells were incubated for 2 hours in citric-acid/Na2HPO4 buffers set at pH 3-8 with 2 

mM 2,4-DNP and fluorescence was measured using a fluorescent plate reader. Per FP, at least 3 technical replicates were 

measured. Afterwards, fluorescence was normalized to the pH giving the highest fluorescence and a Hillfit was performed 

to determine the Hill coefficient and pKa value, plotted at the y- and x-axis, respectively. B) mTq2 is an example of an FP 

that shows different pH sensitivity. pH calibration in vitro was performed using purified proteins in a Citric Acid – Sodium 

Citrate buffer (pH 3 – 5.4) and a NaH2PO4/Na2HPO4 0.1 M buffer (pH 5.9-8).  Dots represent mean of at least 3 replicates, 

error bars indicate SD. C) pH curve of sYFP2 which shows an offset (fluorescence plateau) at low pH. This offset gives 

different values of the pKa (red point, which is the pH that gives a 50% decrease between 1 and the offset) and the pH50% 

which gives an absolute 50% decrease in fluorescence (blue point). Dots represent mean of at least 3 replicates, error bars 

indicate SD. 

Yeast codon optimization improves expression and changes FP characteristics 

In our assays we identified mTq2, mNeongreen, YPET, tdTomato and mScarletI as the best performing 

FPs for yeast. These FPs are bright, photostable, pH robust and have a low day-to-day variation. 

However, most of these FPs have a low expression (Fig 5C), making them unsuitable for either plasmid-

based overexpression or tagging of proteins in yeast. Therefore, we created codon-optimized variants 

of these FPs, which we named yeast FPs (yFPs). We also included ymVenus as this FP was also an 

acceptable YFP. Since YPET is known to be not monomeric, we synthesised yeast monomeric YPET 

(ymYPET: YPET A206K, F208S, E231L, N234D). The novel yFPs were rescreened for photostability, pH 

stability and brightness (Fig 5). ymVenus, ymNeongreen and ymTq2 showed a significant increase in 

brightness whereas ytdTomato and ymScarletI had a decreased brightness compared to the non-

optimized versions (Tukey HSD, p<0.01). ymYPET appeared 4 times less bright, indicating that the 

introduced mutations affect its brightness. Still, ymYPET is one of the brightest YFPs available. 

Photostability remained the same for yFPs, except for ymVenus and ymYPET (Tukey HSD, p>0.01). 

Fluorescent lifetimes were within a 0.1 ns range with previously reported values. Spectral properties, 

pH stability and day-to-day variation were comparable as well (Figs. 5E, 7 & S2, Table 1 and S2). As 

anticipated, the expression of yFPs is largely increased (Fig. 5C), showing the importance of optimized 
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codon-usage on protein expression. Lastly, to determine whether the yFPs are truly monomeric, we 

performed an OSER assay by fusing the yFPs to the first 29 amino acids of cytochrome p450, which is 

targeted to the endoplasmic reticulum197. Non-monomeric FPs will form multimeric complexes which 

generates bright spots in a cell, named whorls. The amount of whorls or percentage of cells with a whorl 

is used as an estimate for monomerism. Since this assay was developed for mammalian cells, we tested 

the assay in yeast by including yeVenus and dTomato, which are known to be nonmonomeric141,154. As 

expected, yeVenus and dTomato showed a significant higher amount of whorls per cell compared to all 

yFPs, except for ymVenus and ytdTomato (Fig. 6). ymTq2, on the other hand, showed only a significantly 

lower amount of whorls compared to yeVenus (Fig. 6, Tukey HSD, α = 0.01). We conclude that only 

ymVenus (yeVenus A206K) and ytdTomato are not monomeric and are therefore inferior to ymYPET 

and ymScarletI, respectively. Fig 6 shows that all other codon-optimized FPs are monomeric according 

to our assay and therefore suitable for use in yeast cells. In summary, codon-optimization may change 

the protein properties and should therefore be followed  by a comprehensive in vivo characterization.  
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Figure 5. Comparison of yeast codon-optimized FPs (yFPs) versus the conventional FPs. A) Comparison of FP brightness. 

Dots represent FP brightness of an individual cell, boxes indicate median with quartiles whiskers indicate the 0.05-0.95 

fraction of the datapoints. B) Comparison of photostability. Dots represent FP photostability of an individual cell, boxes 

indicate median with quartiles, whiskers indicate the 0.05-0.95 fraction of the datapoints. C) Comparison of FP expression. 

Dots represent fluorescence of the reference FP of an individual cell (divided by the total amount of exposure), boxes 

indicate median with quartiles, whiskers indicate the 0.05-0.95 fraction of the datapoints. D) Overview of both the 

photostability and brightness of the yFPs and their FP counterparts. E) pH sensitivity of the yFPs compared to the FPs. Solid 

lines with circles show yFPs fit and the data points, respectively. Dashed lines with rhombic points show FPs fit and the data 

points, respectively. 
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Figure 6. Monomerism of the yFPs. Cells expressing Cyterm-(y)FP were grown overnight at 30°C and incubated for at least 1 

hour at room temperature before microscope visualization. A) Example of cells showing OSER structures and the pipeline to 

count OSER structures. B) Monomerism of various FPs depicted by the fraction of cells with an OSER structure (left graph) 

and amount of OSER structures per cell (right graph). Error bars indicate 95CI. C) Examples of the OSER assays per FP (max 

intensity projection of the Z-stack is shown). 

 

  

Table 1. In vivo properties of the yFPs. aSpectral color class. bExcitation maximum. cEmission maximum. dBrightness in 

budding yeast normalized to either mCherry (for CFPs and GFPs) or mTq2 (for YFPs and RFPs). eFluorescent fraction 

remaining at the last timeframe, normalized to the first frame. fT-half times in seconds obtained via a one-phase or 

two-phase exponential decay fit. gCoefficient of variation (CV) of the mean brightness of 3 days as an indication of day-

to-day variation. hFluorescence lifetime in nanoseconds determined by frequency domain. iMonomerism depicted by 

the mean amount of OSER structures per cell. jpH value giving 50% decrease in fluorescence. kHill coefficient of the pH 

stability. Abbreviations: SD; standard deviation, n.d.; not determined. 

FP Colora 

Exc. 

maxb 

Em. 

maxc 
In vivo bright-

ness ± SDd 

Photo-

stabilitye Thalf 1f  Thalf 2f Daily var.g 

Life-

timeh 
Monomerism 

± SDi pKaj 

Hill 

coeff.k 

ymTq2 CFP 439 475 2.24 0.94 ± 0.03 490  0.30 4 0.20 ± 0.42 4.48 0.64 

ymNeongreen GFP 506 517 4.16 0.98 ± 0.01 0.19 0.001 0.03 3.2 0.15 ± 0.60 5.42 1.08 

ymNeongreen YFP 506 517 2.48 0.95 ± 0.02 5752 34 0.05 3.2 0.15 ± 0.60 5.42 1.08 

ymVenus YFP 515 527 1.90 0.53 ± 0.03 32 0.40 0.14 2.9 0.49 ± 0.81 5.50 0.62 

ymYPET YFP 516 526 1.72 0.64 ± 0.04 46 0.14 0.13 3 0.12 ± 0.40 4.89 0.91 

ytdTomato RFP 552 580 1.01 0.95 ± 0.01 1460  0.07 n.d. 0.30 ± 0.67 4.76 1.14 

ymScarletI RFP 568 591 1.02 0.74 ± 0.07 118  0.12 n.d. 0.15 ± 0.42 4.26 0.44 
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yFPs show improved readout and enable fluorescent-based quantification of the enzyme FBPase 

One benefit of using yeast is the opportunity to tag proteins endogenously. To do so, we created a 

library of tagging vectors containing the yFP palette. We tested whether the newly codon-optimized FPs 

can improve experimental readouts for endougenous tagging. FBPase, an enzyme expressed in yeast 

under gluconeogenic conditions (e.g. growth on ethanol) was fused with yoeGFP, yosfGFP and 

ymNeongreen. We compared the green fluorescent signal of these strains when growing on either 

glucose (without FBPase expression) or ethanol (with FBPase expression) using flow cytometry (Fig. 8). 

As control strain we included yeast cells without any construct since the strains with tagged FBPase also 

do not have a plasmid present. Fig. 8 shows that yosfGFP (43% overlap) and yoeGFP (51% overlap with 

WT) are inferior to ymNeongreen (1% overlap with WT) regarding GFP signal when fused to FBPase. The 

signal of ymNeongreen is not due to aspecific or leaky expression as this strain shows the same low 

(background) fluorescence as the WT strain when grown in glucose. Therefore, the use of the newly 

developed ymNeongreen enables flow cytometry-based monitoring of FBPase expression in yeast cells, 

which is not feasible using the conventional FPs. By this, we show that the use of the codon-optimized 

FPs can greatly improve fluorescent-based readouts.  

 

Figure 7. Excitation and emission spectra of the best performing yFPs. Spectra were normalized to the highest excitation or 

emission value per yFP. Dotted lines show excitation spectra. Solid lines show emission spectra. 
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Figure 8. Normalized frequency plots of GFP fluorescence of Cen.PK yeast cells with FBPase-yosfGFP, FBPase-yoeGFP, 

FBPase-ymNeongreen or WT. Cells were grown in YNB medium containing either glucose (no FBPase expression), or ethanol 

(with FBPase expression) and GFP fluorescence was measured using flow cytometry.  

Discussion 
Comprehensive data on the in vivo performance of FPs in eukaryotes grown at modest temperature 

(30°C) such as the model organism Saccharomyces cerevisiae is poorly available. Therefore, we 

systematically characterised FPs in vivo in budding yeast. Key in our approach is the T2A linker peptide, 

through which we determined relative brightness of FPs by comparing it to a control FP. In the same 

strains, we tested FPs for photostability and pH sensitivity. Lastly, we provide a comprehensive and 

systematic analysis of the tendency of FPs for photochromism and we provide a model to correct for it 

when such FPs are still being used in multicolor experiments. 

The brightness of FPs shows large differences for various FPs compared to in vitro data (Table S2), 

showing that in vivo conditions indeed affect FP behaviour. We suspect -but have not tested- that 

temperature is an important factor, since yeast grows optimally at 30°C, but nearly all FPs are optimized 

for maturation at 37°C146,147,164. Interestingly, all bad performing FPs indeed show a relatively bad 

maturation at 32°C164. Yet, two observations suggest that the effect of temperature on FP performance 

is not generally applicable. First, mKate2 shows bad maturation at low temperatures but is bright in our 

analysis. Second, in C. Elegans, that also grows at lower temperatures, mNeongreen is less bright than 

in our study156. Brightness also depends on the excitation and emission settings; since FPs do not have 

identical spectra, better fitting filters could increase brightness. The plasmids that we have constructed 

allow anyone to rapidly determine the practical brightness under their own specific conditions. 

Our method can also assess the variation of brightness between different days. Various RFPs and YFPs 

show a high day-to-day variation (Fig. 2D), which may be explained by hampered FP maturation due to 

the low temperature, as most of the FPs with a high variation are also known for bad maturation164.  

However, other factors such as translation and folding efficiency (affected by chaperones) could also 

affect maturation efficiency and day-to-day variation.  

We found that most FPs show comparable photostability as previously characterised. Importantly, FPs 

with a high photostability (e.g. ymNeongreen) give imprecise Thalf times, which is due to the lack of 

bleaching. Therefore, we believe that the photostability parameter given is a better approximation for 

photostability than the obtained Thalf times. Photostability is also largely dependent on the setup and 

specific exposure type and is therefore difficult to compare with previously obtained data141, but our 

data can give an indication. A photobleaching-related phenomenon is photochromism, which we 

systematically characterised for all FP-T2A-FP constructs. The control FPs in the T2A constructions 

unlikely affect photochromism as this behaviour is determined by measuring only the fluorescence of 

the FP of interest. Besides, we did not observe any photoswitching of mTq2 or mCherry, which could 

affect the fluorescence readout of the FP of interest. We show that photochromism only occurs when 

exciting with a higher-energy wavelength than the optimum wavelength of the specific FP. It could be 

that this light energy changes the photochrome conformation and thereby changes the fluorescent 

state the FP is in, as suggested before181. Additionally, the specific wavelength used does not largely 

affect photochromic behaviour (Table S2). Interestingly, various photochromic FPs already start in a 

dark-state and are immediately pushed into a fluorescent state by excitation lights of shorter 

wavelengths than the optimal wavelength for the FP. This causes photoactivation, which can make cells 

more than 3 times brighter than their starting brightness. Photochromism can be used as an advantage. 

Using photochromic FPs under dual-excitation for long timelapse experiments reduces bleaching, 

making these FPs highly photostable (Fig. 3C). Still, for other experiments,  photochromic FPs should be 

used with care in any organism as they can generate unnoticed quantitative artefacts which can result 
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in wrongly drawn conclusions. With the supplied model, we could fit all bleaching kinetics obtained in 

the present study (Fig S3). Therefore, we expect that our set of equations that make up the model can 

be used to quantify, predict and correct for complex bleaching kinetics using other setups and 

conditions as well. 

Lastly, to our knowledge, the pH sensitivity was determined for the first time in vivo for all FPs. We found 

that the pKa values of FPs can differ up to more than 0.5 pH point between in vivo and in vitro for several 

FPs (Table S2). Although the CFPs were pH-robust with pKas lower than 5 and a Hill coefficient of 

approximately 0.5, we found them more pH-sensitive than determined in vitro (Fig 4B). For GFPs, 

mNeongreen is the best performer although it is still rather pH sensitive. Yet, a pH-robust GFP (pKa of 

3.4) was developed recently183. In S. cerevisiae, pH is tightly controlled but very dynamic and even 

implied as second messenger184,198,199, and so experiments that affect the physiology of yeast should 

preferably be studied with pH-insensitive FPs. Which factors specifically affect pH sensitivity in vivo is 

not known, although it is known that ions such as Cl- affect the pH curves146. We believe that also other 

cellular components such as adenosines, NAD and NADP can affect these curves as they also affect CFP-

YFP FRET ratios173.   

Based on the measured FP traits, we created yeast codon-optimized FP of the best performing FPs, 

which we designated as ymTq2, ymNeongreen, ymYPET, ytdTomato and ymScarletI. We also performed 

an A206K mutagenesis on yeVenus to generate ymVenus. We found -to our surprise- that codon-

optimization affected brightness even though the primary sequence is unaffected. Codon optimization 

probably does not affect the quantum yield and absorption as these are determined by the protein 

structure itself. Yet, the folding, functioning and degradation of proteins can be affected by codon 

optimization and this can affect the practical brightness of FPs200,201. This is the case for all yFPs: 

ymVenus, ymTq2, ymNeongreen show increased brightness whereas ymScarletI, ytdTomato and 

ymYPET show decreased brightness. Although ytdTomato and ymScarletI have decreased brightness, 

they have improved FP expression, making the absolute signal comparable to their non-optimized 

variants (Figs 5A & 5C). However, the decreased practical brightness can be caused by increased 

degradation of the FPs. Therefore, both the codon-optimized as the original variant of tdTomato and 

mScarletI should be used carefully for endogenous tagging as they can affect protein levels, either by 

inducing low expression (for the original FP variants) or by increased protein degradation (for the codon-

optimized variants). The non-optimized variants of ytdTomato and ymScarletI can be used for plasmid-

based overexpression as these FPs are brighter. One important note is the size of tdTomato, which is 

twice the size of the other FPs. Lastly, the large decrease in ymYPET brightness compared to YPET is 

probably also caused by the altered protein structure to make it monomeric. Yet, ymVenus is not 

monomeric, making ymYPET still the preferred YFP with an relatively high brightness, high pH-

insensitivity and high photostability for the YFP class.  

Finally, we show that the developed tagging vectors can be conveniently used to tag proteins 

endogenously in yeast. We used the tagging vectors to tag FBPase with yoeGFP, yosfGFP or the novel 

ymNeongreen. The use of ymNeongreen increases the dynamic range of a fluorescent-based flow 

cytometry experiment (Fig 8). By using ymNeongreen instead of yoeGFP or yosfGFP, we were able to 

fully separate populations with an induced or uninduced FBPase. This shows the importance of 

performing experiments with the correct –and best performing– FPs, even compared to “gold standard 

FPs” such as eGFP.  

In conclusion, we show that FP characteristics are context dependent and should be characterised per 

specific organism in vivo. The generated yFP palette contains the best performing FP regarding 

brightness, photostability, photochromism and pH robustness for every spectral class in yeast to date. 

The use of the yFPs opens new experimental possibilities and enhances fluorescent-based readouts 
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compared to the previously codon-optimized FPs157,202. We anticipate that our results will also be more 

representative for FP perfomance in organisms grown at low temperatures (e.g. zebrafish, 

Caenorhabditis elegans, Drosophila melanogaster and Arabidopsis) than mammalian-based 

characterisations.  
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Creation of constructs 

sYFP2-T2A-mTq2, tagRFPT-T2A-mTq2, tdTomato-T2A-mTq2, tagRFP-T2A-mTq2, mCherry-T2A-

mTq2, mCherry-T2A-eGFP, mCherry-T2A-sGFP2, YPET-T2A-mTq2, Citrine-T2A-mTq2, 

mNeongreen-T2A-mTq2, mKOκ-T2A-mTq2, Clover-T2A-mTq2, mRuby2-T2A-mTq2, mScarlet-T2A-

mTq2, mScarletI-T2A-mTq2  and mKate2-T2A-mTq2 were based on mKO2-T2A-mTq2 (addgene 

plasmid #98838). The plasmids mVenus-mTq2, eCFP, mTq2 and mTFP in a clontech style C1 

mammalian expression vector and mCherry in a clontech style N1 mammalian expression vector 

were made by restriction enzyme based cloning. 

pFA6a-link-yoSuperfolderGFP-CaURA3 (Addgene plasmid #44873), pFA6a-link-yomCherry-CaURA3 

(Addgene plasmid #44876), pFA6a-link-yoTagRFP-T-CaURA3 (Addgene plasmid #44877), pFA6a-

link-yoEGFP-CaURA3 (Addgene plasmid #44872) were a gift from Wendell Lim & Kurt Thorn. pKT90 

(pFA6a–link–yEVenus–SpHIS5, Addgene plasmid #8714) and pKT174 (pFA6a–link–yECFP–CaURA3, 

Addgene plasmid #8720, named yoeCFP in this study) were a gift from Kurt Thorn. 

The yeast expression vector pDRF1-GW (a gift from Wolf Frommer & Dominique Loque, Addgene 

plasmid #36026) with the NheI and NotI restriction sites was created using the GateWay Kit 

(Thermo Fisher Scientific, Waltham, MA, USA).  

sYFP2-T2A-mTq2, tagRFPT-T2A-mTq2, tdTomato-T2A-mTq2, tagRFP-T2A-mTq2, mCherry-T2A-

mTq2, YPET-T2A-mTq2, Citrine-T2A-mTq2, mNeongreen-T2A-mTq2, mKO2-T2A-mTq2, mKOκ-T2A-
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mTq2, Clover-T2A-mTq2, mRuby2-T2A-mTq2, mScarlet-T2A-mTq2, mScarletI-T2A-mTq2 and 

mKate2-T2A-mTq2 were digested using NheI and NotI (New England Biolabs, Ipswich, 

Massachusetts, USA) and ligated into pDRF1 diggested with the same enzymes using T4 ligase (New 

England Biolabs) which created pDRF1 containing sYFP2, tagRFP, tagRFPT, mCherry, Citrine, 

mNeongreen, YPET, mKO2, mKOκ, Clover, mRuby2, tdTomato, mKate2, mScarlet and mScarletI fused 

with T2A-mTq2 in pDRF1. 

mVenus-T2A-mTq2 was created by digesting mVenus-mTq2 C1 with NheI and Kpn2I. Next, the 

digested fragment was ligated using T4 ligase in mCherry-T2A-mTq2 digested with the same 

enzymes, replacing mCherry with mVenus.  

sYFP2-T2A-mCherry C1 was created by digesting mCherry N1 with NotI and BamHI (New England 

Biolabs). Next, the digested fragment was ligated using T4 ligase in sYFP2-T2A-mTq2 C1 digested 

with the same enymes, replacing mTq2 for mCherry. 

To create yosfGFP-T2A-mCherry, eGFP-T2A-mCherry, yoeGFP-T2A-mCherry and sGFP2-T2A-mCherry, a 

PCR using KOD polymerase (Merck-Millipore, Burlington, Massachusetts, USA) was performed according 

to table S1. The products and FP-T2A-mTq2 pDRF1 were digested with NheI and Kpn2I (Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) and the products were ligated into the plasmid, replacing 

the FP N-terminally of T2A-mTq2 with yosfGFP, eGFP, yoeGFP and sGFP2. Next, mTq2 was cut out of 

eGFP-T2A-mTq2, mNeongreen-T2A-mTq2, sGFP2-T2A-mTq2, yosfGFP-T2A-mTq2 and yoeGFP-T2A-

mTq2 in pDRF1 using Kpn2I and NotI and replaced by mCherry digested from sYFP2-T2A-mCherry using 

the same enzymes.  

To create yoeCFP-T2A-mCherry, yotagRFPT-T2A-mTq2, yomCherry-T2A-mTq2, yeVenus-T2A-mTq2 and 

mTq2-T2A-mCherry, PCRs with KOD polymerase were performed according to table S1, the products 

were digested with NheI and Kpn2I and ligated with T4 ligase into a T2A-mCherry or T2A-mTq2 pDRF1 

vector in which the FP N-terminally of T2A was removed by digestion with the same enzymes. This 

generated yoeCFP-T2A-mCherry, yotagRFPT-T2A-mTq2, yomCherry-T2A-mTq2, yeVenus-T2A-mTq2 

and mTq2-T2A-mCherry in pDRF1.  

Lastly, eCFP-C1 and mTFP-C1 were digested with NheI and Kpn2I and ligated into mNeongreen-T2A-

mCherry in pDRF1 digested with NheI and Kpn2I which replaced mNeongreen with either eCFP or mTFP.  

 

yFPs 

tdTomato, mScarletI, and mYPET (YPET A206K, F208S, E231L, N234D) were codon-optimized and 

synthesised (Baseclear B.V., Leiden, The Netherlands), generating ytdTomato, ymScarletI and ymYPET. 

These constructs were digested with NheI and Kpn2I and ligated using T4 ligase into either T2A-mTq2 

or T2A-mCherry in which the FP N-terminally of T2A was removed by digestion with the same enzymes. 

This generated ytdTomato-T2A-mTq2, ymScarletI-T2A-mTq2, ymNeongreen-T2A-mTq2, ymNeongreen-

T2A-mCherry and ymYPET-T2A-mTq2 in pDRF1. 

Msn2-ymNeongreen and ymTq2Δ9 pUC19 plasmids were codon-optimized and synthesised (Baseclear). 

