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ABSTRACT 
Pyruvate is a hub of key pathways in primary metabolism, which makes it desirable for 
research and industrial applications to be able to dynamically measure pyruvate 
concentration in single cells. We introduced a recently developed FRET-sensor for 
pyruvate, successfully used in animal cells, into yeast and extensively tested the sensor 
in vivo. Although the sensor modulated its readout during carbon-source switches, the 
senor failed to reliably distinguish metabolic conditions with distinctly different 
intracellular pyruvate concentrations due to experimental variability of the readout. 
Most notably, we uncovered that in targeted dynamic perturbations the sensor does not 
report changes of pyruvate concertation as measured with an enzyme assay, which 
shows that the sensor does not function in yeast. Surprisingly, we found that the 
unfunctional pyruvate sensor changes its FRET efficiency in a periodic fashion during 
the cells cycle, exposing an artefact possibly affecting other FRET-sensors used to study 
cell-cycle-associated dynamics. 

INTRODUCTION 
Pyruvate is at the intersection of key pathways in the core carbon and energy 
metabolism. This metabolite is a final product of glycolysis appearing in the pathway’s 
rate-limiting reaction catalyzed by pyruvate kinase. Pyruvate feeds the Krebs cycle after 
being converted to acetyl-CoA by pyruvate dehydrogenase or after being modified to 
oxaloacetate by anaplerosis’ pyruvate carboxylase, which also commences 
gluconeogenesis. Besides, pyruvate is crucial for alcoholic fermentation, transforming 
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into acetaldehyde via pyruvate decarboxylase. Directly contributing to biomass 
production, pyruvate is a precursor of the amino acid alanine in the reaction catalyzed 
by alanine transaminase. In the light of an observed substantial variance of 
concentration across metabolic conditions and a high number of interactions with other 
biomolecules, it was recently suggested that pyruvate could be a flux-signaling 
metabolite [1]. Thus, important insights into cellular metabolism could be gained if 
there was a tool to measure pyruvate concentration dynamically and in single cells. 

A recently developed FRET-sensor for pyruvate, Pyronic, [2] seems to be a promising 
tool in this regard. This sensor was built using a bacterial pyruvate-binding 
transcriptional regulator, PdhR, and two fluorescent proteins, namely, mTFP and 
Venus. The sensor has been employed to measure pyruvate dynamics in multiple studies 
focused on animal cells, such as mammalian cell lines INS-1E and HEK293(T) [2–4] 
as well as rodent [5–8] and fly [9] neural cells. Given the promise of the pyruvate sensor 
in animal cells, it would be beneficial to introduce it into Saccharomyces cerevisiae, which is 
a crucial model organism in the studies of metabolism and cell cycle, as well as a 
commonly used cell factory in biotechnology. Since the usage of FRET-sensors in vivo 
is prone to artefacts caused by, for example, pH [10], non-specific ligand binding [11], 
fluorescent protein maturation [12] etc., the pyruvate sensor requires an extensive 
validation before it can be used in yeast. 

Here, we expressed a codon-optimized version of the pyruvate sensor in yeast and 
extensively tested it on the single-cell level with the help of fluorescence microscopy 
and microfluidics. We examined the ability of the sensor to report intracellular pyruvate 
concentration in various metabolic conditions, for which we measured it via an 
independent method. The sensor was not able to reliably differentiate between the 
metabolic conditions with distinctly different intracellular pyruvate concentrations (1-2 
mM versus 50 mM) due to experimental variability of the sensor’s readout across 
independent cultivations of cells on the same carbon source. Although the sensor 
showed changes of the FRET-ratio in diverse dynamic carbon-source switches, we 
found that the sensor fails to report the verified accumulation of pyruvate in cytoplasm 
when the metabolite’s transport to mitochondria is blocked. Despite the identified 
inability of the sensor to report pyruvate in yeast, we discovered that the sensor’s 
FRET-ratio robustly oscillates during the cell cycle being almost in antiphase to the 
previously characterized NAD(P)H oscillations, suggesting that the sensor is 
confounded by factors changing during the cell cycle. This work demonstrates the 
importance of thorough examination of a FRET-sensor after introducing it into a new 
organism, and encourages caution to be exercised when using FRET-sensors. 
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RESULTS 
The sensor fails to reliably distinguish metabolic conditions with different 
pyruvate concentration in independently cultivated cells due to experimental 
variability 
A necessary indication of the pyruvate sensor functioning in yeast cells would be its 
ability to distinguish the metabolic conditions in which pyruvate has different 
intracellular concentrations. To find such conditions suitable for testing the sensor, we 
measured the concentration of this metabolite in cells of different strains and 
consuming various carbon sources. Specifically, we cultivated YSBN6 strain [13] on 
high glucose thereby obtaining cells with a high glycolytic flux. To get cells with a lower 
glycolytic flux and higher respiratory activity, we took TM6* strain with a single, high-
affinity hexose transporter [14,15] and grew this strain on high glucose. Besides, we 
starved the YSBN6 strain depriving it of carbon and energy sources for almost a day, 
and, finally, cultivated the TM6* strain on lactate, where cells also rely on respiration. 
We quenched cells from these four cultures in cold methanol with an additional washing 
step and extracted intracellular metabolites with a boiling ethanol solution, adapting a 
protocol supporting high pyruvate stability [16]. Employing a lactate-dehydrogenase 
assay with an excess of NADH, we measured pyruvate in the extracted samples and, 
after considering the cell-volume averages and cell counts in the four cultures, derived 
the respective intracellular pyruvate concentrations (see Materials and Methods, Figure 
S1A).  

Here, we found that YSBN6 and TM6* cells on high glucose as well as starved YSBN6 
cells have similar population-average intracellular pyruvate concentrations around 1-2 
mM (Figure 1A, S1B), which are within the reported in vitro dynamic range of the sensor 
(Figure 1A, S1B, color bar). Further, we discovered that TM6* cells growing on lactate 
reach at least one order of magnitude higher intracellular concertation of pyruvate, with 
the mean being around 50 mM across replicate extractions and enzyme-assay 
measurements (Figure 1A, S1B). Having observed that non-starved cells excrete 
pyruvate into environment (Figure S1C), we confirmed that the extracellular pyruvate 
does not confound our intracellular pyruvate measurements by showing that skipping 
the wash of quenched-cell pellets in methanol does not change the pyruvate 
measurement results (Figure S1D). Note, however, that we cannot exclude a potential 
adsorption of pyruvate on the cell wall causing an overestimation of intracellular 
pyruvate concentration. Thus, via an enzyme assay, we identified two groups of 
metabolic conditions (YSBN6 and TM6* on glucose, starved YSBN6 versus TM6* on 