A PCR was performed using these constructs according to table S1. Next, the products were digested 

using NheI and Kpn2I and ligated using T4 ligase into T2A-mTq2 and T2A-mCherry pDRF1 plasmids in 

which the FP N-terminally of T2A was removed by digestion with the same enzymes, which generated 

ymTq2-T2A-mCherry, ymNeongreen-T2A-mTq2 and ymNeongreen-T2A-mCherry.  

pDRF1 plasmids containing the single yFPs were generated by performing a PCR according to table S1 

on Msn2-ymNeongreen, ymTq2Δ9, ymYPET, ytdTomato, ymScarletI in pUC19 plasmids which added a 

stopcodon at the C-termini. Subsequently, the PCR products were digested with NheI and NotI and 

ligated with T4 ligase in an empty pDRF1 vector digested with NheI and NotI which generated ymYPET, 

ymTq2, ymScarletI, ytdTomato and ymNeongreen in pDRF1. 

CytERM-ymVenus was created by a mutagenesis PCR according to table S1. Afterwards, pDRF1 

containing ymVenus-T2A-mTq2 was constructed by performing a PCR on CytERM-ymVenus according 

to table S1. Next, the product was digested using NheI and Kpn2I and ligated into a T2A-mTq2 pDRF1 

vector in which the FP N-terminally of T2A was removed by digestion with the same enzymes. 

pFA6a-yFP-CaURA3 plasmids containing the yFPs were generated by performing a PCR according to 

table S1. Next, the products were digested using PacI and AscI (New England Biolabs) and ligated with 
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T4 ligase into the plasmid pFA6a-link-yomCherry-CaURA3 also digested with PacI and AscI to replace 

yomCherry with the yFP, which generated pFA6a-yFP-CaURA3 plasmids. 

pFA6a-link-ymNeongreen-SpHis5 was generated by performing a PCR on Msn2-ymNeongreen pUC19 

according to table S1. Next, the product was digested using PacI and AscI and ligated into pFA6a-link-

yomKate2-SpHis5 also digested with PacI and AscI (New England Biolabs), replacing yomKate2 with 

ymNeongreen. 

 

CytERM constructs 

CytERM-dTomato (addgene plasmid #98834) and CytERM-mTq2 (addgene plasmid #98833) were 

digested using NheI and NotI and ligated into an empty pDRF1 vector digested with the same 

enzymes which generated CytERM-dTomato and CytERM-mTq2 in pDRF1. CytERM-yeVenus, 

CytERM-ymNeongreen, CytERM-ytdTomato, CytERM-ymScarletI, CytERM-ymTq2 and CytERM-

ymYPET pDRF1 were created by performing a PCR according to table S1. Afterwards, products were 

digested using XmaI (New England Biolabs) and NotI and ligated with T4 ligase into a CytERM 

pDRF1 plasmid in which the FP C-terminally of CytERM was removed by XmaI and NotI which 

generated the CytERM-yFPs. 

 
Table S1. Constructs generated by PCR in this study. 

Construct Template used for PCR FW primer RV primer 

yosfGFP-T2A-mTq2 pDRF1 pFA6a-link-

yoSuperfolderGFP-CaURA3 

(Addgene plasmid # 44873) 

ATGCTAGCCACCATGTCTAAAGGC

GAGGAATT 

TCTCCGGATTTGTACAATTCGTCCATT

CC 

eGFP-T2A-mTq2 pDRF1 mCherry-T2A-eGFP C1 ATGCTAGCCACCATGGTGAGCAAG

GGC 

TATCCGGACTTGTACAGCTCGTCCA 

yoeGFP-T2A-mTq2 pDRF1 pFA6a-link-yoEGFP-CaURA3 

(Addgene plasmid # 44872) 

ATGCTAGCCACCATGTCAAAAGGC

GAGGAAC 

TCTCCGGACTTGTATAATTCATCCATG

CCC 

sGFP2-T2A-mTq2 pDRF1 mCherry-T2A-sGFP2 C1 ATGCTAGCCACCATGGTGAGCAAG

GGC 

TATCCGGACTTGTACAGCTCGTCCA 

yeVenus-T2A-mTq2 pDRF1 pFA6a–link–yEVenus–SpHIS5 

(Addgene plasmid # 8714) 

ATGCTAGCCACCATGTCTAAAGGT

GAAGAATTATTCAC 

TCTCCGGATTTGTACAATTCATCCATA

CCAT 

yeCFP-T2A-mCherry pDRF1 pFA6a–link–yECFP–CaURA3 

(Addgene plasmid #8720) 

ATGCTAGCCACCATGTCTAAAGGT

GAAGAATTATTCAC 

TCTCCGGATTTGTACAATTCATCCATA

CCAT 

mTq2-T2A-mCherry pDRF1 mTq2 C1 CTGCTAGCGCTACCGG TATCCGGACTTGTACAGCTCGTCCA 

yotagRFPT-T2A-mTq2 pDRF1 pFA6a-link-yoTagRFP-T-

CaURA3 (Addgene plasmid 

#44877) 

ATGCTAGCCACCATGGTATCTAAA

GGTGAAGAGTTG 

TCTCCGGACTTATACAATTCATCCATA

CCATTCAG 

yomCherry-T2A-mTq2 pDRF1 pFA6a-link-yomCherry-

CaURA3  (Addgene plasmid 

#44876) 

ATGCTAGCCACCATGGTTAGCAAA

GGCGAG 

TATCCGGACTTGTACAGTTCATCCATA

CCA 

ymNeongreen-T2A-mCherry 

pDRF1  

Msn2-ymNeongreen pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGGTCTCTAAGGGTGAAGA 

ATGCGGCCGCCTCGAGGTCGACGGC

GCGCCTCCGGACTTGTACAATTCGTC

CATACC 

ymNeongreen-T2A-mTq2 

pDRF1 

Msn2-ymNeongreen pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGGTCTCTAAGGGTGAAGA 

ATGCGGCCGCCTCGAGGTCGACGGC

GCGCCTCCGGACTTGTACAATTCGTC

CATACC 

ymTq2-T2A-mCherry ymTq2∆9 pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGGTTAGTAAAGGTGAAGAA 

ATTCCGGATTTATACAATTCATCCATA

CCTAAAGTGATCCCAGCAGCAGT 

CytERM-yeVenus pDRF1 pFA6a–link–yEVenus–SpHIS5 

(Plasmid #8714) 

ATCCCGGGATCCACCGGTCGCCAC

CATGTCTAAAGGTGAAGAATTATTC

AC 

ATGCGGCCGCTTATTTGTACAATTCAT

CCATACCAT 

CytERM-ymVenus pDRF1 CytERM-yeVenus pDRF1 TATCCTATCAATCTAAATTATCCAA

AGATCC 

GGATCTTTGGATAATTTAGATTGATA

GGATA 

ymVenus-T2A-mTq2 pDRF1  CytERM-ymVenus pDRF1 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGTCTAAAGGTGAAGAATTA

TTCAC 

ATGCGGCCGCCTCGAGGTCGACGGC

GCGCCTCCGGATTTGTACAATTCATC

CATACCATG 

CytERM-yeVenus pDRF1  pFA6a–link–yEVenus–SpHIS5 

(Addgene plasmid # 8714) 

ATCCCGGGATCCACCGGTCGCCAC

CATGTCTAAAGGTGAAGAATTATTC

AC 

ATGCGGCCGCTTATTTGTACAATTCAT

CCATACCAT 

ymYPET pDRF1 ymYPET pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATACAATTC

ATCCATACCTAAAGTAATACC 

ymTq2 pDRF1 ymTq2∆9 pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGGTTAGTAAAGGTGAAGAA 

ATGCGGCCGCTTATTTATACAATTCAT

CCATACCTAAAGTGATCCCAGCAGCA

GT 
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ymScarletI pDRF1 ymScarletI pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATACAATTC

ATCCATTCCTCCG 

ytdTomato pDRF1 ytdTomato pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATATAATTC

ATCCATACCGTATAAAAAC 

ymNeongreen pDRF1 Msn2-ymNeongreen pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGGTCTCTAAGGGTGAAGA 

ATGCGGCCGCCTCGAGGTCGACGGC

GCGCCTCCGGACTTGTACAATTCGTC

CATACC 

pFA6a-ymYPET-CaURA3 ymYPET pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATACAATTC

ATCCATACCTAAAGTAATACC 

pFA6a-ymTq2-CaURA3 ymTq2∆9 pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGGTTAGTAAAGGTGAAGAA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATACAATTC

ATCCATACCTAAAG 

pFA6a-ymScarletI-CaURA3 ymScarletI pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATACAATTC

ATCCATTCCTCCG 

pFA6a-ytdTomato-CaURA3 ytdTomato pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATATAATTC

ATCCATACCGTATAAAAAC 

pFA6a-ymNeongreen-

CaURA3 

Msn2-ymNeongreen pUC19 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGGTCTCTAAGGGTGAAGA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTACTTGTACAATTC

GTCCATACCC 

pFA6a-ymVenus-CaURA3 CytERM-yeVenus pDRF1 ATGCTAGCACTAGTAAGCTTTTAAT

TAAATGTCTAAAGGTGAAGAATTA

TTCAC 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTGTACAATTC

ATCCATACCATG 

pFA6a-link-ymNeongreen 

SpHis5 

Msn2-ymNeongreen pUC19 GTTTAATTAACATGGTCTCTAAGGG ATGGCGCGCCTTACTTGTACAATTCG

TCCATAC 

CytERM–ymNeongreen 

pDRF1  
ymNeongreen pDRF1 ATCCCGGGATCCACCGGTCGCCAC

CATGGTCTCTAAGGGTGAAGA 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTACTTGTACAATTC

GTCCATACCC 

CytERM–ytdTomato pDRF1  ytdTomato pDRF1 ATCCCGGGATCCACCGGTCGCCAC

CATGGTTAGTAAAGGTGAGGAAG 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATATAATTC

ATCCATACCGTATAAAAAC 

CytERM–ymScarletI pDRF1  ymScarletI pDRF1 ATCCCGGGATCCACCGGTCGCCAC

CATGGTCTCCAAGGGCG 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATACAATTC

ATCCATACCTAAAGTAATACC 

CytERM–ymTq2 pDRF1  ymTq2 pDRF1 ATCCCGGGATCCACCGGTCGCCAC

CATGGTTAGTAAAGGTGAAGAATT

G 

ATGCGGCCGCTTATTTATACAATTCAT

CCATACCTAAAGTGATCCCAGCAGCA

GT 

CytERM–ymYPET pDRF1  ymYPET pDRF1 ATCCCGGGATCCACCGGTCGCCAC

CATGGTCTCCAAGGGCG 

ATTCCGGAGGCGCGCCGTCGACCTC

GAGGCGGCCGCTTATTTATACAATTC

ATCCATACCTAAAGTAATACC 
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Figure S1. pH sensitivity of all characterised FPs. Yeast cells were incubated for 2 hours in a citric-acid/Na2HPO4 buffer with 

2 mM DNP and fluorescence was measured using a fluorescent plate reader. Per FP, at least 3 technical replicates were 

measured. Afterwards, fluorescence was normalized to the pH giving the highest fluorescence and a hill fit was performed 

to determine the hill coefficient and pKa value. Dots represent the mean of at least 3 replicates, line indicates fitted pH 

response curve, error bars indicate SD.  

 

Figure S2. Day-to-day variation of yFPs depicted by the coefficient of variation (CV) of the mean brightness of 3 days. 
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Abstract 

The cAMP-PKA signalling cascade in budding yeast regulates adaptation to changing environments. We 

developed yEPAC, a FRET-based biosensor for cAMP measurements in yeast. We used this sensor with 

flow cytometry for high-throughput single cell-level quantification during dynamic changes in response 

to sudden nutrient transitions. We found that the characteristic cAMP peak differentiates between 

different carbon source transitions, and is rather homogenous among single-cells, especially for 

transitions to glucose. The peaks are mediated by a combination of extracellular sensing and 

intracellular metabolism. Moreover, the cAMP peak follows the Weber-Fechner law; its height scales 

with the relative, and not the absolute, change in glucose. Lastly, our results suggest that the cAMP peak 

height conveys information about prospective growth rates. In conclusion, our yEPAC-sensor makes 

possible new avenues for understanding yeast physiology, signalling and metabolic adaptation. 

Introduction 

Saccharomyces cerevisiae, or budding yeast, is a unicellular organism that lives in continuously changing 

environments to which it has to adequately adapt to stay competitive. To do so, yeast cells sense 

changes in nutrient availability and generate signals that they use as cues to adapt their physiological 

behaviour such as cellular metabolism and growth. For yeast, the most preferred carbon source is 

glucose, and it has evolved various signalling pathways responsive to its concentration49,51,53. One of 

these pathways is the cAMP-PKA pathway. Activation of cAMP-PKA occurs when derepressed cells are 

transitioned to an environment containing an abundant fermentable carbon source. This results in a 

transient increase of cAMP on a short timescale (i.e. seconds-minutes) and subsequent relaxation to an 

elevated steady level26,69. Activation of the cAMP-PKA pathway occurs via two distinct routes. First, 

import and metabolism of fermentable sugars activates Ras, stimulated by intracellular 

acidification26,31,68,60–67. Ras, in turn, activates the adenylate cyclase Cyr1 to produce cAMP. Second, the 

G-protein coupled receptor Gpr1 senses extracellular glucose and activates Cyr1 via Gpa2, a Gα 

protein26,60,207,63,71,74,76,203–206. Increased cAMP levels lead to activation of PKA, by causing dissociation of 

the regulatory subunit Bcy1 from the PKA subunits208–210. Activated PKA inhibits the stress-related 

transcription factors Msn2, Msn4 and the Rim15 protein kinase59,211–213. Moreover, PKA induces 

trehalose and glycogen breakdown82–84 and increases levels of the glycolytic activator fructose-2,6-

bisphosphate85–87. Altogether, activation of the cAMP-PKA pathway induces a shift from a slow growth 

or stress-resistant physiological state to a fast growing fermentative one.  

 

A rise in cAMP is transient, due to its rapid degradation by phosphodiesterase 1 and 277–79. Moreover, 

the signalling cascade itself is inhibited via feedback inhibition through active PKA (which inhibits various 

cAMP signalling components). Additionally, cAMP signalling is inhibited by Ira1, Ira2 (which inhibits Ras) 

and by Rgs2 (which inhibits Gpa2) and these inhibitions also give rise to the transient nature of the 

response72,73,77,78,214–216. A few studies suggest that the glycolytic intermediate fructose-1,6-

bisphosphate is an activator of Ras and determines the basal cAMP levels60,63,70. 

 

Although much progress has been made on cAMP-PKA signalling in yeast, various questions still remain. 

For the most part, characterisations were performed using solely glucose (or fructose) as fermentable 

carbon source. Therefore, cAMP responses to many other carbon sources or to stress-conditions are 

still largely unexplored. This is mainly because cAMP determination through conventional assay kits is 

rather labour intensive. Since only a few conditions are generally studied, input-output characterisations 

of cAMP-PKA signalling are scarce. It is also still unknown whether heterogeneity occurs in single-cell 
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cAMP responses; Cell-to-cell heterogeneity is especially relevant for industrial bioprocessing where 

glucose-signalling heterogeneity can affect industrial efficiency130–133.  

 

To address these questions, we developed a genetically-encoded biosensor for cAMP. We adapted an 

EPAC-based FRET sensor originally developed for mammalian cells194,217 for use in budding yeast. The 

resulting yeast-EPAC (yEPAC) sensor contains a FRET pair which is optimal for yeast, measures cAMP 

with high selectivity and shows a high FRET ratio change. This enables convenient intracellular 

measurements of cAMP in living single-yeast cells for the first time. We characterised cAMP responses 

at the single-cell level and in response to various nutrient transitions. Furthermore, we used flow-

cytometry to quantify cellular heterogeneity in cAMP-dynamics during carbon source transitions. 

Combined, the obtained cAMP measurements with the new biosensor revealed several novel insights, 

including a strong dependence of cAMP peak height on the added carbon source and pre-growth 

conditions. Moreover, the use of yEPAC showed us that, against a fermentative background, the 

amplitude of the cAMP response (peak height) is a measure for the relative change (i.e. fold change) in 

glucose concentration, but against a respiratory background, peak height upon sugar addition appears 

to predict the extent of fermentative growth. 

 

Material & Methods 

Fluorescent protein construction 

The FRET-pairs mCherry-T2A-mTurquoise2 (mTq2), tagRFP-T2A-mTq2, tagRFPT-T2A-mTq2 and 

tdTomato-T2A-mTq2 in pDRF1-GW were previously constructed218. mCherry-mTq2, tagRFP-mTq2 and 

tagRFPT-mTq2 in a clontech-style C1 mammalian expression vector were obtained from Mastop et al.188, 

digested using NheI and NotI (New England Biolabs, Ipswich, Massachusetts, USA), and ligated with T4 

ligase (New England Biolabs) in the yeast expression vector pDRF1-GW218, digested with the same 

restriction enzymes.  

mTq2 in pDRF1-GW was created by performing a PCR, using KOD polymerase (Merck-Millipore, 

Burlington, Massachusetts, USA) on mTq2-C1 using forward primer 5’-AGGTCTATATAAGCAGAGC-3’ and 

reverse primer 5’-TAGCGGCCGCTTACTTGTACAGCTCGTCCATG-3’. Next, the product and pDRF1-GW 

were digested with NheI and NotI and the PCR product was ligated into pDRF1-GW using T4 ligase, 

generating mTq2 in pDRF1-GW. 

 

yEPAC construction 

mTq2Δ-Epac (CD,ΔDEP)-cp173Venus-cp173Venus (Epac-SH188) was a kind gift of dr. Kees Jalink. A PCR 

with KOD polymerase was performed on tdTomato-C1, using forward primer 5’-

TAGAGCTCATGGTGAGCAAGGGCGAGG-3’ and reverse primer 5’-

GCGGCCGCTTACTTGTACAGCTCGTCCATGCCG-3’. Next, both the PCR product and Epac-SH188 were 

digested, using SacI and NotI (New England Biolabs). The PCR product was ligated into Epac-SH188 using 

T4 ligase, replacing cp173Venus-cp173Venus for tdTomato. The adapted sensor and pDRF1-GW were 

digested using NheI and NotI and the sensor was ligated into pDRF1-GW, generating yEPAC 

(mTurquoise2Δ-Epac(CD,ΔDEP)-tdTomato in pDRF1-GW). 

Yeast transformation 

Strains used in this study are described in table 1. These strains were transformed exactly as described 

by Gietz and Schiestl185. 

In vitro characterisation 
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W303-1A WT cells transformed with pDRF1-GW and yEPAC were grown overnight at 200  rpm and 30 °C 

in 1x yeast nitrogen base (YNB) medium without amino acids (Sigma Aldrich, Stl. Louis, MO, USA), 

containing 100  mM glucose (Boom BV, Meppel, Netherlands), 20  mg/L adenine hemisulfate (Sigma-

Aldrich), 20  mg/L L-tryptophan (Sigma-Aldrich), 20  mg/L L-histidine (Sigma Aldrich) and 60  mg/L L-

leucine (SERVA Electrophoresis GmbH, Heidelberg, Germany). The next day, cells were diluted and 

grown to an OD600 of approximately 3 in 50 mL of the same medium. Next, cells were kept on ice and 

washed twice in ice-cold 20 mL 0.01 M KH2PO4/K2HPO4 buffer at pH7 containing 0.75 g/L EDTA 

(AppliChem GmbH, Darmstadt, Germany). After the last wash step, cells were resuspended in 2 mL of 

0.01 M KH2PO4/K2HPO4 buffer containing 0.75 g/L EDTA. Cells were washed twice in 1 mL of ice-cold 0.1 

M KH2PO4/K2HPO4 buffer at pH7.4 containing 0.4 g/L MgCl2 (Sigma-Aldrich). Cells were transferred to 

screw cap tubes pre-filled with 0.75 grams of glass beads (425-600 µm) and lysed using a FastPrep-24 

5G (MP Biomedicals, Santa Ana, CA, USA) with 8 bursts at 6 m/s and 10 seconds per burst. Afterwards, 

the lysates were centrifuged for 15 minutes at 21000 g and the cell-free extracts were snap-frozen in 

liquid nitrogen and stored at -80°C for later use. 

Per sample, 5 wells of a black 96-well microtitre plate (Greiner Bio-One) were filled with 40 µL of cell-

free extract. Fluorescence spectra were recorded after successive additions of cAMP (Sigma-Aldrich) 

using a CLARIOstar platereader (BMG labtech, Ortenberg, Germany). Spectra were recorded with 

430/20 nm excitation and 460-660 nm emission (10 nm bandwidth). Fluorescence spectra were 

corrected for background fluorescence (by correcting for fluorescence of W303-1A WT expressing the 

empty pDRF1-GW plasmid) and FRET ratios were calculated by dividing donor over acceptor 

fluorescence. The data was fitted to the Hill equation (equation 1)217, with cAMP denoting the cAMP 

concentration, Kd the dissociation constant, and n the Hill-coefficient. 
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ConA solution 

Concanavalin A (ConA) was prepared as described by Hansen et al., 2015219. In brief, 5 mg of ConA (Type 

IV, Sigma Aldrich) was dissolved in 5mL PBS at pH6.5, 40 mL H2O, 2.5mL of 1 M MnCl2 and 2.5 mL of 1 

M CaCl2 and stored at -80°C. 

 

Microscopy 

Strains used in this study are described in table 1. These strains (expressing yEPAC) were grown 

overnight at 200  rpm and 30 °C in 1x YNB medium without amino acids, containing 20  mg/L adenine 

hemisulfate, 20  mg/L L-tryptophan, 20  mg/L L-histidine, 60  mg/L L-leucine and either 1% Ethanol (v/v, 

VWR International, Radnor, PA, United States of America),  1% glycerol (v/v, Sigma Aldrich), 100 mM 

pyruvate (Sigma Aldrich) or 111 mM galactose (Sigma Aldrich). Next, cells were diluted in the same 

medium and grown to an OD600 of maximally 1.5 and with minimal 5 cell divisions. The cultures were 

transferred to a 6-well microtitre plate containing cover slips pre-treated ConA to immobilize the cells. 

Afterwards, the coverslip was put in an Attofluor cell chamber (Thermofisher Scientific, Waltham, MA, 

USA) and 1 mL of fresh medium was added. Samples were imaged with a Nikon Ti-eclipse widefield 

fluorescence microscope (Nikon, Minato, Tokio, Japan) at 30°C equipped with a TuCam system (Andor, 

Belfast, Northern Ireland) containing 2 Andor Zyla 5.5 sCMOS Cameras (Andor) and a SOLA 6-LCR-SB 

power source (Lumencor, Beaverton, OR, USA). Fluorescent signals were obtained using a 438/24 nm 
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excitation filter. The emission was separated by a 552 nm long-pass (LP) dichroic filter in a TuCam 

system. A 483/32 nm and 593/40 nm emission filter-pair was used for the detection of donor and 

acceptor emission, respectively (all filters from Semrock, Lake Forest, IL, USA). Perturbations were 

performed by adding 1x YNB medium containing the same amino acids as described before with 10x 

concentrated carbon source or KCl to the cell chamber to the desired concentration. Per condition, at 

least 2 biological replicates were obtained. Cells were segmented and fluorescence was measured with 

an in-house FiJi macro (NIH, Bethesda, MD, USA).  

 

Table 1. S. cerevisiae strains used in this paper. 

Strain Genotype Source 

W303-1A WT MATa, leu2-3/112, ura3-1, trp1-1, his3-

11/15, ade2-1, can1-100 

J. Thevelein, Katholieke Universiteit 

Leuven, Belgium 

YSH757 W303-1A glk1∆::LEU2 hxk1∆::HIS 

hxk2∆::LEU2 

Stefan Hohmann (Chalmers 

University of Technology, 

Gotenburg, Sweden) 

W303-1A gpr1∆ W303-1A gpr1∆::LEU2 Joris Winderickx, Katholieke 

Universiteit Leuven, Belgium. 

W303-1A Cyr1K1876M W303-1A Cyr1K1876M  Joris Winderickx, Katholieke 

Universiteit Leuven, Belgium. 

 

Growth experiment 

Cells expressing pDRF1-GW and yEPAC were grown to midlog as described for microscopy with medium 

containing 1% ethanol. Next, cells were washed and resuspended to an OD600 of 1 with the same 

medium with the carbon source omitted. Cells were transferred to an OD of 0.05 in a 48-well microtitre 

plate containing 480 µL of fresh medium with either 0.1% ethanol, 10 mM galactose or 10 mM glucose. 

The cells were grown in a Clariostar plate reader at 30°C and 700 rpm orbital shaking. OD600 was 

measured every 5 minutes.  

 

Fluorescence lifetime imaging and spectral imaging 

W303-1A WT cells expressing mCherry-mTq2, mCherry-T2A-mTq2, tagRFP-mTq2, tagRFP-T2A-mTq2, 

tagRFPT-mTq2, tagRFPT-T2A-mTq2, tdTomato-mTq2 and tdTomato-T2A-mTq2 were grown for at least 

2 weeks on 2% agarose plates containing 6.8 g/L YNB without amino acids, 100 mM glucose, 20  mg/L 

adenine hemisulfate, 20  mg/L L-tryptophan, 20  mg/L L-histidine and 60  mg/L L-leucine. Frequency 

domain FLIM was performed as described before188. Briefly, 18 phase images were obtained with a RF-

modulated image intensifier (Lambert Instruments II18MD, Groningen, The Netherlands) set at a 

frequency of 75.1 MHz coupled to a CCD camera (Photometrics HQ, Tucson, AZ, USA) as detector. mTq2 

was excited using a directly modulated 442 nm laser diode (PicoQuant, Berlin, Germany). Emission was 

detected using a 480/40  nm filter. The lifetimes were calculated based on the phase shift of the emitted 

light (τφ). Per sample, 3 replicates were recorded. 

Emission spectra of a donor-acceptor fusion protein or unfused equimolar expressed donor and 

acceptor were acquired as described previously188. In brief, excitation was at 436/20 nm and the 

emission was passed through a 80/20 (transmission/reflection) dichroic mirror and a 460 nm LP filter. 

Individual spectra were corrected for expression level by quantifying the intensity of the acceptor by 

excitation at 546/10 nm and detection with a 590 nm LP filter. Per sample, 3 replicates were measured. 
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Flow cytometry 

W303-1A strains expressing yEPAC, pDRF1-GW and mTq2 were grown as described for microscopy. 

Flow cytometry was performed using an BD INFLUX cell sorter (Becton Dickinson, Franklin Lakes, NJ, 

USA), with a 140 µm nozzle and a sheath pressure of 6 psi to run the samples. The sorter was 

equipped with a 200 mW Solid State 488 nm laser focused on pinhole 1, a 75 mW Solid State 561 nm 

laser focused on pinhole 3 with a laser delay of 18.17 µsec and a 100 mW Solid State 445 nm laser 

focused on pinhole 5 with a laser delay of 37.11 µsec. PMTs (photo multiplier tubes) for the 445 nm 

laser and the 488 nm laser were assimilated in trigon detector arrays that use serial light reflections – 

moving from the longest wavelengths to the shortest – to collect the dimmest emission signals first. 

The 445 nm trigon array was configured with a 610/20 nm bandpass filter in detector A and a 520/35 

nm bandpass filter (preceded by a 502 nm LP filter) in detector B. The 488 trigon array was configured 

with a 610/20 nm bandpass (preceded by a 600LP) in detector A, a 530/40 nm bandpass (preceded by 

a 520 LP) in detector B and a 488/10 bandpass in detector C (SSC). PMTs for the 561 laser were 

assimilated in an octagon detector array. Acceptor emission was measured in detector D which was 

filtered with a 610/20 bandpass (preceded by a 600LP). Per condition, at least 2 biological replicates 

were obtained. All events were corrected for background fluorescence (median fluorescence of cells 

expressing pDRF1-GW), bleedtrough corrected (median fluorescence of cells expressing mTq2 only in 

the acceptor channel) and filtered for saturating or low fluorescence and scatter values. The effect of 

sensor expression on FRET ratios were calculated by plotting FRET ratios against tdTomato expression, 

obtained with the 561 nm laser and a 610/20 nm bandpass filter. 

 

pH sensitivity 

Cells expressing yEPAC-R279L and mVenus-mTq2 were grown to an OD600 of maximally 1.5 in YNB 

medium containing 100 mM glucose. Cells were washed 3 times and resuspended in Citric Acid/Na2HPO4 

buffer at various pH containing 2 mM of the ionophore 2,4-dinitrophenol to equilibrate pH levels. 

Afterwards, FRET ratios were recorded using a widefield microscope as described before. 

Data availability and analysis 

All data is available online: doi:10.17632/zs87gyzzk2.1. Data were analysed and visualized using R 

version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria). For analysis, moving and dead 

cells were manually removed. Additionally, cells with low fluorescence (i.e. below 50 A.U. fluorescence 

counts) were excluded. Next, acceptor fluorescence was corrected for bleedtrough (12% of total donor 

fluorescence) and FRET ratios were normalized to the mean FRET ratio before the perturbation 

(baseline). Dose-response kinetics were fitted using equation 2 with Peakmax denoted as the maximal 

peak height that can be obtained, glucose the amount of glucose pulsed and K0.5 the glucose amount 

that induces half the maximal peak height. 
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Results 

Engineering of a versatile EPAC sensor for cAMP quantifications in yeast 
In yeast, it is still a challenge to measure cAMP levels continuously in living single cells since a 

commendable cAMP FRET sensor for yeast is lacking and the current standard of cAMP determination 

still relies on population-averaged cAMP determination using cell extracts at single timepoints. 
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Therefore, we took a mammalian-optimized EPAC sensor 220 and replaced the tandem-cp173Venus 

acceptor with tdTomato since this fluorescent protein turned out to be a better acceptor in yeast with 

acceptable maturation, a higher photostability, brightness and pH-robustness compared to Venus (Fig. 

S1)218,221. Furthermore, tdTomato is a good acceptor for mTq2, with a FRET efficiency of 23%, a 

substantial sensitized emission and no effect of expression levels on FRET ratios (Fig. S1, table S1), 

making it very suitable for ratiometric fluorescence readouts. We named this sensor yEPAC. 

In vitro calibration of yEPAC showed loss-of-FRET upon cAMP addition, and therefore, FRET ratios are 

presented as CFP/RFP ratios in this paper. We determined that yEPAC has a KD of 4 µM for cAMP, which 

is slightly lower compared to the original sensor (Fig. 1A) and in the range of physiological cAMP levels 

in yeast77,91,222,223. We performed various control experiment to characterize the performance and 

potential of yEPAC. We confirmed that glucose addition to cells grown on a non-fermentable carbon 

source indeed gave a transient cAMP peak up to baseline normalized FRET values of 1.7 (Fig. 1B). 

Furthermore, the Cyr1K1876M mutation and introduction of the R279L in de cAMP-binding domain 

showed a largely diminished cAMP response (Fig. 1B), as expected 224,225. The small response of the 

R279L sensor variant is probably caused by osmotic changes, since addition of the non-metabolizable 

sugar sorbitol gave an identical response of this sensor (Fig. S1D). Importantly, the yEPAC sensor did not 

affect growth at various carbon sources (Fig. S1F). Conversely, however, we did find a small growth rate 

effect on the FRET levels of the sensor (Fig. S1G). This makes the sensor less suitable to compare basal 

cAMP levels at various growth rates. The sensor had improved temporal resolution compared to the 

conventionally used cAMP assay kits since we could record cAMP responses up to 15 minutes with a 3 

second time interval (Fig. 1C, movie S1). 

yEPAC can also be used in flow cytometry which provides a useful complement to microscopy, as it 

allows for hundreds to thousands of single-cells to be sampled per second. However, this technique 

cannot measure FRET in the same cells over time. We tested this method with additions of 2 or 100 mM 

glucose to ethanol grown cells (Fig. 1D). We obtained FRET ratios of 300-700 cells per second to 

determine cAMP responses. The dynamics were comparable to the microscopy-obtained data (Fig. 1D 

and S2). Of note, we did not observe non-responders, also not by the addition of 2 mM glucose.  

In summary, our developed yEPAC sensor can be used to reliably measure cAMP in single yeast cells 

without adverse effects. Also, we show that our sensor can be used with flow cytometry, in addition to 

the conventional microscopy readouts, expanding its utility.  
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Figure 1. yEPAC characterisation. A) In vitro cAMP dose-response curve of yEPAC. Points indicate the mean FRET value of 5 

replicates, error bars indicate SD. Solid line shows the Hill-fit (eq. 1). B) W303-1A WT cells expressing yEPAC or the non-

responsive yEPAC-R279L and W303-1A cells that possessed the Cyr1K1876M mutation were grown on 1% EtOH or 1% glycerol 

and pulsed with glucose at t=0 minutes. FRET signals were obtained and baseline normalized, lines show mean FRET ratios, 

shaded areas indicate SD. C) Pyruvate-grown W303-1A cells pulsed with 100 mM glucose at t=0 minutes. Inset shows the 

first 3 minutes after the pulse. FRET ratios are normalized to the baseline, solid lines show mean FRET ratios, dotted lines 

show median FRET ratios, grey lines show single-cell trajectories, shaded areas indicate SD. D) Dynamic frequency 

distribution of FRET values after 2 and 100 mM glucose addition, respectively. W303-1A WT cells were pre-grown on 1% 

EtOH, a baseline was recorded (not shown in graph) and a glucose pulse was added at 0 seconds. Timepoints were binned 

for every 5 seconds. Percentages are v/v, abbreviations: EtOH, ethanol, aFRET ratios were baseline-normalized. 

cAMP peak heights follow the Weber-Fechner law 
After using saturating glucose amounts (Figs. 1B, C & D), we studied how cAMP levels would change in 

response to lower amounts of glucose. We pulsed ethanol-grown W303-1A cells with glucose ranging 

from 0 to 50 mM. Normalized peak heights of these transitions showed a saturating dose-response 

with a K0.5 of 3.0 mM and a maximal peak height of 1.38 normalized FRET values (Fig. 2A).  

The dose-response data were generated against a background of zero glucose, and indicated that yeast 

cells are able to detect small amounts of glucose. However, we hypothesized that any advantage cells 

may reap from responding to a change in sugar availability will depend largely on the amount of sugar 

already in the environment (i.e. the background level). This means that a cell should respond to small 

glucose changes when glucose levels are low, but should be less sensitive to the same (absolute) 

changes when glucose levels are already high. We therefore tested whether the magnitude of the 

glucose-induced cAMP peak heights scale with the relative change (i.e. fold-change) of the glucose 
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concentration instead of the absolute change, i.e. whether it obeys the Weber-Fechner law 226. We 

incubated cells in media with various background concentrations of glucose and subsequently added 

various amounts of glucose (Figs. 2B, D, E, F). Indeed, we found comparable responses between 

transitions with the same relative change but with different absolute amounts of glucose pulsed (Fig. 

2B). Because systems that detect relative changes add up inputs with positive and negative responses227, 

we also tested the application of two such inputs simultaneously. First, we identified salt stress as a 

negative input as this reduced cAMP levels transiently (Fig. S3). Indeed, addition of salt stress to cells 

reduces glucose-induced peak heights (Fig. 2C), which indicates that the cAMP peak height can measure 

relative glucose changes. Normalized peak heights decreased with increasing amounts of pre-incubated 

glucose, which shows that cells indeed change cAMP peak heights based on their background level (i.e. 

the pre-incubated glucose level). Moreover, the normalized peak heights relate better with the fold-

change in glucose than with the absolute glucose change (Figs. 2E and 2F). 
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Figure 2. Dose-response and Weber-Fechner law experiments of cAMP. A) W303-1A cells expressing yEPAC were grown on 

1% ethanol and various glucose concentrations were pulsed. Fitting peak heights versus the glucose concentration shows 

saturation kinetics with a K0.5 of 3.0 mM. Dots indicate mean value, error bars indicate SD, grey line shows the fit using eq. 

2. B) W303-1A cells expressing yEPAC were pre-incubated at either 5 or 10 mM glucose and a 2.9-fold change of glucose 

was performed. Lines show mean response, shaded areas indicate SD. C) W303-1A cells expressing yEPAC were grown on 

1% EtOH and either 100 mM glucose or 100 mM glucose with 250 mM KCl was added. Lines show mean responses, shaded 

areas indicate SD. D) Population response of cAMP of cells expressing yEPAC. Cells were incubated at various initial 

amounts of glucose (depicted below each graph) and various amounts of glucose were added (depicted above each graph). 

Dots show mean populations response, error bars indicate SD. E) Peak heights plotted against the log fold-change of various 

glucose transitions, dots indicate mean value, error bars indicate SD. F) Peak heights plotted against the absolute glucose 

added for transitions, dots indicate mean value, error bars indicate SD. 
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Next, we tested whether a fixed glucose fold-change pulse applied successively to the same population, 

elicits a similar peak response (Fig. 3). Indeed, we found that also in this case, the baseline-normalized 

peak height scales with the relative glucose change and not the absolute amount. (Fig. 3A, B). For 

individual cells we found only a weak correlation between normalized-peak heights of the first versus 

the second perturbation (Fig. 3C). This indicates that at the single cell level, the relative change is rather 

noisy, where the population response is robust. However, an increased time between the fold-changes 

may improve Weber-Fechner law detection at single-cell level. In line with this, we found that 

perturbations within a shorter timescale (i.e. every 10 minutes) showed deteriorated Weber-Fechner 

law responses (Fig. S4). In these transitions, cells largely lose their ability to detect relative glucose 

changes. This suggests that the minimal time scales at which cells can adapt their glucose threshold is 

in the order of 20-30 minutes, and therefore the mechanism likely involves changes in protein 

expression.  

In conclusion, we show that cAMP responses are sensitive to glucose changes when cells reside in low 

glucose environments. In high glucose environment cAMP responses are rescaled, making the cAMP 

response relative to the current glucose levels cells are in. 

 
Figure 3. Weber-Fechner law of the same cells in time. A) W303-1A cells expressing yEPAC were pre-incubated on 2 mM 

glucose. Afterwards, cells were transitioned to 4 mM glucose at t=0 minutes and transitioned again to 8 mM at t=25 

minutes, resulting in a two-fold change each time. Solid line shows the population mean response, dotted line shows 

median response, normalized to the first 5 minutes. B) Responses of the transitions performed in graph A, normalized to 

the last 3 frames before each transition. Solid line shows the population mean response, dotted line shows median 

response. Colour indicates the transition. C) Relation of normalized peak heights of single-cells between the first and 

second transitions. Shaded areas indicate SD. Dots represents single-cells, r-value shows the Spearman correlation 

coefficient (p < 0.01). 

cAMP responses are carbon-source transition dependent 
The cAMP signalling cascade is well known and characterised for its transitions from non-fermentable 

carbon sources to glucose. However, less data is available for other transitions. Therefore, we quantified 

the cAMP response for transitions between a variety of carbon sources. W303-1A WT cells were grown 

in medium containing 1% ethanol (v/v), 1% glycerol (v/v), 100 mM pyruvate or 111 mM galactose and 

subsequently pulsed with saturating amounts of either glucose, fructose, galactose, mannose or various 

oligosaccharides. This resulted in 18 different transitions for which the cAMP levels were monitored 

(Fig. 4).  

Among the added sugars, only sucrose, glucose and fructose induced clear cAMP peaks. Addition of 

sucrose gave the highest peak and fructose the lowest. Cells pulsed with galactose or mannose did not 

show a cAMP peak. Mannose is known as an antagonist of Gpr1 76,207 and galactose is not a Gpr1 

activator, which suggests that Gpr1 regulates the height of the cAMP peak. Noteworthy is the 

observation that mannose-pulsed cells did show increased cAMP levels after 15 minutes, even though 

an initial peak-response was absent. cAMP dynamics also depended on the pre-growth condition, with 

glycerol and pyruvate grown cells producing significantly higher cAMP peaks compared to EtOH and 
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galactose grown cells (Wilcoxon test, p<0.01). In line with the dynamic flow-FRET results, we did not 

observe subpopulations or non-responders in most transitions (Figs. S5). Occasionally, we found for 

sugars other than glucose that some cells exhibited deviated cAMP dynamics compared to the 

population response. These cells show no cAMP peak or steadily increasing cAMP levels throughout the 

time-lapse recording. Therefore, cAMP signalling appears very robust for glucose transitions, but shows 

less robustness for other sugars. 

Transitions from one primary carbon source to another can alter the maximal obtainable growth rate of 

cells. We wondered if cAMP peak heights could contain information about this new potential growth 

rate. Figure 4C indeed suggests such a relation: all data appear to lie on a curve. This curve fits very well 

with a glucose-dependent curve obtained when the dose response kinetics of figure 2A (max peak 

height 1.38 and K0.5 = 3.0 mM) is plotted against the growth rate inferred from published Monod kinetics 

with a maximal growth rate of 0.37 h-1 and a Ks of 0.1 mM228. Note that the cAMP peak height shows a 

sharp increase when a growth rate higher than 0.3 h-1 can be obtained, which is around the onset of 

overflow metabolism35.  

In summary, our results show that the cAMP dynamics are context dependent, and that -at least for 

transitions from EtOH to sugars tested here- the peak height corresponds to the growth rate that can 

be achieved in the new environment.  
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Figure 4. yEPAC FRET responses of various carbon transitions. A) Cells growing on various non-fermentative carbon sources 

(depicted above each graph) were pulsed with various sugars, depicted by line colour, at 0 minutes. Lines show mean FRET 

ratios, normalized to the baseline, shaded areas indicate SD. B) Cells growing on 1% ethanol were pulsed with various di- or 

trisaccharides and the FRET responses were recorded. Lines show mean FRET ratios, normalized to the baseline, shaded 

areas indicate SD, sugar was added at t=0 minutes. C) Peak heights of the transitions shown in A and B plotted against the 

maximal growth rate that can be obtained with the added carbon sources. Points show population mean, errorbars indicate 

SD, dotted line shows a glucose-dependent curve (obtained by plotting the dose response kinetics against Monod kinetics). 

cAMP dynamics are affected by both Gpr1 signalling and sugar metabolism 
Lastly, we examined which components of the signalling cascade affect the cAMP peak during 

transitions. cAMP signalling mutants were grown on medium containing 1% EtOH and pulsed with 2% 

glucose (Fig. 5). Deletion of either Gpr1, all three glucose phosphorylating enzymes (hxk1Δ, hxk2Δ, glk1Δ 

triple mutant) or the mutation in Cyr1 (Cyr1K1876M) affected the transient peak in cAMP. Noteworthy, 

the hxk1Δ, hxk2Δ, glk1Δ mutant still showed a clear cAMP peak (although decreased compared to WT). 

This mutant does not display transient intracellular acidification upon glucose addition (since glucose 

cannot be metabolized), indicating that cAMP peak generation does not solely rely on acidification, or 

metabolism for that matter. Deletion of another input via the membrane bound Gpr1 sensor, had a 

similar effect on the cAMP peak response. Since these two branches are known to regulate cAMP 
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responses, we hypothesise that the residual cAMP response for both mutants are caused by the other 

cAMP signalling branch that is still functioning. 

 

 
Figure 5. yEPAC FRET responses of various signalling mutants. The various cAMP signalling mutants in the W303-1A 

background were pulsed with 100 mM glucose at 0 minutes. Lines show mean FRET ratios, normalized to the baseline, 

shaded areas indicate SD. 

Discussion 

We present a FRET-based biosensor for dynamic, single-cell cAMP detection in yeast. Although a 

different FRET-based cAMP EPAC biosensor for budding yeast was published previously229,230, we believe 

that our yEPAC has significant improvements. It shows a high FRET range, up to a normalized ratio 

change of 1.7 (Fig. 1B). Furthermore, the growth assays show that the sensor has no adverse effects on 

yeast physiology (Fig. S1F). The slight difference in cAMP affinity of yEPAC compared to the original 

sensor can be caused by the different acceptor used, possibly changing conformation of the sensor 

slightly, or differences in characterisation such as the host species and the used buffers. Signalling 

mutants and the non-responsive yEPAC variant showed good cAMP selectivity of the sensor. However, 

we found a slight bias of basal FRET levels of yEPAC-R279L at various growth rates (Fig. S1G). The origin 

of this bias is currently unknown and subject for future research and sensor improvements. The 

obtained flow-cytometry data gave a high temporal resolution compared to the conventional used 

cAMP assays. These results showed a clear secondary peak (Fig. S2) at high glucose concentrations. This 

peak was also present (e.g. Fig 4A), but not consistently observed, in the microscopy dataset. This 

oscillatory behaviour is in line with predictions from modelling efforts, but was not further explored in 

this study231. 

Of note, flow cytometry, nor microscopy showed clear non-responders for glucose transitions (Figs. 1 &  

S5). However, we observed some heterogeneity in transitions with sugars that do not activate Gpr1 207. 

Therefore, we hypothesise that this heterogeneity occurs from variation in the metabolism of the sugar, 

as observed before with carbon-source transitions28,221. These results show that the cAMP signalling 

cascade is robust, in contrast to what was found for pH28 and recently for intracellular ATP dynamics as 

well221. Apparently, as shown earlier232, signalling glucose or metabolising it are different challenges to 

yeast cells.  

In nature, yeast cells likely encounter large fluctuations in glucose availability, ranging from complete 

absence to saturating amounts of glucose. Until now, it was unknown how cAMP signalling reacts to a 

glucose increase when glucose is already present in the environment. We tested these transitions and 

found that cAMP peak heights seem to measure glucose changes relative to the background level of 

glucose, a property known as the Weber-Fechner law. Our analyses to test for Weber-Fechner law 

assume that each cell performs baseline-normalization. This could give an extra benefit by reducing 
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variability among cells227,233–235. However, cells need time to establish a baseline between successive 

glucose-additions, since shortening the period between glucose additions no longer gave scaling of the 

cAMP peak height with the relative fold change (Fig. S4).  

In order to reliably test for Weber-Fechner law, cAMP levels should be below saturation values of the 

yEPAC sensor. We validated this by comparing the normalized peak heights in response to saturating 

glucose amount (i.e. 50 mM glucose), when cells are pre-incubated at 2, 5, 10 and 20 mM glucose (Fig. 

2D). Normalized peak heights were comparable, indicating that cAMP levels did not yet saturated the 

sensor. Furthermore, pre-incubation with 2 to 20 mM glucose did not aspecifically affect the yEPAC 

sensor as the yEPAC-R279L hardly shows any response after pulsing with 100 mM glucose (Fig. S6), 

which is at least 5 times more than used for Weber-Fechner law characterisation. Our data therefore 

indicates that the cAMP pathway in yeast cells can detect (and adapt to) small glucose additions when 

glucose levels were low, but does not signal this change when glucose levels are high already. When 

cells are already fully fermentative, growing on glucose, the peak cannot indicate an increase in growth 

rate, but rather may signal how much sugar is present and whether or not cells should keep investing in 

fermentation and ribosomal biosynthesis. 

This is different when we added different carbon sources to fully respiratory, ethanol pre-grown cells. 

At this background, a consistent relation between peak height and the prospective growth rate on the 

pulsed sugar was found, for different sugars, and fitted the predicted growth rate for different glucose 

concentrations, based on Monod growth kinetics. This suggests that the peak height informs about 

growth. The cAMP signalling cascade is generally considered to mediate a switch to a fermentative (i.e. 

high growth rate) mode. This was consistent with our data, where cAMP peak height increased sharply 

around the onset of fermentation, i.e. under conditions that generate a growth rate higher than 0.3 h-

1, Fig. 4C). However, our results also show that cells without a clear cAMP peak (e.g. mannose pulsed 

cells) still obtain a high growth rate, without displaying a transient cAMP peak. Also the industrially 

important CEN.PK strain that has the K1876M mutation in Cyr1224 does not show a peak but does 

ferment. So although we find clear and interesting relationships, their functional implications remain to 

be fully elucidated. 

The cAMP responses to various other sugar transitions and in signalling mutants show that cAMP 

dynamics are complex and highly context dependent. We could infer several features about cAMP-

signalling from these data. 

First, nine sugars were tested and only sucrose (giving the highest peak) and its breakdown products, 

glucose and fructose induced a cAMP peak. It is remarkable that yeast developed a signalling cascade 

for only these sugars. On the other hand, sucrose is often the end-product of plant photosynthesis and 

therefore one of the most abundant sugars in plants236. In nature, yeast resides on plants or fruit and 

sensing extracellular sucrose to consume conceivably improves yeast’s fitness. 

Second, the data indicate that a cAMP peak is generated when either the initial metabolism of a sugar 

is sufficiently rapid or Gpr1 is activated. Combined activation is needed to achieve a maximal peak 

response. We found that fructose, which does not interact with Gpr1207, does induce a cAMP peak. In 

the case of fructose the peak is lower than peaks induced by the Gpr1 agonists sucrose or glucose, 

pointing to the amplifying effect of combined activation.  

In stark contrast to the peak responses triggered by sucrose, glucose and fructose, mannose, which is 

an antagonist of Gpr1, does not show any cAMP peak. One explanation for the absence of a peak is 

signal-dampening through Gpr1 inhibition. Another explanation is that mannose gets transported much 

more slowly, since the hexose transporters have a lower Vmax and higher Km for mannose compared to 

glucose and fructose, which likely reduces the initial uptake rate of mannose 97,237. Still, we found that 



 
55 

mannose does trigger a gradual increase in cAMP levels shortly after its addition, which could indicate 

Ras activation through an increased glycolytic flux70. Accordingly, addition of galactose, which does not 

interact with Gpr1 and is not considered a rapidly-fermentable carbon source, does not induce a cAMP 

peak and does not yet show signs of a gradual increase in cAMP levels shortly after its addition. Indeed, 

cells growing on ethanol or glycerol are not immediately ready to metabolize galactose238, and we 

expect the cAMP levels to gradually rise with the induction of galactose metabolism. A differential 

response to mannose by galactose- or ethanol-grown cells further underscores the effect of pre-growth 

conditions on the ability of cells to sense and respond to sudden sugar transitions. Mannose did not 

show the gradual increase in cAMP levels in galactose-grown cells as it did in ethanol grown cells. 

Galactose growth suppresses the expression of various high-affinity hexose transporters, such as HXT6 

and 7, compared to growth on ethanol or glycerol99,239,240. Mannose uptake rate is therefore expected 

to be much lower in galactose grown cells than ethanol or glycerol grown cells, which may explain these 

observations. The response of glucose and fructose addition to galactose-grown cells are expected as 

galactose-grown have a higher capacity to metabolize these sugars, which induces a cAMP 

peak31,97,221,241,242. Finally, we confirm that the cAMP peaks clearly originate partly from both the 

metabolism of the sugar as well as the Gpr1 receptor, as described before74,76,243. In line with previous 

studies, our data indicates that intracellular acidification is not a requisite as the hxk1Δ, hxk2Δ, glk1Δ 

shows no intracellular acidification (due to the absence of sugar phosphorylation) and still shows cAMP 

production 60,68,243. 

Overall, yEPAC enabled us for the first time to investigate single-cell cAMP dynamics and elucidate 

conveniently various input-output relations during various carbon-source transitions. This gave 

important new insights: the normalized peak height seems to be a signal for future growth rate on the 

pulsed sugar and is only produced when cells should switch to fermentative growth. Possibly, the peak 

height functions as a switch for rewiring to fermentable metabolism.  
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Supplementary information 

Movie S1. Ratiometric movie of W303-1A WT cells expressing yEPAC. Cells were grown on 100 mM pyruvate and 100 mM 

glucose was pulsed. Colour indicates FRET ratio, depicted by the calibration bar in the upper right.  
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Figure S1. Characterisation of FRET pairs and yEPAC sensor. A) Spectra of various acceptors for mTq2. Solid lines show direct 

fusions of the depicted FP with mTq2. Dotted lines show spectra of the T2A fusion with mTq2, resulting in equimolar 

expression of cleaved mTq2 and acceptor, used as non-FRET control. Spectra of plated W303-1A colonies were recorded. B) 

pH sensitivity analyses of yEPAC-R279L and the mVenus-mTq2 FRET pair shows pH robustness up to pH 5. Cells expressing 

yEPAC-R279L and mVenus-mTq2 were grown to midlog in YNB medium containing 100 mM glucose. Cells were washed 

resuspended in Citric Acid/Na2HPO4 buffer containing 2 mM of the ionophore 2,4-dinitrophenol to equilibrate pH levels. 

Afterwards, FRET ratios were recorded using a widefield microscope. Points indicate mean FRET ratio, normalized to pH 7.1, 

errorbars indicate 95% CI. C) Expression of the yEPAC sensor (the fluorescence of tdTomato, measured by direct excitation) 

plotted against the FRET ratio show no clear relation between expression levels of the sensor and the measure FRET ratio. 

D) Response of yEPAC-R279L on the non-metabolizable sugar sorbitol. W303-1A WT cells expressing yEPAC-R279L were 

grown on 1% EtOH and pulsed with 100 mM sorbitol or 100 mM glucose at t=0 minutes. FRET signals were obtained and 

baseline normalized, lines show mean FRET ratios, shaded areas indicate SD. E) maturation characterisation of tdTomato. 

W303-1A WT cells expressing tdTomato were grown on 1% EtOH and CFP, GFP, RFP and YFP fluorescence was obtained. 

Points indicate single-cell fluorescence values. Boxplots indicate median values with quartiles, whiskers indicate largest and 

smallest observation at 1.5 times the interquartile range. F) Growth curves of W303-1A WT cells expressing either yEPAC or 

the empty pDRF1-GW vector. Cells were grown to midlog in 1x YNB containing 1% EtOH, washed and resuspended in 

medium containing either 10 mM galactose, 10 mM glucose or 0.1% EtOH. Points indicate mean OD, color indicates the 

strain. G) Baseline FRET ratios of W303-1A WT cells expressing yEPAC or the non-responding yEPAC-R279L shows a small 

baseline effect of growth rate on the FRET levels. Points indicate the median FRET level, colours indicate the carbon source 

cells grew on. 
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Table S1. FRET efficiencies determined by frequency domain lifetime measurements of W303-1A colonies expressing the 

fusion constructs or mTq2. acalculated lifetime of mTq2 determined by frequency domain. bFRET efficiency calculated as (1-

(Lifetimedonor+acceptor/lifetimedonor))*100. 

Fusion Lifetimea  FRET efficiencyb 

mCherry-mTq2 3.29 ns 12.5 

tagRFP-mTq2 3.73 ns 0.8 

tagRFPT-mTq2 3.47 ns 7.7 

TdTomato-mTq2 2.9 ns 22.9 

mTq2 3.76 ns n/a 

 

 

Figure S2. Dynamic flow-cytometry FRET measurements. W303-1A WT cells were grown on 1% EtOH, a baseline was 

recorded (not shown in graph) and a glucose pulse was added. The first obtained timepoint after glucose addition is set to 

t=0 seconds. Median FRET ratio for every binned timepoint are shown, depicted by the points. Point color indicate amount 

of glucose pulsed. 

 

 

Figure S3. yEPAC FRET responses during salt stress. W303-1A WT cells grown on 1% ethanol were pulsed with 100 mM 

glucose at 0 minutes and with 250 mM KCl at 10 minutes (indicated with arrows). Lines show mean FRET ratios (corrected 

for the yEPAC-R279L response), normalized to the baseline, shaded areas indicate SD.  
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Figure S4. Weber-Fechner law of the same cells in time, with 10 minutes periods in between. A) W303-1A cells expressing 

yEPAC were pre-incubated on 2 mM glucose. Afterwards, cells were transitioned to 4 mM glucose at t=0 minutes and 

transitioned again to 8 mM at t=25 minutes. Lines show population mean response, normalized to the first 5 minutes, 

shaded areas indicate SD. B) Responses of the transitions performed in graph A, normalized to the last 3 frames before each 

transition. Colour indicates the transition. C) Boxplot of the peak heights of each cells for each transition. Dots show single-

cell peak heights, boxes indicate median with quartiles, whiskers indicate the 0.05–0.95 fraction of the datapoints. D) 

Relation of normalized peak heights of single-cells between the first and second transitions. Dots represents single-cells. 
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Figure S5. Single-cell yEPAC FRET responses of various carbon transitions. Cells growing on various non-fermentative carbon 

sources were pulsed with various sugars (transitions depicted above each panel) at 0 minutes. Lines show baseline-

normalized FRET ratios of each cell. 
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Figure S6. Long-term response of yEPAC-R279L after a transition from 1% EtOH to 100 mM glucose at t=0 minutes. The 

same data from figure 1 is depicted here with longer time scales. Thick coloured lines show mean response either yEPAC or 

yEPAC-R279L. Grey lines show single-cell responses, normalized to the baseline. 
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Abstract 

Adenosine 5-triphosphate (ATP) is the main free energy carrier in metabolism. In budding yeast, shifts 

to glucose-rich conditions cause dynamic changes in ATP levels, but it is unclear how heterogeneous 

these dynamics are at single-cell level. Furthermore, pH also changes and affects readout of 

fluorescence-based biosensors for single-cell measurements. To measure ATP changes reliably in single 

yeast cells, we developed yAT1.03, an adapted version of the AT1.03 ATP biosensor, that is pH-

insensitive. We show that pregrowth conditions largely affect ATP dynamics during transitions. 

Moreover, single-cell analyses showed a large variety in ATP responses, which implies large differences 

of glycolytic startup between individual cells. We found three clusters of dynamic responses, and show 

that a small subpopulation of wild type cells reached an imbalanced state during glycolytic startup, 

characterised by low ATP levels. These results confirm the need for new tools to study dynamic 

responses of individual cells in dynamic environments.  

Introduction 

Adenosine 5-triphosphate (ATP) is one of the key players in cellular metabolism as it is the major Gibbs 

energy-carrier for most if not all species22,23. ATP is produced either by proton-gradient driven ATPases, 

or by substrate-level phosphorylation. The latter occurs in glycolysis, the central metabolic pathway in 

many organisms, including human. A key question is how pathway flux is regulated under dynamic 

conditions, which happens in nature, biotechnical processes130–133, but also in humans24,244,245. Given the 

task of glycolysis to produce ATP, it is not a surprise that the glycolytic flux is (also) regulated by ATP 

itself 246,247.  

Saccharomyces cerevisiae (or budding yeast) has been the focus of many studies of glycolysis; when it 

encounters an environmental change to glucose-rich conditions, glycolysis rapidly becomes active 
29,248,249. For glycolysis to run, an initial investment of 2 ATP in the upper part (the conversion from 

glucose to fructose-1,6-bisphosphate) is needed, which is succeeded by a return of 4 ATP in the lower 

part (the conversion from glyceraldehyde-3-phosphate to pyruvate, in twofold, Fig. 1). When glucose is 

added, the initial and rapid use of ATP thus creates a (temporarily) imbalance between the two parts of 

glycolysis, resulting in a transient decrease of ATP levels29,31,32. The initial difference in flux between the 

two parts of glycolysis can recover, resulting in a balanced state. However, the upper glycolysis flux can 

also continue to exceed the lower glycolysis flux, resulting in an imbalanced state28,32,33.  

These studies therefore suggested that startup of glycolysis can be highly variable, with a small fraction 

of cells dynamically ending up an imbalanced metabolic state28. This can be important for industrial 

processes in which metabolic subpopulations can affect industrial efficiency130–133. Such variability could 

also have implications for therapeutic efficiencies in human diseases134–137. These conclusions, however, 

were based on computational modelling and indirect evidence, in particular pH was used as an indirect 

readout of metabolism, not ATP itself. There is a need, therefore, to directly monitor ATP dynamics at 

the single cell level and establish a low ATP, imbalanced state. However, continuous measurements of 

ATP, and hence glycolytic startup dynamics, have not been studied at a single-cell level. 

In recent years several fluorescence-based biosensors for in vivo monitoring of ATP in single cells have 

been developed, including the AT1.03 and the QUEEN sensor170,250. However, these sensors use 

fluorescent proteins (FPs) that are pH-sensitive in the physiological range where the intracellular pH of 

budding yeast operates28,184,198,218,251,252. In fact, the pH transiently drops exactly during glycolytic 

startup27,28.  Moreover, the metabolic imbalanced state leads to an inability to maintain pH homeostasis, 

resulting in a significantly drop in intracellular pH, making the sensors unsuitable to study ATP dynamics 

during glycolytic startup. Therefore, we adapted the AT1.03 sensor to become less pH sensitive. This 
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modified sensor, denoted yAT1.03, is pH-robust, and can be used to reliably detect single-cell ATP 

dynamics.   

 
Figure 1. Schematic overview of glycolysis. Startup of glycolysis requires an investment of 2 ATP molecules in the upper part 

of glycolysis. The lower part of glycolysis yields 4 ATP afterwards. 

Material and methods 

yAT1.03 construction 
The ATP sensor AT1.03 and its inactive variant AT1.03R122KR126K in the yeast expression vector pDRF1-GW 

were a gift from Wolf Frommer (Addgene plasmids #28003 and #28005, respectively). First, an EcoRI 

restriction site was removed by performing a PCR on AT1.03 and AT1.03R122KR126K pDRF-GW using KOD 

polymerase (Merck-Millipore, Burlington, Massachusetts, USA) with the forward primer 5’-

ATACTAGTGCTAGCTCTAGACTCGAGTATGGTGAG-3’ and reverse primer 5’-

ATAGCGGCCGCTGATCAGCGGTTTAAACTTAAGC-3’. Next, the product and pDRF1-GW were digested 

using SpeI and NotI (New England Biolabs, Ipswich, Massachusetts, USA) and the PCR product was 

ligated into pDRF1-GW using T4 ligase (New England Biolabs). Next, a PCR was performed on tdTomato 

pDRF1-GW using FW primer 5’-ATGAATTCATGGTGAGCAAGGGC-3’ and RV primer 5’-

ATGCGGCCGCTTACTTGTACAGCTCGTCCA-3’. The PCR product and the new AT1.03 and AT1.03R122KR126K 

in pDRF1-GW were digested with EcoRI (New England Biolabs) and NotI. Afterwards, the PCR product 

was ligated into AT1.03 and AT1.03R122KR126K in pDRF1-GW using T4 ligase, which replaced cp173-mVenus 

with tdTomato. Next, a PCR using KOD polymerase was performed on ymTq2 pDRF1-GW with FW primer 

5’- CTGCTAGCACTAGTAAGCTTTTAA-3’ and RV primer 5’-ATATCGATAGCAGCAGTAACGAATTCC-3’ which 

produced ymTq2 with the last 11 amino acids removed (ymTq2Δ11). The PCR product and AT1.03 and 

AT1.03R122KR126K in pDRF1-GW in pDRF1-GW were digested with NheI and ClaI (New England Biolabs). 

Next, the PCR product was ligated into AT1.03 and AT1.03R122KR126K in pDRF1-GW using T4 ligase, which 

produced AT1.03ymTq2Δ11-tdTomato and AT1.03R122KR126K-ymTq2Δ11-tdTomato, named yAT1.03 and yAT1.03R122KR126K. 
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Yeast transformation 
The yeast strain W303-1A (MATa, leu2-3/112, ura3-1, trp1-1, his3-11/15, ade2-1, can1-100) was 

transformed as described by Gietz and Schiestl.185 

ConA solution 

Concanavalin A was prepared as described by Hansen et al., 2015.219 Briefly, 5 mg of Concanavalin A 

(Type IV, Sigma Aldrich) was dissolved in 5mL PBS at pH6.5, 40 mL H2O, 2.5mL of 1 M MnCl2 and 2.5 mL 

of 1 M CaCl2. This solution was aliquoted, snap-frozen and stored at -80°C. 

 

In vitro characterisation 
W303-1A WT cells expressing yAT1.03 pDRF-GW and the empty pDRF1-GW vector were grown 

overnight at 200  rpm and 30 °C in 1x yeast nitrogen base without amino acids (YNB, Sigma Aldrich, Stl. 

Louis, MO, USA), containing 100  mM glucose (Boom BV, Meppel, Netherlands), 20  mg/L adenine 

hemisulfate (Sigma-Aldrich), 20  mg/L L-tryptophan (Sigma-Aldrich), 20  mg/L L-histidine (Sigma Aldrich) 

and 60  mg/L L-leucine (SERVA Electrophoresis GmbH, Heidelberg, Germany). Next, cells were diluted in 

50 mL medium and grown to an OD600 of approximately 3. Cells were kept on ice and washed twice with 

20 mL 0.01 M KH2PO4/K2HPO4 buffer at pH7 containing 0.75 g/L EDTA (AppliChem GmbH, Darmstadt, 

Germany). Next, cells were resuspended in 2 mL of 0.01 M KH2PO4/K2HPO4 buffer containing 0.75 g/L 

EDTA and washed twice in 1 mL of ice-cold 0.1M KH2PO4/K2HPO4 buffer at pH7.4 containing 0.4 g/L 

MgCl2 (Sigma-Aldrich). Cells were transferred to screw cap tubes containing 0.75 grams of glass beads 

(425-600 µm) and lysed using a FastPrep-24 5G (MP Biomedicals, Santa Ana, CA, USA) with 8 bursts of 

6 m/s and 10 second. Lastly, the lysates were centrifuged for 15 minutes at 21000 g and the cell-free 

extracts were snap-frozen in liquid nitrogen. 

Per sample, 5 wells of a black 96-well microtitre plate (Greiner Bio-One) were filled with 4 µL cell-free 

extract (10x diluted in distilled water) and 36 µL 10 mM HEPES-KOH buffer (Sigma-Aldrich) at various 

pH. Fluorescence spectra were recorded after subsequent additions of ATP (Sigma-Aldrich) using a 

CLARIOstar platereader (BMG labtech, Ortenberg, Germany). Spectra were obtained using 430/20 nm 

excitation and 460-660 nm emission (10 nm bandwidth). Fluorescence spectra were corrected for 

background fluorescence (by correcting for fluorescence of cell-free extract of cells expressing the 

empty pDRF1-GW plasmid) and FRET ratios were calculated by dividing acceptor over donor 

fluorescence. Changes of ATP levels in the cell-free extracts were measured by measuring the FRET 

levels in time at either 0.3 and 1.1 mM ATP. The dose-response curve was fitted to equation 1170, with 

FRETmax and FRETmin denoting the maximal and minimal FRET values obtained, ATP the ATP 

concentration (mM), kd the dissociation constant (mM) and n the Hill coefficient (n). 
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Microscopy 
Cells expressing yAT1.03 or yAT1.03R122KR126K were grown overnight at 200  rpm and 30 °C in 1x YNB 

medium, containing 20  mg/L adenine hemisulfate, 20  mg/L L-tryptophan, 20  mg/L L-histidine, 60  mg/L 

L-leucine and either 1% ethanol (v/v, VWR International, Radnor, PA, United States of America),  100 

mM fructose (Sigma Aldrich) or 111 mM galactose (Sigma Aldrich). Next, cells were diluted in the same 

medium and grown overnight to a maximum OD600 of 1.5 (midlog). Afterwards, the cells were 

transferred to a six-wells plate containing ConA coated coverslips. Coverslips with the attached cells 

were put in an Attofluor cell chamber (Thermofisher Scientific, Waltham, MA, USA) and 1 mL of fresh 
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medium was added. Next, the coverslips were imaged using a Nikon Ti-eclipse widefield fluorescence 

microscope (Nikon, Minato, Tokio, Japan) at 30°C equipped with a TuCam system (Andor, Belfast, 

Northern Ireland) containing 2 Andor Zyla 5.5 sCMOS Cameras (Andor) and a SOLA 6-LCR-SB power 

source (Lumencor, Beaverton, OR, USA). FRET was recorded using a 438/24 nm excitation filter, a 

483/32 nm donor emission filter and a 593/40 nm acceptor emission filter with a 552 nm long-pass (LP) 

dichroic filter (all filters from Semrock, Lake Forest, IL, USA). For sensor expression levels, tdTomato was 

measured using a 570/20 nm filter and a 593/40 nm filter with a 600 LP dichroic mirror. After recording 

the baseline, 111 µL of 1x YNB containing the necessary amino acids and a 10x amount of the desired 

substrate was added. For the multiple glucose pulses, subsequent additions of 20, 20, 40 and 80 µL of 

50 mM glucose at 3, 10, 17 and 24 minutes were added to the cell chamber. At least 2 biological 

replicates were obtained for each experiment. Cells were segmented by an in-house macro using FiJi 

(NIH, Bethesda, MD, USA) and moving or dead cells were manually removed.  

pH sensitivity of the FRET pair in vivo 
W303-1A yeast cells expressing the tdTomato-mTq2 were grown as described for microscopy. Cells 

were washed twice with sterile water and resuspended in a citrate phosphate buffer (0.1 M citric acid 

(Sigma Aldrich), 0.2 M-Na2HPO4 (Sigma Aldrich)) with pH values from 3 to 8 and 2  mM of the ionophore 

2,4-Dinitrophenol (DNP, Sigma Aldrich). Cells were loaded on a glass slide. Next, cells were visualized 

and FRET ratios were determined as described for microscopy. 

Growth experiments 
W303-1a cells expressing yAT1.03 and the empty pDRF1-GW vector or WT cells were grown to midlog 

as described for microscopy with medium containing 1% ethanol. Cells were washed and resuspended 

to an OD600 of 1 with the same medium without any carbon source. Next, 20 µL of cells were transferred 

to a 48-wells plate with each well containing 480 µL of fresh medium with either 0.1% ethanol, 10 mM 

galactose, 10 mM fructose or 10 mM glucose. Afterwards, cells were grown in a Clariostar plate reader 

at 30°C and 700 rpm orbital shaking. OD600 was measured every 5 minutes.  

 

Data analysis 

R version 3.5.1 (R Foundation for Statistical Computing, Vienna, Austria) was used to analyse and 

visualize the obtained data. In brief, tdTomato fluorescence was corrected for mTq2 bleedtrough (0.12% 

of mTq2 fluorescence) and cells with a fluorescence below 500 counts (arbitrary units) were deleted. 

FRET ratio normalization was performed by dividing all FRET values by the mean FRET value of the 

baseline (before perturbations). Maximal FRET decrease and increase were determined with a sliding 

window of 3 frames. Clustering was performed using the R code made available on Github by Joachim 

Goedhart (https://github.com/JoachimGoedhart). Cluster amounts were determined by using the 

fviz_nbclust function from the factoextra package. 

 

Results 

yAT1.03 has improved pH robustness 

Experiments performed with AT1.03 showed aberrant drifts in FRET signal in unperturbed cells using 

our setup (Fig. S1). Furthermore, the original paper that reported AT1.03 already showed the pH 

sensitivity in the range of physiological pH of yeast170. We hypothesised that the baseline drift and the 

pH sensitivity are caused by the fluorescent proteins, since the donor mseCFP is poorly characterised 

and mVenus is known to be pH sensitive and not photostable218. Based on this, we undertook 

improvement of AT1.03 by changing the fluorescent proteins to ymTq2Δ11 (donor) and tdTomato 
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(acceptor) as a more reliable and pH-insensitive FRET pair (Botman et al., in submission253). 

Replacements of mseCFP for ymTq2Δ11 and cp173-mVenus for tdTomato resulted in yAT1.03. In vitro 

characterisation showed a huge improvement in pH sensitivity compared to the original AT1.03 

sensor170. With the new FPs, FRET ratios, at a fixed ATP concentration (Fig. S2), remained stable across 

the normal physiological pH range (pH 6.25 – 7.25) of yeast (Fig. 2C), indicating that the pH sensitivity 

of the original AT1.03 sensor indeed arose from the fluorescent proteins. Since pH sensitivity can be 

different in vivo compared to in vitro, we checked whether the new FRET pair was also pH-robust in vivo. 

The new FRET pair showed to be robust to pH values from 8 to 5 in vivo (Fig. 2D). Also, no intermolecular 

FRET was observed as expression levels of yAT1.03 did not affect FRET ratios (Fig. 2E). The yAT1.03 

sensor showed a Kd of 3.2 mM for ATP, which is almost identical to the original AT1.03. Lastly, expression 

of yAT1.03 in W303-1A had no effect on growth (Fig. S3), indicating that the sensor can be used without 

adverse effects on yeast physiology. 

 

Figure 2. In vitro characterisation of yAT1.03. A) Fluorescence spectra of yAT1.03, obtained from cell-free extracts, gradient 

colour indicates ATP concentration. Inset shows fluorescence values in the acceptor range B) Dose-response curve of 

yAT1.03 obtained from the spectra, at various pH. Points indicate mean FRET ratio of 5 replicates, point shapes indicate pH 

C) pH stability of the sensor at various ATP concentrations, points indicate mean FRET ratio of 5 replicates, colours indicate 

the ATP concentration, errorbars indicate standard deviation. D) pH stability of the tdTomato-mTq2 FRET pair, measured in 

vivo through incubation of cells in citric-acid/Na2HPO4 buffers at pH 3–8 with 2 mM 2,4-dinitrophenol. Points indicate mean 

FRET ratio, errorbars indicate standard deviation. E) Expression of the sensor, measured as direct acceptor excitation (i.e. 

tdTomato fluorescence) displayed against the FRET ratio, each point depict a single cell. 

yAT1.03 measures ATP reliably 

In vitro characterisation of the sensor showed robust ATP responses of the sensor. To verify that yAT1.03 

visualizes ATP changes reliably in vivo as well, we performed several control experiments (Fig. 3). First, 

we tested whether the sensor showed a typical transient change in ATP when cells experience a sudden 

glucose perturbation (Fig. 3A). As expected, yAT1.03 FRET ratios transiently decreased, followed by a 

recovery, while no response was observed when medium without glucose was pulsed. The same glucose 



 
67 

perturbation did not elicit a response in the non-responsive sensor yAT1.03R122KR126K. These results imply 

that the sensor indeed measures ATP and no other effects.  

Next, we tested if an extreme perturbation of metabolism affects yAT1.03 readouts (Fig. 3B). Cells were 

incubated for 60-90 minutes in 10 mM glucose after which the glycolytic inhibitor 2-deoxy-D-glucose 

(2-DG) was added to the cells. 2-DG is transported and phosphorylated by ATP, but not further 

metabolised, and thus acts as an ATP drain254,255. FRET responses showed a rapid decrease of FRET, 

which confirms that the sensor faithfully reports depletion of the ATP pool caused by 2-DG. In contrast, 

the non-responsive sensor yAT1.03R122KR126K showed only a minor response, indicating that the yAT1.03 

sensor performs robustly in response to extreme metabolic perturbations. This was also confirmed by 

pulsing 5 mM of glucose to cells lacking tps1, which end up in a severe metabolic imbalanced state, with 

reported low ATP levels and growth arrest (Fig. S4)28,70. Lastly, we tested whether we could distinguish 

whether ATP is generated by respirative or fermentative metabolism (Fig. 3C). Cells were grown with 

either 1% ethanol as substrate (ATP generation entirely dependent on respiration) or 100 mM glucose 

as substrate (ATP generation largely through fermentation). Subsequently, 50 µM of antimycin A was 

added to block respiration through inhibition of the mitochondrial electron transport chain complex III. 

As anticipated, addition of antimycin A only depleted ATP levels when cells were growing on ethanol as 

a substrate. In conclusion, these results demonstrate that yAT1.03 can be used for robust 

measurements of ATP dynamics in vivo.  

 

Figure 3. In vivo experiments show reliable yAT1.03 output. A) W303-1A WT cells expressing yAT1.03 or yAT1.03R122KR126K 

(depicted above each graph) were grown on 1% EtOH. At t=0 minutes, glucose or the same medium without glucose was 

added and the FRET responses were measured. B) W303-1A WT cells expressing yAT1.03 or yAT1.03R122KR126K were grown 

with 1% EtOH and incubated in 10 mM glucose for at least 1 hour. Afterwards, cells were visualized and 10 mM 2-DG was 

added at t=0 minutes. C) W303-1A WT cells expressing yAT1.0 were grown with 1% EtOH or 100 mM glucose as substrate 

(depicted above each graph). Antimycin A or only the solvent (mock) was added to the cells at t=0 minutes. Lines show 

mean responses, normalized to the baseline, shaded areas indicate SD, color indicates either the sensor expressed or the 

added solution. Percentages are v/v, abbreviations: EtOH, ethanol. 
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Pre-growth conditions largely determine ATP responses during transitions 

After establishing yAT1.03 as a robust ATP sensor, we used it to characterise ATP dynamics in response 

to different carbon source transitions. Cells were grown on various carbon sources and transitioned to 

glucose (the preferred carbon source) or galactose (Fig. 4A). Cells grown on fructose showed only a 

small transient ATP response when challenged with 100 mM glucose, and no response with 20 mM 

glucose. In contrast, glucose addition to galactose grown cells induced the biggest transient decrease of 

ATP with a mean decrease of 37% in FRET. Lastly, glucose and galactose addition to ethanol-grown cells 

both show a response, but the responses are qualitatively very different. Glucose addition results in a 

transient FRET decrease of 24%. In contrast, galactose addition lacked a transient ATP response, but 

showed a steady decrease to the same level compared to glucose, 10 minutes after addition. 

Interestingly, both the decrease and recovery of ATP show a high degree of variability between cells, 

indicating heterogeneity in the responses of individual cells (Fig. 4A,B).  

Finally, since we were able to conveniently measure ATP in time in living cells, we looked at how ATP 

levels change in response to multiple successive glucose additions (Fig. 4D). The first addition of only 1 

mM of glucose to ethanol-growing cells induced a clear transient ATP decrease but subsequent 

additions showed only slight responses for most cells. Still, we found again heterogeneity in the 

responses of individual cells as can be seen from single-cell traces in figure 4 and S6. 

In summary, we show that ATP dynamics are dependent on the pre-growth condition and show large 

variations among individual cells. Moreover, for most cells, 1 mM of glucose is sufficient to diminish 

subsequent ATP responses to further sudden increases in glucose.  



 
69 

 

 

Figure 4. ATP dynamics during various carbon transitions. A) ATP dynamics of W303-1A cells expressing yAT1.03 grown on 

either 1% EtOH, 100 mM fructose or 111 mM galactose and pulsed with either 20 mM glucose, 100 mM glucose or 100 mM 

galactose. Lines show mean FRET ratios, normalized to the baseline, shade areas indicate SD. B) Minimum FRET value (i.e. 

maximum decrease of ATP levels) and ATP recovery speed (depicted by maximum FRET increase per minute) of each 

transition. Points indicate mean value, error bars indicate SD. C) ATP dynamics of W303-1A cells expressing yAT1.03 grown 

on 1% EtOH and pulsed successively with increasing amounts of glucose. Arrows indicate time points of glucose addition. 

Orange line show mean FRET ratio (baseline normalized), grey lines show single-cell traces. 
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ATP dynamics during glycolysis start-up are heterogeneous between cells 

Since the ATP responses showed high variability, we looked in more detail at single-cell responses during 

the ethanol to 20 mM glucose transition (Fig. 5). Visualization of the single-cell trajectories and their 

distributions clearly showed large heterogeneity during the response (Fig. 5A,B and movie S1). We used 

a hierarchical clustering-approach (using Euclidean clustering) to see if dynamic traces can be grouped 

into distinct response-classes (Fig. 5C). Next, we determined the optimal cluster amounts (3) using the 

silhouette method (Fig. S5). We identified three types of responses, and determined various 

characteristics for each, such as the absolute baseline FRET ratio (the not-normalized FRET ratio before 

sugar addition), change in the normalized FRET values at the end of the timecourse compared to the 

baseline (ΔFRET), the maximal FRET decrease- (ATP depletion rate) and increase rate (ATP recovery 

rate), the minimum FRET value (lowest amount of ATP obtained after the transition) and the time to 

reach this minimum FRET value (Fig. 5D). No difference in the non-normalized baseline FRET values 

could be found between the clusters, indicating that the starting ATP alone does not determine the ATP 

dynamics after a transition to glucose. The first cluster contained approximately 61% of all responses 

and showed a small transient decrease in ATP followed by rapid recovery to pre-perturbation levels 

after approximately 8 min. The second cluster contained 36% of the cells and showed a large transient 

decrease in ATP, followed by fast, but not yet full, recovery after 12 min. A third, smaller cluster, 

contained 3% of all cells and was characterized by rapid ATP depletion, similar to perturbations with 

either 2-DG or antimycin A (Fig. 2), with very slow recovery (or even absent for some cells in this cluster). 

The absence of ATP recovery in some cells is indicative of an imbalanced metabolic state that cells can 

get trapped in during these transitions28. Such heterogeneous ATP responses were also found when 

cells were pulsed successively with increasing amounts of glucose (Fig. S6). Here, some cells only showed 

an ATP response after the first glucose pulse, some cells show a response after each addition, while yet 

others show no responses to any of the perturbations. In contrast to dynamic conditions, steady-state 

ATP levels of glucose-grown cells showed no clear subpopulations (Fig. S8). In summary, we show that 

glycolytic start-up is highly heterogeneous, ranging in the one extreme from cells that show small or no 

transient changes in ATP, to cells that end up in an imbalanced state, with no or little recovery of ATP 

after a glucose pulse (on short time-scale). 
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Figure 5. Heterogeneity of cells transitioned from 1% EtOH to 20 mM glucose. A) ATP dynamics of W303-1A cells expressing 

yA1.03 grown on either 1% EtOH and pulsed with 20 mM glucose. Orange line shows mean normalized FRET ratios, shades 

indicate SD, grey lines show single-cell traces. B) Normalized frequency distributions of the same transition depicted by 

graph A. C) Hierarchical clustering of the single-cell trajectories obtained from graph A showed 3 distinct subpopulations. 

Orange lines show normalized mean FRET ratios, shades indicate SD, grey lines show single-cell traces D) Various ATP 

dynamic parameters per cluster. Absolute FRET ratio at baseline depict the mean FRET value (not normalized) of the first 10 

frames (before glucose addition), ΔFRET is calculated as the difference of the mean FRET value of the last 5 frames 
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compared to the baseline. Dots indicate single-cell values, points indicate mean values for each cluster, errorbars indicate 

SD. 

Discussion 

Previous work showed that nutrient transitions can result in phenotypic subpopulations, and suggested 

that these subpopulations are a consequence of non-genetic metabolic difference between individual 

cells28. We therefore require tools to study metabolic dynamics at the single cell level. To gain insights 

into the dynamics of ATP in single yeast cells, we adapted the AT1.03 sensor to make it more suitable 

for readouts under dynamic conditions. Specifically, metabolic dynamics in yeast are often characterized 

by pH changes28,198, and the AT1.03 sensor is sensitive in the physiological pH-range of S. cerevisiae170. 

Also, ATP and pH homeostasis are intimately coupled and this presents an obvious challenge: 

simultaneous changes in ATP and pH will significantly confound sensor-signal and its interpretation. 

Furthermore, we found that the original sensor showed unpredictable baseline drifts (Fig. 1S), which we 

believe is caused by photochromicity; this is also affected by pH changes since the mechanisms of 

photochromism involves (de)protonation of the chromophore.177,178,256 Since photochromic behaviour 

is difficult to prevent and hampers characterisation of pH effects, we could not reliably characterize the 

pH sensitivity of the original AT1.03 sensor and compare it directly with yAT1.03. Our modified sensor 

shows pH stability without photochromic behaviours, in the required physiological range (pH 6.25 – 

7.25), and has a Kd of 3.2 mM, which is optimal given intracellular ATP concentrations in yeast between 

1-4 mM28,29,31,32,257–260. Our control experiments show that the sensor can be used to reliably measure 

ATP levels, even for rather extreme metabolic perturbations. First, treatment of fermenting cells with 

the glycolytic inhibitor 2-DG showed clear ATP drainage. Second, inhibition of the electron transport 

chain only affects ATP levels in cells growing on ethanol (respiring), and not on glucose (fermenting). In 

addition, behaviour of the non-responsive yAT1.03R122KR126K
 demonstrated specificity towards ATP. 

We characterized ATP dynamics in response to various sudden carbon source transitions as a readout 

for glycolytic activation. We found that ATP-response depended significantly on the combination of pre-

growth conditions and pulsed carbon source. For example, galactose-grown cells have a bigger ATP 

depletion compared to ethanol grown cells, indicating a large imbalance between ATP consumption and 

production during start-up of glycolysis (Fig. 3). This suggests that cells grown on galactose may have a 

higher glucose-phosphorylation capacity in the upper-part of glycolysis compared to ethanol, which is 

in line with the fact that galactose is a glycolytic substrate, and ethanol a gluconeogenetic one. Indeed, 

previous reports state that galactose-grown cells have a higher expression of the hexokinases and 

glucose transport capacity31,97,241,242. In addition, we show that galactose addition to ethanol grown cells 

does not cause a rapid transient decrease in ATP, but rather a gradual reduction in ATP levels towards 

a new steady-steady state. These differences indicate that galactose does not cause the same transient 

imbalance in ATP consumption and production that glucose does when cells are pre-cultured on 

ethanol. Although the first step in galactose metabolism also involves substrate phosphorylation, and 

therefore ATP consumption, this activity will initially be low as the galactose metabolising Leloir-

pathway is only fully induced in the presence of galactose. We also measured ATP dynamics in fructose 

grown cells subjected to sudden glucose additions. The small or absent response to glucose indicates 

that glycolysis is hardly perturbed. This makes sense, as based on growth rates, the glycolytic flux is 

similar for these sugars (0.37 h-1 and 0.35 h-1 for glucose and fructose, respectively, Fig. S9). These results 

combined indicate that the transient ATP decrease is caused by an imbalance between upper (ATP 

consuming) and lower (ATP producing) parts during the start-up of glycolysis. The timing at which cells 

experience their minimal ATP levels (minutes of maximal dip) is independent of the extent of ATP 
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decrease (Figs. 4A and S7). This suggests that a larger initial ATP depletion is not caused by a longer 

duration of the upper and lower-glycolytic imbalance, but by the magnitude of the imbalance.  

Lastly, we pulsed cells sequentially with increasing amounts of glucose (Fig. 4C). Most cells display a 

transient decrease of ATP only in response to the first addition of 1 mM of glucose. After that, the 

majority of the cells display no (or diminished) ATP-response to successive glucose additions. Ethanol-

grown cells express HXT6 and HXT7 with a Km around 1 mM242. Apparently, the addition of extra glucose 

to these cells does not cause a new imbalance between the upper and lower glycolysis.  

Our clustering analysis of the ethanol to 20 mM glucose transition (Fig. 5) showed that a small fraction 

of approximately 3% of cells showed this phenotype. An earlier study showed that sudden transitions 

to glucose cause small populations of cells to end up in a low pH state, a state inferred to indicate an 

upper- and lower glycolytic imbalance28. Our ATP measurements support this inference, showing that 

indeed a small subpopulation of cells have trouble balancing ATP consumption and production during 

glycolytic start-up. Previously, it was shown that small variations in metabolic parameters, including 

enzyme expression levels and metabolite concentrations determine how a cell will respond to sudden 

glucose addition. Our data suggests that differences in glycolytic start-up dynamics cannot be explained 

solely by initial ATP levels (Fig 5D).  

In conclusion, we provide the yAT1.03 sensor, which shows more robust ATP measurements in yeast 

cells compared to the original AT1.03 sensor, and specifically under dynamic conditions. With this sensor 

we could show that ATP dynamics during glycolytic start-up depends on pre-growth conditions and that 

isogenic cells show highly heterogeneous responses during transitions to glucose. We believe that the 

yAT1.03 sensor will be a useful addition to the current arsenal of tools to investigate ATP physiology.  
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Supplementary information 

Movie S1. Ratiometric movie of W303-1A WT cells expressing yAT1.03. Cells were grown on 1% EtOH and pulsed with 100 

mM glucose. Colour indicates the FRET ratio, shown by the calibration bar in the upper left. 

  

Figure S1. Baseline drift of the original AT1.03 sensor. W303-1A WT cells expressing yAT1.03 or yAT1.03R122KR126K were 

grown with 1% EtOH as carbon source. Before the 2-deoxyglucose pulse, cells were incubated in 10 mM glucose for at least 

1 hour. As reference, the yAT1.03 sensor was plotted as well for this condition. At t=0 minutes, glucose was added and the 

FRET responses were measured. Lines show mean responses, normalized to the 5 last frames before glucose addition, 

shades indicate SD. 
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Figure S2. ATP levels in the cell-free extracts remain constant. The change in FRET level at either 0.3 or 1.1 mM ATP was 

recorded for up to 25 minutes at various pH values. Points show mean FRET ratio of 3 replicates, errorbars indicate 

standard deviation. 

 

 

Figure S3. Growth of W303-1A cells expressing either yAT1.03 or the empty vector pDRF1-GW. Cells were grown to midlog 

with 0.1% EtOH as substrate. Next, cells were washed and incubated for 10 minutes in 1x YNB containing no carbon source. 

Next, cells were transferred to 1x YNB containing either 10 mM galactose, 10 mM glucose or 0.1% EtOH and OD600 was 

measured. Dots depict the 10log value of the OD, colours indicate the strain. 
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Figure S4. Response of W303-1A tps1Δ cells expressing yAT1.03 and yAT1.03R122KR126K under severe perturbations. Cells 

were grown to midlog with 1% EtOH as a carbon source and pulsed with 5 mM of glucose at t=0 minutes to induce a 

glycolytic imbalanced state. Lines show mean responses, normalized to the baseline (before perturbation), shades indicate 

SD. 

 

 

 

Figure S5. Determination of the optimal number of clusters. Three clusters were chosen based on the silhouette method, 

using the fviz_nbclust function in R.  

 



 
76 

 

Figure S6. Single-cell FRET trajectories of cells exposed to multiple glucose pulses. W303-1A cells expressing yA1.03 were 

grown on 1% EtOH and pulsed multiple times with increasing amounts of glucose. Every graph depicts the ATP response of 

a single-cell. Arrows indicate point of the new glucose concentrations reached. Lines show single-cell traces, normalized to 

the baseline. 

 

Figure S7. Correlation between the maximum decrease of ATP in a cell and the timing of this observed dip. Points show 

single-cell values. The spearman correlation coefficient (r). 
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Figure S8. Steady-state ATP levels of W303-1A cells grown on various substrates. Normalized frequency distributions of 

W303-1A cells grown on 1% EtOH, 100 mM fructose, 100 mM glucose or 111 mM galactose. FRET values were normalized 

to cells grown on 111 mM galactose.  

 

Figure S9. Growth of W303-1A on 10 mM glucose or fructose. Cells were grown to midlog with 0.1% EtOH as substrate, 

washed and incubated for 10 minutes in 1x YNB containing no carbon source. Cells were subsequently transferred to 1x 

YNB containing either 10 mM glucose or 10 mM fructose and OD600 was measured. Dots depict the 10log value of the OD, 

colours indicate the strain. 
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Chapter 4 
TDH1, a minor isoform of GAPDH in yeast, forms reversible 

granules and is essential for prolonged carbon starvation 

survival 
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Abstract 

To increase survivability and fitness, microorganisms should be able to adapt to situations in which 

nutrients are scarce. Whereas protein expression regulation is a well-known adaptation strategy, much 

less is known about the role of spatial reorganisation of proteins. We found that TDH1, the minor 

isoform of the glycolytic enzyme GAPDH, is induced upon carbon starvation and accumulates into 

cytoplasmic granules. These granules are capable of dissolving when the short-term carbon stress is 

relieved. In contrast, long-term starvation of 4 days showed that cells having reversible granules do not 

resume growth. Thus, having reversible granules does not increase cellular fitness during recovery from 

prolonged carbon starvation. Furthermore, we found that deletion of TDH1 resulted in a decreased 

survival of yeast cells during carbon starvation. Our results show that TDH1 is essential for carbon stress 

survival, but reversible granules of Tdh1p are not beneficial in this context.  

 

Introduction 

Saccharomyces cerevisiae, or budding yeast, experiences ever changing environments to which it must 

adapt to survive and stay fit. One important variation is the availability of a carbon source and this 

requires proper regulation of the glycolytic pathway to ensure on one hand appropriate energy supply 

during periods with high substrate levels, and on the other hand readiness for upcoming new sugars 

during starvation. Understanding how cells respond between periods of feast and famine is crucial for 

biotechnological processes in which micro-organisms often encounter changing environments, 

including periods of starvation17,18. 

One way to swiftly respond to changes in substrate availability is through the spatial relocalisation of 

proteins110,111,125,112–118,121. Proteins can spatially reorganise in membrane-less organelles, also called 

liquid-liquid phase separations110,111,120,121,112–119. Phase separated organelles can have liquid-like 

properties, which are dynamic and reversible, or solid-like properties that are less dynamic and have 

slower dissociation kinetics (i.e. hours instead of minutes)111,113,114,120. The latter are termed gel-like 

phase separations or solid-like condensates. Liquid-like phase separations often mature into gel-like 

phase separations over time111,119,124. Lastly, solid-like aggregates with amyloid properties can be 

formed, which are more static and not reversible115,120.  

Intriguingly, metabolic enzymes are found to be involved in formation of the mentioned granules, as 

shown by the incorporation of enzymes such as glutamine synthase, phosphofructokinase, pyruvate 

kinase and enolase into granules110,114,122,127–129. Yet, the precise role and composition of these various 

granules is ambiguous and still subject to research. Nevertheless, various studies show that formation 

of these structures correlates with increased cellular survival during stresses114,116,122. Several 

mechanisms have been proposed to facilitate this effect: it protects proteins and mRNAs from 

degradation and damage114,115,122,124, it reduces protein activity114,125 or changes cellular transcription to 

a stress-response state126. On the other hand, various studies showed that mutant strains having a 

decreased dissociation speed of a granule-forming protein show a fitness defect after a relieve of carbon 

starvation114,122,124. This implies that these granules can also be disadvantageous for a cell. To our 

knowledge, all these studies were performed with short-term starvations (i.e. hours) but the effect 

during longer starvation periods may be more relevant as yeast cells in nature spend most of their time 

in starvation with a high selection pressure on survival during that state15,16. For various granules it is 

shown that they become more solid in time, which could change their advantageous properties for 

cellular fitness111,119,124. 

In yeast, the most abundant protein is the glycolytic enzyme glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH)239. GAPDH catalyzes the first step of the lower glycolytic pathway; the reaction 
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of glyceraldehyde-3-phosphate to 1,3-bis-phosphoglycerate. Yeast possesses three isoforms for GAPDH, 

named TDH1, TDH2 and TDH3. During exponential growth, TDH2 and TDH3 are mainly expressed while 

TDH1 is considered the minor isoform and is expressed during stresses, including carbon 

starvation261,262. Still, the specific function of TDH1 is unknown. Deletion of TDH1 has little to no effect 

on growth of yeast cells45. However, since TDH1 is expressed during starvation, it could be important 

for survival, or for the growth recovery after a period of starvation. Furthermore, it could be that TDH1 

performs spatial relocalisation during stresses as an adaptive mechanism. 

Here we determined Tdh1p expression and localisation during various stresses. We found induction of 

Tdh1p during specific stresses and a heterogeneous spatial regulation of Tdh1p during carbon starvation 

with a majority of cells having reversible Tdh1p granules which are likely phase-separations. We found 

that these reversible granules are detrimental for restart of growth after prolonged starvation periods. 

On the other hand, TDH1 is essential for survival and start-up of growth after long-term carbon 

starvation.  

 

Material and methods 

LifeAct-mScarletI creation 
LifeAct-mScarletI in a clontech-style C1 (table 1) was a gift from Joachim Goedhart. LifeAct-mScarletI 

and pDRF1-GW were (partially) digested using NotI and NheI (New England Biolabs, Ipswich, MA, USA). 

Next, LifeAct-mScarletI was ligated into pDRF1-GW using T4 ligase (New England Biolabs) which created 

LifeAct-mScarletI in the pDRF1-GW vector. 

 

Yeast transformation 
Yeast cells were transformed using the protocol of Gietz & Schiestl, 2007185. 

 

Growth and starvation of yeast cells 
Used strains are listed in table 2. Cells were grown overnight in 1x YNB (Merck, Darmstadt, Germany) 

containing 20 mg/L L-histidine (Sigma Aldrich, Stl. Louis, MO, USA), 60 mg/L leucine (SERVA 

Electrophoresis GmbH, Heidelberg, Germany), 20 mg/L methionine (SERVA Electrophoresis GmbH, 

Heidelberg, Germany), 20 mg/L uracil (Honeywell Fluka, Charlotte, NC, USA), 100 mM glucose (Boom 

BV, Meppel, Netherlands) and 50  mM phthalate (VWR International, Radnor, PA, United States of 

America), buffer at 200 rpm and 30°C. The next day, cells were diluted again and grown again overnight 

to an OD600 of maximally 1.5. For starvation, cells were washed 3 times in the same medium lacking 

glucose and resuspended in the same medium lacking glucose at either pH5 or 7 or in YNB medium 

containing the described amino acids and a citric-acid/Na2HPO4 buffer at pH 5 or 7. 

 

Coverslip preparation 
Concanavalin A (ConA)-coated coverslips were prepared by spreading 35 µL of a ConA solution 

(prepared as described by Hansen et al., 2015219) on a coverslip. Next, coverslips were air-dried 

overnight.  

 

Microfluidics 
BY4741 WT cells with TDH1-eGFP cells were grown as aforementioned. Afterwards, cells were injected 

into a PDMS chamber. Microfluidics experiments were conducted according to Hansen et al.219. ConA-

immobilised cells were grown in PDMS chambers on microscopy coverslips. Flow was driven by a flow 

controller, and medium changes were realised through a microfluidics valve (M-switch, Fluigent). Cells 
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were cultivated under constant flow (20 µL/min) of YNB buffered to pH 5.5 supplemented with histidine, 

leucine, methionine, with or without 100 mM glucose. 

 

Microscopy 
Samples were put on a glass slide or added to a six-wells plate containing ConA-coated coverslips to let 

them attach to the coverslips. Next, the ConA-coated coverslips were loaded in a Attofluor cell chamber 

(Thermofisher Scientific, Waltham, MA, USA) and 1 mL of the appropriate medium was added. Cells 

were visualized using a Nikon Ti-eclipse widefield fluorescence microscope (Nikon, Minato, Tokio, Japan) 

equipped with a TuCam system (Andor, Belfast, Northern Ireland) and a SOLA 6-LCR-SB power source 

(Lumencor, Beaverton, OR, USA). Microscopy was performed at 30°C. Thioflavin T and CFP fluorescence 

was obtained with a 430/10 nm excitation filter, a 458LP dichroic mirror and 480/10  nm emission filter. 

GFP fluorescence was recorded by a 480/40 nm excitation filter, a 505LP dichroic mirror and a 535/50 

nm emission filter. RFP fluorescence was recorded using a 570/20 nm excitation filter, a 600LP dichroic 

mirror and a 610LP emission filter. Images were obtained with a 100x Plan Apo λ 100x Oil Ph3 objective 

(numerical aperture 1.45) objective and 2x2 binning. For perturbation experiments, a baseline was 

recorded after which a 10x stock solution (dissolved in the same medium the cells incubated in) was 

added.  

 

Stresses 
BY4741 WT cells tagged with Tdh1p-eGFP cells were grown to mid-log as described before. Next, cells 

were aliquoted in Eppendorf tubes and the following stresses were added; 200 nM rapamycin (from 1 

mM stock solution), 0.5% NaN3 (Sigma Aldrich, from 5% stock solution), 0.5 M KCl (Sigma Aldrich, from 

a 5 M stock solution), 5 mM H2O2 (Sigma Aldrich, from 8.8 M stock solution), 10 mM 2-deoxy-d-glucose 

(Sigma Aldrich, from 100 mM stock solution) or 25 µg/mL cycloheximide (Sigma Aldrich, from 12.5 

mg/mL stock solution). Additionally, one aliquot of cells was incubated at 42°C. All samples were 

incubated for up to 6 hours and imaged as described before.  

 

FRAP microscopy 
FRAP experiments were conducted using a Nikon A1R+ confocal microscope equipped with an Apo 60x 

Oil λS DIC N2 objective. GFP fluorescence was obtained using a 488 nm laser, a 488 nm dichroic mirror 

and a 525/50 nm emission filter. Images of 512 x 512 pixels were recorded. A baseline of 10 frames was 

obtained after which a Tdh1p granule was bleached using a 405 nm laser. Four seconds per frame were 

obtained. Movies were background corrected and fluorescence of the bleached regions-of-interests 

were normalized to the first 5 frames. 

 

ThT staining 
BY4741 WT cells with TDH1-eGFP cells were grown and starved (for 6 hours) as described before. Next, 

cells were stained for 20 minutes in the starvation medium with 30 µM ThT (Santa Cruz Biotechnology, 

Dallas, TX, USA) added. Afterwards, the sample was washed 3 times with the starvation medium lacking 

ThT. Cells were visualized as described for microscopy. 

 

Hexanediol treatment 
BY4741 TDH1-eGFP cells were grown, starved (for 6 hours) and prepared for microscopy using the 

Attofluor cell chamber as described before. Next, a baseline was recorded after which hexanediol (Sigma 
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Aldrich) and digitonin (Sigma Aldrich) was added to a final concentration of 10% and 10 μg/mL, 

respectively. eGFP fluorescence was recorded as described before. 

 

Cycloheximide experiments 
BY4741 TDH1-eGFP cells were grown, starved (for 6 hours) and prepared for microscopy using the 

Attofluor cell chamber as described before. 20 minutes before starting imaging, cycloheximide was 

added to a final concentration of 25 µg/mL. Next, cells were imaged and glucose was added to a final 

concentration of 100 mM after the baseline was recorded. 

 

pHluorin 
For the phluorin ratio movies, BY4741 WT cells expressing pHluorin (table 1 and 2) were grown, starved 

(for 6 hours) and prepared for microscopy using the Attofluor cell chamber as described before. Next, 

a baseline was recorded after which glucose was added to a final concentration 100 mM. pHluorin was 

excited using 400/40 nm and 480/40 nm filter cubes, emission was passed through a 505 nm LP filter 

and recorded with a 535/50 nm filter. 

For phluorin ratios at static time points, BY4741 WT cells expressing pHluorin were grown, starved at 

pH5 and 7 for up to 6 hours. For every time point, a sample was taken from the starvation cultures and 

prepared for microscopy using a glass slide as described before. Phluorin was recorded as described. In 

addition, a sample of cells growing in medium containing 100 mM glucose was included. 

 

Agarose pad growth 
BY4741 cells expressing TDH1-eGFP were grown and starved for 4 days as previously described. Next, 

cells were plated on agarose pads containing the growth medium with 1.5% TopVision Low Melting 

Point Agarose (ThermoFisher Scientific) and put in a Glass bottom dish (MatTek Corporation, Ashland, 

MA, USA). Afterwards, eGFP fluorescence was recorded as described before. Images were taken every 

15 minutes for 20 hours.  

 

Microscopy data analysis 
Cells and granules were segmented using FiJi (NIH, Bethesda, MD, USA) and in-house macros. In brief, 

images were background corrected after which cells and granules were segmented using the Weka 

Segmentation plugin186. Segmented images were converted to 8-bit and per segmented cell, granules 

were detected using the segmented images and the find maxima function. Furthermore, mean 

fluorescence was determined as well on the segmented cells. For time movies, each frame was 

segmented separately to detect granules. Fluorescence values in time were determined by segmenting 

only the first timeframe and using the segmentation results for the rest of the frames as well. 

 

Growth and flow cytometry 
BY4741 WT, tdh1Δ, tdh2Δ, tdh3Δ cells (table 2) were grown and starved (for 4 days) as described before. 

Next, cells were diluted to an OD600 of 0.05 in a 48-wells plate containing 480 µL of medium as described 

before containing 10 mM of glucose. Subsequently, growth curves were obtained using a Clariostar 

plate reader at 30°C and 700 rpm orbital shaking. OD600 was measured every 5 minutes. Afterwards, 

data was corrected for background absorption. Next, growth rate was determined using a sliding 

window and the hours to reach the maximal growth rate was used as an approximation of lag phase.  

Additionally, the remaining starved samples were spun down and resuspended in PBS (pH7) with 5 

µg/mL propidium iodide (Sigma Aldrich) and incubated in the dark for 15 minutes. Additionally, a sample 
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of unstained starved WT cells and a sample of starved WT cells incubated at 80°C for 5 minutes were 

prepared as negative and positive controls, respectively. Subsequently, cells were washed twice and 

resuspended in PBS without propidium iodide. Finally, propidium iodide fluorescence of cells were 

obtained BD Accuri™ C6 flow cytometer (BD Biosciences, Frankin Lakes, NJ, USA) with a 640 nm 

excitation laser and a 670 LP emission filter. Finally, data was analysed and visualised using R. The 

fluorescence threshold for dead cells was set at the mean of unstained cells plus 2 times its standard 

deviation. 

 

Table 1. Plasmids used in this study. 

Plasmid Properties Source 

pHluorin pYES-pHluorin URA;2µ Gertien Smits198 

pRB23  MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. 3; Edc3-mCherry, Pab1-CFP URA;Cen J. Ross 

Buchan263 

LifeAact mScarletI pDRF1-GW LifeAct-mScarletI URA;2µ In-house  

 

 

Table 2. Used strains in this study. 

Strain Genotype Source 

BY4741 WT MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0 In-house 

BY4741 TDH1-eGFP MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. TDH1-eGFP: HIS3 ThermoFisher Scientific 

BY4741 TDH2-eGFP MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. TDH2-eGFP: HIS3 ThermoFisher Scientific 

BY4741 TDH3-eGFP MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. TDH3-eGFP: HIS3 ThermoFisher Scientific 

BY4741 TPI1-eGFP MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. TPI1-eGFP: HIS3 ThermoFisher Scientific 

BY4741 PFK1-eGFP MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. PFK1-eGFP: HIS3 ThermoFisher Scientific 

BY4741 tdh1Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. TDH1-eGFP: HIS3, 

tdh1Δ:KanMX 

ThermoFisher Scientific 

BY4741 TDH2Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. TDH1-eGFP: HIS3, 

TDH2Δ:KanMX 

ThermoFisher Scientific 

BY4741 TDH3Δ MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. TDH1-eGFP: HIS3, 

TDH3Δ:KanMX 

ThermoFisher Scientific 

BY4741 WT pHluorin MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. 3; pYES- pHluorin (URA3) In-house 

BY4741 TDH1-eGFP 

+ pRB23  

MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. 3; Edc-mCherry, Pab1-CFP 

URA;Cen 

In-house 

BY4741 TDH1-eGFP 

+ LifeAact-mScarletI 

MATa, his3Δ1, leu2Δ0, met15Δ0, ura3Δ0. 3; pDRF1-GW LifeAct-

mScarletI 

In-house  

 

Results 

TDH1 is induced during various stresses but forms granules only during carbon starvation 

The identification of conditions that induce TDH1 expression could shed light on the function of Tdh1p. 

Therefore, Tdh1p levels were examined during various stresses in strain BY4741 having TDH1 tagged 

with eGFP (Fig. 1). We found low expression of Tdh1p in unstressed cells. Heat stress and intracellular 

acidification induced a small response whereas rapamycin (TORC inhibition), osmotic and energetic 

stress through glycolytic inhibition with 2-deoxyglucose caused a higher, though highly variable, 

expression of TDH1. Mock treatment did not cause any Tdh1 expression (Fig. 1). 

Carbon starvation not only induced TDH1 expression but also formation of Tdh1p granules in a 

heterogeneous manner (Fig. 2). We found cells having Tdh1p homogenously distributed in the cytosol 

and cells expressing one to multiple granules of Tdh1p. These granules were not caused by the attached 

eGFP as eGFP fusions with the other isoforms TDH2 and TDH3, and also other glycolytic enzymes such 

as triosephosphate isomerase (TPI) and phosphofructokinase (PFK) did not show granules (Fig 2A). After 
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6 hours of starvation, we found on average 0.86 granules per cell (with a standard deviation of 0.91), 

and approximately 60% of the 1829 analysed cells had granules (Fig 2B). Granule formation was 

dependent on the pH of the starvation medium (which affects intracellular pH, Fig. S1), as granule 

amounts were decreased at pH7 (Fig. 2D). The formation of granules was not dependent on the specific 

composition of the medium, as a citric acid/Na2HPO4 buffer gave similar results (Fig. S3). Intracellular 

acidification alone, induced by 2,4-DNP124 in the presence of glucose, also induced granule formation, 

although slightly impaired and with less TDH1 expression (Figs. 1 and 2E).  

We conclude that TDH1 is expressed during certain stresses but only forms granules during carbon 

starvation at low pH. Furthermore, both TDH1 expression and Tdh1p localisation are heterogeneous. 
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Figure 1. Tdh1 protein expression is induced by osmotic and energetic stress. A) Microscopic images of BY4741 yeast cells 

with TDH1-eGFP incubated for 6 hours or a shorter period (rapamycin, 2.5 hours; H2O2, 30 minutes; NaN3, 90 minutes; CHX, 

2.5 hours; heat-shock, 30 minutes; 2-DG, 2.5 hours; KCl, 90 minutes; DNP, 2.5 hours). B & C) Boxplot of TDH1-eGFP 

expression after a short incubation (B) or a 6 hours incubation (C) with the various stresses. Boxplots depict median with 

quartiles, whiskers indicate largest and smallest observations at 1.5 times the interquartile range. Dots represent TDH1-

eGFP fluorescence values of 1 cell. Data is obtained from at least 2 biological replicates. Abbreviations: DNP: 2,4-

dinitrophenol, CHX: cycloheximide, NaN3: sodium azide, 2-DG: 2-deoxyglucose, a.u.: arbitrary units. 
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Figure 2. Carbon starvation induced Tdh1 expression and accumulation into granules. A) Example pictures of various 

BY4741 strains with eGFP-tagged glycolytic enzymes imaged immediately after a sudden transition to starvation and after 6 

hours of starvation (top row) and Tdh1p-eGFP localization during various conditions (bottom row). B) Quantification of the 

amount of granules per cell, dots show average number of granules per cell, error bars indicate SD. C) Fraction of yeast cells 

having at least 1 granule. D) Fraction of cells with Tdh1p-eGFP granules after 6 hours of starvation at various pH. E) Fraction 

of cells with Tdh1p-eGFP granules after 2 mM DNP treatment, either with or without glucose after 3 hours. Data is obtained 

from at least 2 biological replicates. Abbreviations: DNP: 2,4-dinitrophenol.  

Tdh1p granules do to co-localize with stress granules and P-bodies markers 

It was previously shown that during stress processing bodies (P-bodies) and stress granules form in 

eukaryotic cells263,264. We tested colocalization of Tdh1p-EGFP to P-bodies (Edc3p-mCherry) or stress 

granules (Pab1p-CFP, Fig. 3A)263,264. We found no colocalization of Tdh1p with either Pab1p or Edc3p. 

Furthermore, localisation of metabolic enzymes to actin has been found before265,266. Therefore, actin 
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was visualized with LifeAct-mScarletI and imaged it together with Tdh1p-eGFP. Tdh1p did not localize 

to actin filaments (Fig. 3B). Altogether, these results suggest that Tdh1p granules are distinct 

cytoplasmic aggregates not associated with other known stress-dependent granules.  

 

 
Figure 3. Tdh1p granules do not co-localize with stress granules and P-bodies markers . A) Localisation of Tdh1p-eGFP with 

stress granules (Pab1-CFP) or P-bodies (Edc3-mCherry). B) Localisation of Tdh1p-eGFP with actin, (LifeAct-mScarletI). 

Granules form within several hours by a combination of carbon starvation and low pH 

To gain more insights in the dynamics of Tdh1p granule formation, their numbers were determined at 

various time points (Fig. 4). The number of granules per cell is still increasing after 6 hours, indicating 

that  granule formation is a rather slow process (Fig. 4A). However, when pH is artificially reduced by 

addition of DNP, the  granule formation rate is increased. This indicates again that the intracellular pH 

instigates Tdh1p granule formation. Likewise, starvation at pH7 still induces  granule formation although 

less pronounced. Additionally, we visualized formation of Tdh1p granules at a 6 minutes time resolution 

in cells suddenly transitioned to medium without any carbon source (Fig. 4B-E). We found, in line with 

the static time points, a highly heterogeneous response upon carbon starvation. At all time points 

between 0 and 6 hours, cells increased their fluorescence either abruptly or more steadily. Still, within 

the 6 hours imaged, a substantial proportion of cells did not show any response yet. We again found 

subpopulations of cells with either Tdh1p granules or Tdh1p distributed homogenously in the cytoplasm 

(Fig. 4C). Lastly, we tracked 20  granules in time (Fig. 4D). Tdh1p granules showed little to no movement. 

Only during the formation small movements were observed (movie S1) and no events of merging 

granules were found, which are properties of liquid-like phase-separations111,115,120.  

Taken together, we show that Tdh1p granules are static protein aggregates and their formation is a slow 

and heterogeneous process which is triggered by lack of a carbon source together with a low 

intracellular pH.  
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Figure 4. Carbon starvation and low pH trigger the dynamic formation of static Tdh1p granules. A) Number of Tdh1p-eGFP 

granules per cell (left graphs) and fraction of cells with a granule (right graphs) at various timepoints in cells incubated with 

or without glucose, with or without 2,4-DNP (abbreviated to DNP) and at pH5 and 7. Sample sizes ranged from 64-9457 

cells. B) Fluorescence of BY4741 cells with Tdh1p-eGFP. Left graph shows mean fluorescence normalized to the first frame 

with standard deviation, depicted by the red points and errorbars, respectively. Middle graph shows fluorescence traces of 

single-cells, normalized to the first frame. Right graphs show the fraction of cells that show increased fluorescence 

compared to the first frame. C) Granule quantification of the same data as shown in B, left graph shows average number of 

granules per cell with standard deviation, depicted by the red points and errorbars, respectively. Right graphs show mean 

fraction of cells with at least 1 granule. D). Particle tracking of 20 Tdh1p-eGFP granules, boxplot depicts median with 

quartiles, whiskers indicate largest and smallest observation at 1.5 times the interquartile range. Each point depicts a 

particle, point colour indicates amount of time the granule was tracked. E) Example pictures of cells having Tdh1p-eGFP in 

time. All data is obtained from at least 2 biological replicates. 
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Granules have gel-like properties 

The static nature of the granules hints to solid-like aggregates or gel-like phase separations. We further 

examined whether the granules could be phase separations. First, we determined whether Tdh1p 

granules have phase-separation properties and therefore depend on weak interaction. Hexanediol is 

known to disrupt these interactions and therefore can dissolve liquid-like phase separations whereas 

solid-like structures will not dissolve by hexanediol111,267. Addition of hexanediol made Tdh1p granules 

dissolve (Fig. 5B), although the dissociation occurred rather slow compared to liquid-like phase 

separations115,267 and some granules remained. In addition, mock treatment with 10 µg/mL digitonin 

also induced granule dissociation, although less than with hexanediol (Fig. S3). Tdh1p granules were also 

not stained by thioflavin T, a stain for solid-like aggregates (Fig. 5A)115.  

Lastly, we checked how dynamic exchange of Tdh1p is between granules and the cytoplasm by using 

fluorescence recovery after photobleaching (FRAP). Bleaching single Tdh1p-eGFP granules revealed no 

fluorescence recovery after bleaching confirming the static nature of Tdh1p granules (Fig. 5C). This is 

expected in cells harboring only 1 granule, since no (or little) free Tdh1p-eGFP in the cytosol is present. 

We also performed FRAP in cells having multiple granules to ensure other Tdh1p-eGFP molecules were 

still present after photobleaching. Again, we found no recovery of fluorescence after photobleaching a 

granule. This indicates that Tdh1p is trapped inside the granule and does not have any exchange with 

other compartments. 

The combined results show that Tdh1p granules have properties resembling gel-like phase separations. 

 
Figure 5. Tdh1p granules have gel-like properties. A) colocalisation of Tdh1p-eGFP with thioflavin-T. B) Granule dissociation 

of BY4741 cells with Tdh1p-eGFP granules after addition of hexanediol. Left graph depicts fraction of cells with at least 1 

granule, right graph shows mean granule per cell. Dots depict mean value of each timepoint of 2 biological replicates with 

approximately 50-300 cells per replicate. Example pictures of the  granule dissociation are shown below. C) Bleaching of 

Tdh1p-eGFP granules in cell having 1 (upper graph) or at least 2 granules (lower graph). Traces are normalized to the first 5 
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obtained frames. Red points indicate mean normalized fluorescence values, grey lines show individual fluorescence traces. 

Example pictures of Tdh1p-eGFP FRAP are shown below at the bottom. Abbrevations: ThT: thioflavin-T.  

Tdh1p granules are reversible 

Phase separations, including gel-like phase separations, are known to be reversible115,120,124. Therefore, 

we examined the reversibility of the Tdh1p granules. Addition of glucose to cells starved for at least 4 

hours indeed resulted in dissolution of the granules (Fig. 6A,B, movie S2). The dissolution of the  granules 

occurred stochastically and highly heterogeneously (Fig. S4). Still, it most likely coincides with a restart 

of metabolism, as we found that Tdh1p-eGFP fluorescence increased after Tdh1p granules dissolved. 

This is probably caused by a restoration of ATP and pH levels, as GFP is quenched by low pH218. In line 

with this, ATP levels and intracellular pH increased abruptly in single-cells after glucose additions (Fig. 

S4 and S5), which is indicative for glycolytic start-up28,251,252. Unfortunately, only Tdh1p-eGFP 

fluorescence could be recorded simultaneously with the granule dynamics since the ATP and pHluorin 

sensors have spectral overlap with eGFP fluorescence. The dissolution of granules is not caused by 

production of new Tdh1p and degradation of granule-trapped Tdh1p, since the same results were found 

in cycloheximide-treated cells (Figs. 6D and S5).  

We studied granules dissolution further by changing the pH of the starvation medium from pH5 to pH7, 

which directly increases the intracellular pH of cells starved for at least 4 hours (Fig. S6). This resulted in 

an immediate dissolution of the granules, again showing that pH is a major determent of granule 

formation (Fig. 6C). Lastly, we characterised how fast the granules responded to multiple transitions 

between glucose-rich and carbon starvation conditions (Fig. 6E). The first switch to starvation conditions 

showed an increase in Tdh1p granules and fluorescence. We found a heterogenous response of cells 

not increasing TDH1 expression, cells expressing TDH1 but not forming phase-separations and cells 

expressing TDH1 and forming Tdh1p phase-separations (Fig. 6F). The subsequent transition to glucose 

also showed a decrease of granule amounts. The second starvation phase afterwards did not increase 

granule formation anymore, although a small bending in the decrease rate of granules was noticed (Fig. 

6E, right graph). This is indicative that some cells do produce Tdh1p granules during the second phase 

whereas others kept granules homogenously distributed, which was indeed found in the single-cell 

traces (Fig. 6F). A third starvation to glucose phase gave no significant response anymore. These results 

indicate that the Tdh1p granule formation is a rather slow process and cannot follow multiple transitions 

within 10 hours. 

In conclusion, our results show that Tdh1p  granules are reversible and dissolve upon glucose addition 

or pH alkalizations. The formation and dissolution dynamics are rather slow and cannot follow short-

term transitions between feast and famine conditions. 
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Figure 6. Tdh1p-eGFP granules are reversibly dissolved. A) Example pictures of BY4741 Tdh1p-eGFP cells at various 

timepoints after a starvation to glucose transition. B) Quantification of Tdh1p-eGFP granules after glucose addition. Left 

graph shows average number of granules per cell with the standard deviation, depicted by the red points and errorbars, 

respectively. Right graphs show mean fraction of cells with at least 1 granule. Per replicate, between approximately 20-400 

cells were analyzed. C) Quantification of Tdh1p-eGFP granules after a sudden shift to a high pH. Left graph shows average 

number of granules per cell with the standard deviation, depicted by the red points and errorbars, respectively. Right 

graphs show mean fraction of cells with at least 1 granule. Per replicate, between approximately 40-125 cells were 

analyzed. D) Quantification of Tdh1p-eGFP granules of BY4741 cells incubated with 25 µg/mL cycloheximide after glucose 

addition. Left graph shows average number of granules per cell with the standard deviation, depicted by the red points and 
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errorbars, respectively. Right graphs show mean fraction of cells with at least 1 granule. Per replicate, between 

approximately 40-220 cells were analyzed. E) Quantification of Tdh1p-eGFP granules during a repetitive starvation and 

glucose regime. Left graph shows average number of granules per cell with the standard deviation, depicted by the red 

points and errorbars, respectively. Right graphs show mean fraction of cells with at least 1 granule. 338 cells were analyzed. 

F) Heatmap of the same data as shown in E. Colouring in heatmaps depict  granules per cell (left graph) and fluorescence 

per cell (right graph) over time during various glucose-starvation regimes. The same cell is depicted at the same y-

coordinate. Data from B-D is obtained from at least 2 biological replicates, E from 1 replicate. Abbrevations: CHX; 

cycloheximide.  

TDH1 increases cellular survival and ensures proper start-up of growth 

Since we suspected that the TDH1 response is important for survival during carbon starvation, and yeast 

is highly robust to starvation conditions, we studied a 4-days starvation period of BY4741 WT, tdh1Δ, 

tdh2Δ and tdh3Δ strains. We examined granule counts and Tdh1p-eGFP fluorescence after a sudden 

starvation transition, but also during a more natural transition to a stationary phase (Fig. 7). After 4 days 

of starvation, BY4741 with Tdh1p-eGFP had an higher number of granules per cell compared to 6 hours 

starvation (Fig. 7A-B and 7C). In addition, we still found heterogeneity as a small subpopulation (below 

1%) of cells had high levels of Tdh1p-eGFP homogenously distributed in the cytosol (Fig. 7C). Cells that 

experienced a transition to stationary phase showed increased Tdh1p-eGFP levels compared to cells 

that were suddenly switched. The stationary cells also showed  a decreased amount of granules per cell 

(0.5 spots with a SD of 0.54 for stationairy cells and 1.8 spots with a SD of 1.8 for suddenly starved cells) 

and a smaller fraction of cells having granules (40% and 90% for stationairy and suddenly starved cells, 

respectively). This indicates that a natural (and probably slower) transition to a starvation state allows 

cells to respond better to the stress state compared to cells experiencing a sudden starvation transition, 

resulting in increased levels of Tdh1p. 
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Figure 7. Tdh1p-eGFP granules are still present after 4 days of sudden starvation or 4 days in stationairy phase. A) Quantified 

Tdh1p-eGFP granules per cell. Boxplots depict median with quartiles, whiskers indicate largest and smallest observation at 1.5 

times the interquartile range. B) Violin plot of the quantified fluorescence of BY4741 cells with Tdh1p-eGFP, dot depicts median 

value. C) Example of BY4741 with Tdh1p-eGFP after 4 days of starvation at pH5 with either a sudden starvation transition (left 

graph) or a transition to stationary phase (right graph). 

For the cells that experienced the sudden starvation transition, growth and survival (by spot assay and 

through propidium iodide staining) was measured after the 4 days of starvation (Fig. 8). Starvation at 

pH7 resulted in increased cell death (Fig. 8B, C, D) and a largely impaired start-up of growth, combined 

with reduced yield for most strains (Fig. 8A, table 3), but a complete arrest for the tdh1Δ strain. At pH5 

these effects were milder, but again the tdh1Δ strain showed the highest lag phase. Without a 4-days 

starvation period, all strains had comparable growth characteristics (Fig. S8, table S1), although the 

tdh1∆ strain had impaired growth during the diauxic transition (i.e. from glucose to ethanol). The tdh1Δ 

strain also showed an increased fraction of dead cells after 4 days starvation (25% cell death for tdh1Δ 

compared to 9% cell death of WT cells, table 3). Of note, the spot assay showed a higher fraction (about 

40 times) of tdh1Δ cells not capable of resuming growth compared to WT cells (Fig. 8B), indicating that 

a large fraction of cells is still viable, but cannot start-up from starvation anymore. These results 

demonstrate the critical role of TDH1 during carbon stress in budding yeast. 
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Figure 8. tdh1Δ strains survival and growth is significantly reduced after 4 days of carbon starvation at either pH5 and pH7. 

A) Growth of the BY4741 strains. Colours indicate the various yeast strains. B) Spot assay of the mutant strains on agarose 

plates containing 1x YNB with 2% glucose. C) Normalized frequency plots of flow-cytometry obtained propidium iodide 

fluorescence of the strains. The fluorescence values considered dead cells are depicted by the shaded in each graph. The 

minimal fluorescence value is the median + 2 standard deviations of unstained cells. D) quantification of the viable fraction 

based on the propidium iodide fluorescence of each cell. Results from A, C and D were obtained from at least 2 biological 

replicates. 

Table 3. Growth statistics of growth BY4741 WT, tdh1Δ, tdh2Δ and tdh3Δ after 4 days of carbon starvation at either pH5 

and pH7 in a 48-wells plate in a plate reader. 

Strain Starvation pH µ (h-1) h to max growth Final OD600 % dead 

BY4741 WT 7 0.30 47 0.13 74 

BY4741 WT 5 0.29 25 0.19 9 

BY4741 tdh1∆ 7 n/a n/a n/a 88 

BY4741 tdh1∆ 5 0.32 42 0.17 25 

BY4741 tdh2∆ 7 0.32 42 0.12 71 

BY4741 tdh2∆ 5 0.33 23 0.18 13 

BY4741 tdh3∆ 7 0.31 40 0.11 71 

BY4741 tdh3∆ 5 0.31 29 0.19 13 

 

Cells having Tdh1p granules do not restart growth after recovery from stress 

The previous results show the importance of TDH1 for survival, but not the role of the Tdh1p granules 

for this process. Since we found 2 subpopulations of TDH1 expression and its localisation, we 

questioned whether 1 subpopulation restarts growth after relieving the carbon starvation stress. We 

again starved BY4741 cells having TDH1-eGFP for 4 days and subsequently monitored growth for 20 

hours on 1x YNB agarose pads containing 2% glucose using a widefield microscope (Fig. 9, movie S3). 
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We monitored 1475 cells of which only 9 cells were able to resume growth. All these cells had no 

granules and had at least a 4 times higher fluorescence than the median fluorescence of the cells that 

could not resume growth. Of note, we also found a few cells with a high fluorescence that were also 

not able to resume growth within the 20 hours monitored. In addition, cells having Tdh1p granules did 

not show resumption of growth or dissolution of the granules. These results indicate that cells having 

the Tdh1p granules are less prepared for the relieve of the stress compared to cells having Tdh1p 

homogenously distributed in the cytosol. When cells resumed growth, Tdh1p-eGFP fluorescence 

decreased, in line with the consensus that TDH1 expression is low during growth on glucose (Fig. 9B, 

C)268,269.  

 
Figure 9. Cells with Tdh1p granules do not restart growth upon stress recovery whereas cells with homogenously 

distributed Tdh1p resume growth and decrease in Tdh1p-eGFP fluorescence during growth. A) Measured Tdh1p-eGFP 

fluorescence of the cells exposed to 4 days starvation and then switched to to growth on 1x YNB agarose pads containg 2% 

glucose. Cells are grouped by their ability to resume growth. Dots show fluorescence of each cell, orange point with 

whiskers indicates median with standard deviation, respectively. B) Example still images of a yeast cell having Tdh1p-eGFP 

homogenously distributed in the cytosol that is able to resume growth, surrounded by yeast cells having Tdh1p-eGFP 

granules that are not able to resume growth. C) Measured colony fluorescence (left graph) and colony area (right graph), 

normalized to the first timepoint. Each colour depicts a single colony. Data obtained from 2 biological replicates.  

Discussion 

The function of TDH1 in budding yeast has been an enigma for decades. Here we show two new features 

of TDH1 related to cellular responses during famine condition: the formation of granules during carbon 

starvation and its importance for survival during carbon starvation and the startup of growth.  

We show that TDH1 is mainly expressed when cells lack nutrients or experience salt stress. Why TDH1 

is specifically expressed during these stresses remains unclear, but we found that Tdh1p forms granules 

during carbon starvation, which we think are gel-like phase separations. This is based on various 

observations. First, Tdh1p granules dissolved slowly by 1,6-hexanediol which is a property of phase-

separations115,267 although some cells still had granules after 1 hour of hexanediol treatment, indicating 
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the granules are rather rigid. In addition, the granules are not stained by ThT. Third, Tdh1p granules are 

reversible and dissolve upon glucose addition or increasing pH, arguing against true aggregates (as these 

are irreversible) and point to gel-like structures111,114,124. Likewise, the ionophore 2,4-DNP accelerates 

granule formation as found for other gel-like separations124. Furthermore, the FRAP results and particle 

tracking show gel-like properties of the granules with low movement and no fluorescence 

recovery117,120,124. Of note, during the initial phase of the occurrence of Tdh1p phase-separations, the 

granules are more dynamic (Movie S1), indicating that Tdh1p phase separations mature quite fast from 

liquid-like to gel-like phase separations. Unfortunately, we were not able to study internal granules 

dynamics, since the granules were too small for a partial FRAP of a granule. However, the lack of 

recovery after bleaching a granule in a cell with multiple granules indicates that the granules lack any 

exchange of Tdh1p. These combined results strongly indicate that the reversible granules are gel-like 

phase-separations.  

Many proteins that form phase separations contain disordered domains. SMART (Simple Modular 

Architecture Research Tool) and PONDR-FIT (Predictor of Natural Disordered Regions) profiles indicated 

that the TDH1 gene has 2 low complexity domains (around positions 125-175 and 200-225, Fig. S8)270,271, 

but these are also present in TDH2 and TDH3, which do not form granules (Fig. 2). Therefore, we could 

not identify unique regions for TDH1 which could affect the formation of phase separations. The 

predictions for TDH1, TDH2 and TDH3 suggest that the formation of the granules does not depend on 

disordered domains. However, Tdh1p has a remarkable higher predicted isoelectric point (8.6) 

compared to TDH2 and TDH3 (7 for both) which may be involved in Tdh1p phase-separation 

induction119. Perhaps, Tdh1p becomes less soluble at a low pH which causes the formation of higher-

order structures (without causing protein denaturation) of Tdh1p113. Finally, it is possible that upon 

stress, localized TDH1 mRNAs induces localized production of TDH1, resulting in the formation of 

granules. This mRNA localisation can be regulated by stress-response elements in the promotor272. 

However, studies showed that that localization of mRNAs can also induce translational silencing126,272. 

Yet, another study did show translational active sites with localized production of proteins, including 

metabolic enzymes such as Eno2p and Pdc2p. 

We found that ATP depletion through 2-DG221 does not induce Tdh1p granules, and the amount of 

Tdh1p granules is lower during glucose starvation at a high extracellular pH or when intracellular pH is 

lowered in the presence of glucose compared to starvation at low extracellular pH. These results show 

that these phase separations need a combination of glucose depletion and intracellular acidification. 

The required absence of glucose for proper granule formation could mean that cellular signalling is 

involved, which was indeed found previously for yeast and mammalian cells. Formation of the glycolytic 

bodies is dependent on the Snf1 kinase, which induces glucose derepression and the cAMP-PKA 

signalling inhibitor protein Ira2128 and stress granules in mammalian cells is dependent on mTORC 

signalling273 whereas stress granules formation in yeast is affected by the Ste20 kinase274. Furthermore, 

Tdh1p-granules do not localize to P-bodies or stress granules, which was also found for various other 

metabolic punctuate structures that contain metabolic proteins such as Gln1, Ade12 and Adh2 among 

others110. Identifying the specific subcellular localisation could help determining the function of the 

Tdh1p phase separations, but the cellular location remains unclear for now.  

Various studies imply that phase-separations are beneficial for cells as they protect proteins from 

damage or degradation or to inhibit protein activity114,115,122,124,125, although impaired dissolution could 

be detrimental as well for survival or restart of growth114,124. Here we found, in line with other studies 

involving phase-separations111,114,122,124, that a relieve of short-term starvation (i.e. 4-6 hours) caused 

dissolution of the granules and probably a restart of growth as measured by a recovery of ATP, pH levels 
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and cellular eGFP fluorescence (Figs. S6). On the other hand, after long-term starvation (i.e. 4 days), 

none of cells having Tdh1p granules were able to restart growth. Of note, we found that only a small 

fraction of cells dies, but a larger fraction cannot resume growth anymore, which cannot be accounted 

for by the dead fraction (Fig. 8 and table 3). These prolonged starvation conditions are important as 

yeasts encounter these often in nature15,16. This indicates that reversible granules are not always 

beneficial for cells, and definitely not during prolonged starvation periods. During this long-term 

starvation, it is well possible that the granules mature from gel-like phase separations to more solid-like 

aggregates111,119,124, which is subject to future work. Our results show that the function and benefits of 

reversible granules should be characterised with the specific cellular conditions and context in mind. It 

could well be that Tdh1p granules have an important function for cellular robustness for other 

conditions not envisioned in the present study. Likewise, assigning specific roles of various identified 

granules during a specific stress condition does not imply they have this function in other conditions as 

well. We found granule formation only during carbon stress, which suggests that the granules have a 

specific function during carbon starvation. Yet, we were not able to identify a specific function of the 

Tdh1p granules at this point. 

Although we could not directly identify a role for Tdh1p phase separations, we found that TDH1 itself is 

essential for long-term survival during carbon starvation whereas the other isoforms are less important. 

Why yeast cells evolved a specific isoform of GAPDH for this survival is not clear, neither is the specific 

mechanism which increases the survivability through TDH1. Our results imply it is not through 

adaptation by spatial localisation. During stress, expression of inessential genes are reduced whereas 

essential genes and stress-response genes are more upregulated59,104–106,126. This also holds for glycolysis 

where differential expression of glycolytic enzyme isoforms such as GLK1, GLO2, GND2, HXK1, PGM2 

was found by Causton and colleagues104, and our results indicate this also holds for TDH1. We 

hypothesise that Tdh1p is a stress-related protein, but also necessary for growth at less favourable 

conditions. This was endorsed by our findings that cells lacking Tdh1p have problems during diauxic 

growth (i.e. from glucose to ethanol, fig. S7), that TDH1 deletion affects survival during starvation and  

Tdh1p levels are increased during various stresses. Possibly TDH1 has kinetic properties that are better 

fit to a gluconeogenetic flux direction, and since this corresponds to lower growth rates, the prospect 

of starvation and higher stress resistance, this isoform got involved in survival as well. When cells 

encounter preferred carbon sources such as glucose again, TDH1 expression is decreased again (Fig. 

9C), in favour of TDH2 and TDH3. This is in line with the findings of Linck and colleagues, which showed 

increased TDH1 expression during growth on the non-preferred carbon source xylose268. How the 

expression of TDH1, TDH2, and TDH3 are differential regulated is unknown yet. Analysis on the 

regulation of the genes by transcription factor using Yeastract+275 does show differential regulation of 

between TDH1 and the other 2 isoforms.  

In conclusion, we show that budding yeast shows reversible formation of Tdh1p phase separations in a 

heterogeneous manner. These phase-separations dissolve when the stress is relieved and yeast can 

resume growth again. However, having these Tdh1p phase separations during prolonged carbon 

starvation is detrimental for budding yeast though TDH1 itself is essential for population survival. 
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Supplements 

Movie S1. BY4741 with Tdh1p-eGFP during a 6 hours carbon starvation. Carbon was removed 1 minute before recording the 

first frame. Timestamp format: hh:mm:ss. 

Movie S2. Response of BY4741 with Tdh1p-eGFP to a 100 mM glucose addition (at t=0) after 6 hours of starvation. 

Timestamp format: mm:ss. 

Movie S3. Restart of growth of 4-days carbon starved BY4741 with Tdh1p-eGFP on agarose pads containing 100 mM 

glucose. Timestamp format: hh:mm:ss. 

 

 

 

Figure S1. Intracellular pH of BY4741 WT cells during carbon starvation. BY4741 WT cells expressing pHluorin were starved 

at either pH5 or pH7 for up to 6 hours and pHluorin ratios were measured. A non-starved sample was also included. Points 

depict mean pHluorin ratio (as an indicator for pH), errorbars indicate standard deviation. Data was obtained from 2 

biological replicates. At least 42 cells were analyzed per condition. 

 
Figure S2. Granule formation dynamics in a citric acid/Na2HPO4 buffer. A) Amount of Tdh1p-eGFP granules per cell (left 

graphs) and fraction of cells with a granule (right graphs) at various timepoints in cells incubated with or without glucose, 

with or without DNP and at pH5 and 7. Data was obtained from 1 biological replicate. At least 35 cells were analyzed per 

condition. 
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Figure S3. Granule dissociation of BY4741 cells with Tdh1p-eGFP granules after addition of hexanediol mock. A) Left graph 

depicts fraction of cells with at least 1 granule, right graph shows mean granules per cell. Dots depict mean value of each 

timepoint. B) Example still pictures before and after mock treatment. Data obtained from 2 biological replicates with at 

least 60 cells per replicate. 

 

Figure S4. Single-cell example traces of figure 6B (BY4741 having TDH1-eGFP after a transition of starvation to 100 mM 

glucose at t=0 minutes). Points indicate TDH1-eGFP fluorescence, normalized to the last 3 frames before glucose addition. 

Point colour indicates whether or not granules were detected in the cell.  
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Figure S5. Responses of 6-hours starved BY4741 after 100 mM glucose addition at t=0 minutes. A) pHluorin ratio (left graph) 

and yAT1.03 FRET ratio (right graphs) indicate intracellular pH and ATP levels, respectively. B) Tdh1p-eGFP fluorescence in 

starved cells. Fifteen minutes before performing the transitions, 25 µg/mL cycloheximide was added to block translation. All 

data was obtained from at least 2 biological replicas.  

 
Figure S6. Intracellular pH measured by the pHluorin ratio of pH5-starved BY4741 WT cells. At 0 minutes, KOH was added to 

a pH of approximately 7. Line depicts mean pHluorin ratio, shade indicates standard deviation. Data obtained from 1 

biological replicate. 
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Figure S7. Growth of BY4741 WT, tdh1∆, tdh2∆ and tdh3∆ at 1x YNB medium containing 10 mM glucose at pH5 or pH7. 

Colours indicate the mean OD of the various yeast strains. Data obtained from 1 biological replicate. 

Table S1. Growth statistics of growth BY4741 WT, tdh1Δ, tdh2Δ and tdh3Δ during growth at 1x YNB with 10 mM glucose at 

pH5 and pH7 in a 48-wells plate in a plate reader. 

Strain growth pH µ (h-1) h to max growth Final 

OD600 

BY4741 WT 7 0.37 8.83 0.18 

BY4741 WT 5 0.36 8.60 0.21 

BY4741 TDH1 KO 7 0.34 9.53 0.18 

BY4741 TDH1 KO 5 0.33 8.86 0.17 

BY4741 TDH2 KO 7 0.37 8.82 0.19 

BY4741 TDH2 KO 5 0.36 8.79 0.22 

BY4741 TDH3 KO 7 0.33 8.98 0.19 

BY4741 TDH3 KO 5 0.33 9.17 0.19 

 

 

 

 
Figure S8. Prediction for disordered regions in TDH1, TDH2 and TDH3. The pink line indicates the threshold for 

disordered/structured residues. Regions above this line are predicted to be disordered, below the line to be structured. 

Predictions were obtained via http://original.disprot.org/index.php. 
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General discussion 
In this thesis, a wide variety of topics were presented. Still, all topics share one common denominator: 

understanding how individual cells respond to environmental changes, a vital question for organisms 

that compete with each other to ensure their future existence. In this thesis, I sought to visualize and 

quantify different intracellular molecules to elucidate how cells deal with changing conditions. We 

characterized and optimized the current available fluorescence-protein palette for the organism of 

choice: Baker’s yeast. This knowledge was subsequently used to shed light upon cellular responses. A 

plethora of transitions and conditions were measured, from starvation to carbon excess and from 

respiratory growth to fermentable sugars such as glucose, fructose, mannose, sucrose and many more. 

This gave new insights and the described cellular responses found in this thesis show that there is still a 

long way to go in completely understanding the cellular responses and behaviors during the many 

contexts a cell can -and will- experience throughout its existence.  

 

Fluorescent proteins in budding yeast 

In order to properly visualize cellular responses of yeast, we started in this project by assessing the 

performance of a wide variety of FPs in Chapter 1. We tried to do this in an in vivo manner as much as 

possible. The in vivo properties differed from previously found results. This showed us that, as expected, 

in vitro buffers do not represent the cellular environment correctly. The cytosol of a cell contains 

proteins, metabolites, salts and more. All these compounds can have an effect on the behavior of 

proteins, including fluorescent proteins. Additionally, post-translational modifications can also be 

different in budding yeast compared to bacteria or mammalian cells, which are normally used as 

organisms to study FP characteristics. These factors probably affect the characterized properties of FPs 

in our study. 

Determining the properties in vivo in yeast showed us which FPs to use in future studies, if feasible. The 

best performing FPs were also codon optimized, which greatly improved expression in yeast, a desired 

outcome since many of the mammalian-optimized proteins showed poor expression in yeast. However, 

codon-optimization could result in a reduced practical brightness of the FP, indicating that codon 

optimization somehow affects the amount of properly matured FPs. Why and how codon-optimization 

affects this is yet unknown, but worth investigating to increase the robustness of these FPs. It could be 

that codon-optimization increases translation speed, reducing the time for an FP to properly fold and 

mature during the translation process. This will therefore affect the fraction of fully matured FPs and 

hence the practical brightness. We did not characterize maturation times of FPs. Still, maturation times 

are dependent on the environmental temperature164 which means that maturation times can be 

different at 30°C compared to 37°C. Thus, it is desired to characterize FP maturation at 30°C and codon 

optimization effects to expand our knowledge even further and use it to assign the most suitable FP for 

an experiment. 

The identified FPs that performed optimally indeed showed better visualization of proteins in yeast, 

such as FBPase that we used in chapter 1. Using the codon-optimized ymNeongreen, which 

outperformed eGFP in our studies, indeed showed that we could separate cells expressing the enzyme 

from cells not expressing it. This was not feasible when using yoeGFP or yosfGFP. However, further 

improvements are still possible. In yeast, pH is highly dynamic184,198,199 which still makes most of the 

yellow and green FPs sensitive to pH changes due to their low pH robustness. Therefore, more robust 

FPs in this category are desired. Recently, new FPs with enhanced pH robustness (and improved 

brightness) were developed183,276,277. Therefore, these FPs could open up new avenues to robustly use 



 
103 

FPs in this spectral range. Finally, large stoke shift FPs and FPs in the blue, infrared range can also be 

characterized for usage in yeast. This will open up more possibilities, since a larger space in the light 

spectrum can be used for experiments. 

 

Visualization of cAMP levels in yeast 

The obtained FP characteristics in yeast can be used to develop and optimize FRET biosensors. In chapter 

2, we started with the cAMP sensor, since this one was shown to remain functional after FP swapping194. 

Introduction of mTq2Δ11 and tdTomato as a FRET pair gave a functional cAMP sensor for budding yeast. 

This FRET pair proved to be pH insensitive in the range of yeast physiology, which is important as cAMP 

is an important glucose signaling molecule and glucose addition generates a cytosolic acidification in 

yeast. Unfortunately, we found decreased FRET ratios upon increasing growth rates, making the sensor 

not suitable for steady-state cAMP measurements. Therefore, further optimizations are desired to 

improve the sensor and also make it suitable to study basal cAMP levels between conditions. The cause 

of the growth-rate dependency is not clear, but could related to differential maturation of the acceptor 

and donor164,278. Therefore, developing pH-robust FRET pairs with comparable FP maturation 

efficiencies should be considered.  

 

Still, we were able to monitor dynamics of cAMP levels in single yeast cells upon nutrient transitions. 

We found a high homogeneity in the cAMP response upon glucose: we found hardly any non-

responders. This shows that yeast cells highly accurately respond to glucose via this pathway. Yet, how 

this translates more downstream to adaptation to the new environment is unknown for now. It could 

be that all cells properly signal glucose availability, but a small subset of cells does not adapt to this. 

Therefore, future studies should elucidate whether all cells also fully adapt to the new situation by 

switching to a full fermentation state. Perhaps some cells do not do this, to make the population more 

heterogenous. This could give a benefit if the glucose disappears suddenly (for example through flush 

out by rain in nature). To further elucidate these questions, multiplexing can be used in which multiple 

biosensor and readouts are recorded within the same cell279. One possibility is to record, simultaneously 

with cAMP activity, the localization of msn2 or a gene whose expression is known to be dependent on 

cAMP-PKA signaling or only expressed during fermentation or respiration.  

Regarding cAMP, we only focused on its dynamics during transition to sugars. Still, transitions in the 

reverse direction are naturally also of interest. Various studies showed that the cAMP-PKA signaling also 

reacts when nutrients are scarce or sugars run out and this signaling also affects cellular survival during 

these conditions60,76,91,224,280,281. This is expected since the cAMP-PKA inhibits stress responses, which are 

vital during periods of starvation or low nutrients. This is also relevant or industry where yeast cells 

experience feast-famine regimes in industrial fermenters17,18. The cAMP responses to these regimes are 

yet to be elucidated. Possibly, the cAMP cascade responds during every new encounter of a sugar.  

On the other hand, the typical peak in the cAMP-PKA signaling cascade could also function to reset a 

bistable switch. If so, there will only be one response after which the cell made his decision and will not 

respond to a new period of sugar absence and reoccurrence. The peak height may then indicate the 

confidence with which a decision to switch is made, and not all cells may reach the threshold. In this 

context, it is also unknown how history effects shape the dynamics of the cAMP responses. To answer 

these questions, microfluidics can be used to introduce feast-famine cycles and measure their response. 

We found another remarkable observation for the importance of the cAMP signaling cascade in 

response to glucose addition. cAMP is an important second messenger for fermentable sugar availability 

as about 90% of the global transcriptional response to a glucose phenotype comes from PKA52, which 
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cAMP directly activates. Yet, we found that mutant strains which lack the characteristic cAMP peak (i.e. 

the gpr1Δ and Cyr1K1876M mutants) show no clear phenotype when transitioned from ethanol to glucose 

containing media (Fig. 1). These results are in line with previous studies60,76,224 in which decreased 

signaling activity upstream of PKA does not seem to affect growth. Still, reduced PKA activity does affect 

growth on glucose281. This raises the question how important the generated cAMP peak truly is for 

budding yeast. Even more, the widely used industrial yeast strain Cen.PK has the Cyr1K1876M mutation 

which therefore cannot produce the classic cAMP peak224. Our results indicate that the glucose-induced 

cAMP-PKA signaling cascade is not essential for a glucose transitions in our studied yeast strains. 

Probably other signaling cascades, together with immediate metabolism of glucose, are sufficient for a 

cellular adaptation to glucose-rich conditions. Still, the question remains why yeast cells consume ATP 

to generate a cAMP peak and evolve an extracellular sensing system (which is expensive in terms of 

protein investment) to sense extracellular glucose. 

 
Figure 1. Growth of W303-1A mutants on various substrates. Cells were pre-grown on 1% EtOH, and washed twice in 

medium containing no carbon source prior to transferring them to a 48-wells plate to an OD of 0.05. Next, cells were grown 

in a plate reader and OD was monitored every 5 minutes. Dots depict mean OD, colour indicates strain. At least 2 biological 

replicates were used per conditions. 
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The answer perhaps lies in other sugar transitions. In contrast to glucose, sucrose and raffinose growth 

was affected in the mutants that lack the cAMP peak. These are oligosaccharides that yeast breaks down 

extracellularly using the enzyme invertase282. Therefore, we hypothesize that the cAMP peak is 

important to sense the extracellular availability of sucrose. This is in line with the finding that Gpr1 only 

detects sucrose and glucose and has the highest affinity and response for sucrose (K0.5 of 1.5 and 3 mM 

and a maximal peak height of 0.5 and 0.4 for sucrose and glucose, respectively, Fig. 2)207. We speculate 

that Gpr1 is needed to sense extracellular sucrose since invertase should be expressed and exported to 

the outside of a cell in order to metabolize sucrose. Sucrose breakdown would result in low levels of 

fructose and glucose in the medium but if sufficient sucrose is present and it is broken down fast 

enough, it could still support fast fermentative growth. Therefore, we hypothesize that the cAMP peak 

is an “overruling” signal to invest in fermentation in the presence of high sucrose but a (contradictory) 

low level of sensed glucose. This means that the cAMP 

peak allows the cell to optimize its physiology to the 

availability of extracellular substrates. This is not 

required for glucose, since yeast is always prepared for 

glucose and will immediately start metabolizing it, 

automatically inducing a fermentation state through 

various signalling cascades derived from glycolysis. 

Sucrose, however, should first be sensed and degraded 

extracellularly and this cannot induce a fermentation 

state trough this “high glucose” mechanism. This gives 

a new view on the function of cAMP signaling in yeast 

and perhaps also how other organisms regulate their 

metabolism. Sucrose is a used substrate in 

biotechnology for yeast to produce desired products 

and this hypothesis could therefore also be of 

importance for industry283. The cAMP-PKA signal may be either used to reduce the lag phase and 

increase fermentative capacity by (re)introducing the cAMP peak, or can be used to increase the yield 

and decrease fermentation by using a strain that lacks the cAMP peak.  

 

Figure 2. Dose-response curves of the cAMP peak height 

and glucose or sucrose additions. Data was obtained 

from at least 2 biological replicates. Dots show mean 

cAMP peak height, errorbars indicate standard deviation, 

colour indicates the type of sugar added. 
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The fact that the cAMP deficient strains do not 

show phenotypes on glucose growth indicates 

that redundant signaling is present. Indeed, 

various signalling pathways are activated through 

metabolism of glucose, as discussed in the 

introduction of this thesis. Sugar signaling in 

yeast is obtained through a network that consists 

of various signaling pathways including Ras-PKA, 

Gpr1-PKA, Sch9, Snf1, Mig1 and Rgt2/Snf3 

signaling which also exhibit crosstalk among each 

other (Fig. 3)21,52. For instance, the absence of 

phenotypes of the cAMP signaling mutants 

during glucose growth implies redundancy of 

signaling cascades or signaling branches. One of 

the cascades could be Sch9 as this kinase 

activates the majority of PKA targets92,284,285. 

Another final example of signalling crosstalk is 

the discussed link between cAMP and sucrose metabolism. We hypothesise that the cAMP peak induces 

fermentable growth on sucrose. Although some links between cAMP and sucrose metabolism are 

implied286,287, its connection with other sucrose-involved signaling cascades (e.g. Snf1/Mig1 and hexose 

transporter signaling) is largely unknown currently. Measuring activity of these pathways simultaneously 

would largely improve our understanding of sucrose metabolism and signaling in yeast.  

 

In conclusion, although we shed some light on the function of cAMP signaling, many questions are still 

open for future research. How are cAMP dynamics during transitions in which glucose levels decrease 

or during feast-famine cycles? Is cAMP important to predict extracellular sucrose levels to adapt 

accordingly? We believe that the novel cAMP sensor could largely contribute to answering these 

ongoing questions. New tools and methods should be developed to measure the activity of multiple 

signaling cascades or signaling steps simultaneously in single-cells.  

 

ATP dynamics during glycolytic startup 

In contrast to cAMP signaling, we did find a high heterogeneity of ATP level dynamics during glucose 

addition. It seems surprising to see such high variations in glycolytic startup between isogenic cells, 

especially since the concentration of glycolytic enzymes exceeds the minimal amount needed to reach 

maximal fluxes288–290. However, a previous study already showed through modelling that glycolytic 

responses can be highly heterogeneous due to random fluctuations in enzyme and substrate levels28, 

which our results confirm experimentally. This previous study identified that phosphate liberation from 

ATP could reduce the probably to reach an imbalanced state. This, however, does not depend on the 

ATP level prior to glucose addition, as cells reaching the imbalanced state had similar baseline FRET 

values as the other cells. Indeed, other metabolites, most probably inorganic phosphate and fructose 

1,6-bisphosphate, according to the models, more strongly affect the eventual outcome of getting into 

the glycolytic imbalanced state28. The observed variation also raises the questions whether or not these 

single-cells show differences in their final physiology. A cell that shows hardly any response to a glucose 

transition perhaps also shows a lower growth rate due to a lower glycolytic flux. However, the small ATP 

change during glycolytic startup could also merely indicate that these cells have a small imbalance in 

Figure 3. Various kinases from several signaling cascades show 

interaction with each other and often share the same targets. 

Data obtained from www.moseslab.csb.utoronto.ca/KID/. 
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the upper and lower glycolytic flux, but the overall flux is still high. Recently, a glycolytic flux sensor was 

developed291 and combining this sensor with the yAT1.03 could possibly shed light on this.  

 

Multiplexing 

The discussed results from chapter 2 and 3 show that multiple signaling cascades should be 

simultaneously measured, preferably combined with a final physiological readout (i.e. growth, budding, 

stress resistance). Therefore, future studies need biosensors that enable multiplexing. Multiplexing is 

the technique to visualize multiple parameters at the same time in a cell. This can be achieved by 

reducing the spectral space a 

biosensor occupies in a cell, use 

spectrally diverse sensors or 

separate sensors through 

different localisation279,292–294. 

FRET biosensors are less 

suitable for this, because of 

broad spectral occupancy. Yet, 

two other types of biosensors 

can be used, the kinase 

translocation reporters (KTRs, 

Fig. 4A) and single-fluorescent 

protein biosensors (SFPBs, Fig. 

4B).  

KTRs consist of a kinase 

recognition site, an NLS and NES 

with phosphorylation sites 

fused to an FP. Phosphorylation 

of this constructs changes its 

localisation to either the 

nucleus or the cytoplasm and 

this ratio is a measure for kinase 

activity292. These sensors 

contain only 1 FP, making multiplexing straightforward. The FPs can also be readily changed without 

having major effect on the sensor functioning. Finally, changes in cytosolic conditions such as pH 

changes do not affect the ratio since these factors are considered equal between the nucleus and 

cytoplasm295.  

 

Another option is the use of SFPBs which have an FP that contains a sensor domain inside the FP279,296. 

The sensor domain binds a ligand which affects the conformation of the FP and thereby its fluorescence. 

Therefore, the amount of fluorescent is a measure of the amount of ligand present. Again, these sensors 

consist of 1 FP, enabling multiplexing.  

Thus, the use of these novel sets of sensors could help to obtain a better overview on cellular signaling 

and decision making in a single-cell. Engineering these novel sensors is not trivial, but are still worth 

pursuing in my opinion. Our results regarding cAMP signaling and ATP dynamics raised various questions 

that could be answered by measuring multiple signaling cascades and multiple signaling steps 

simultaneously.  

Figure 4. 2 Biosensor approaches that enable convenient multiplexing. A) KTRs are 

translocation-based sensor that possess phosphorylation sites of a kinase of 

interest. Phosphorylation affects nuclear localization. Nuclear/cytoplasmic ratios 

therefore show kinase activity. B) SFPBs are single-FP sensors that change in 

fluorescence upon binding of the molecule of interest. Both sensor types consists 

of 1 single FP, making multiplexing more easily achievable. 
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TDH1 in yeast 

Finally, we found that TDH1 is essential for survival during carbon stress. Why TDH1 has this function 

remains unknown but we show that TDH1 phase-separates during starvation. The response was 

heterogenous with respect to both the expression and the localization of TDH1. Although phase-

separations are often designated as important for cellular survival and for increased fitness during 

stresses114,116,122,297, we found a contradictory result. When cells were starved for a prolonged time, all 

cells having the TDH1 granules were not able to resume growth. Only cells with a high TDH1 expression 

homogenously distributed throughout the cytosol resumed growth. This shows that assigning roles to 

mechanisms is highly context dependent. Therefore, we cannot rule out that TDH1 phase-separations 

are important for the fitness of budding yeast during other conditions we have not studied yet. In 

addition, the content of the TDH1 granules is unknown for now. Many questions still remain. Does TDH1 

recruit other proteins or mRNA to the granules? Is it involved in translational silencing, like other phase-

separations126,298? Are the TDH1 granules harmful and unwanted side-effects of severe stress in yeast 

cells? Thus, why TDH1 phase-separates is not clear yet. Various other hypothesis also remain which are 

often implied for the importance of phase separations, such as protection of the proteins114,115,122,124, 

regulating activity of the enzyme114,125 or changing flux through a pathway through localisation299,300. 

One appealing explanation is that during starvation, cells anticipate on future scenarios with a surplus 

of carbon source. It is possible that TDH2 and TDH3 are being degraded during stress and replaced by 

TDH1 during stress and less preferred carbon sources. This hypothesis is endorsed by a recent paper 

which found increased TDH1 expression during xylose growth, which largely resembles a starvation-like 

metabolism268. From the 3 isoforms, TDH1 has the lowest glyceraldehyde-3-phosphate affinity, but 

highest turnover rate with a Km of 0.86 mM and a Kcat of 29 s-1 (compared to 0.4 mM and 16 s-1 for TDH2 

and 0.25 mM and 9s-1 for TDH3). Since TDH1 has a higher catalytic rate, less protein is needed (for 

storage) compared to TDH2 and TDH3. However, if TDH2 and TDH3 are decreased during carbon 

starvation remains to be tested. We did find increased expression of TDH1 during stress condition, which 

is in line with the proposed mechanism. Still, the question why cells would localize to granules remains 

to be answered. Cells having the granules did not resume growth upon the stress relieve. Therefore, 

one appealing hypothesis is that these cells are in a quiescence state and will not show resumption of 

growth in the short timeframe we monitored the resumption of growth. However, other mechanisms 

can also no be rejected such as metabolic (activity) regulation or transcriptional regulation. 

 

We showed that TDH1 phase-separation are dependent on the intracellular metabolic state (i.e. a low 

pH), but also signaling of the cell’s state (i.e. no glucose present). Currently, the signaling cascade that 

facilitates the sensing part is unknown, although the cAMP-PKA cascade is a suitable candidate. Gpr1 

senses glucose outside the cell. A function of Gpr1 during non-fermentable carbon source growth has 

been mentioned before52 and various studies show that a gpr1Δ strain has increased fitness during 

stress conditions76. In line with Ramachandran and colleagues showed that cAMP-PKA signaling affects 

P-body formation301. A decreased PKA activity resulted in less phosphorylated Pat1 which enabled the 

formation of P-body. Of note, a strain containing the overactive RAS2Val19 allele shows loss of viability 

upon nutrient starvation in the stationary phase280. A non-phosphorylatable Pat1 counteracts this. 

Whether such processes are also involved in TDH1 foci formation remains to be determined.  

 

Our results show the importance of enzyme paralogs and their spatial regulation during specific 

conditions, making metabolic regulation more complex than currently anticipated. This knowledge 
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could be important to fully exploit yeast as a cellular factory in industry and to understand how other 

organisms that show fermentation such as cancer cells regulate their metabolism. In both conditions, 

cells will encounter periods of nutrient limitations or complete absence, and how cells respond to this 

is of high interest to either exploit or target it. In line with this, spatial regulation of glycolysis has already 

been shown in mammalian cells118,128. Furthermore, enzyme localization can be used as a manner to 

optimize the metabolism of a cell for production of a desired production114,125,299,300,302 . This can be 

exploited in industry to improve industrial yields using fermentation processes.  

 

Summary 

In summary, this thesis shows the power of fluorescent proteins in current research. Fluorescent 

proteins contribute to our understanding how organisms cope with changing environments in space 

and time, already since their discovery. Yet, this toolset can still be improved and expanded to visualize 

and measure the complex architecture of cellular signaling and metabolism. Our results clearly show 

that for some cases cells are rather homogenous in their responses, such as the cAMP-PKA signaling 

cascade. On the other hand, in other cases such as the startup of glycolysis and the spatial localization 

of TDH1, highly heterogenous responses exist. Understanding these fundamental processes in micro-

organisms will help us to improve industrial processes and increase therapeutic efficiencies as it lies at 

the heart of the fitness of an organism in an ever changing world. I believe that the ongoing and highly 

active development of novel fluorescent tools and imaging techniques will help us to improve our 

understanding of the cellular responses to changing conditions even further in the future.  
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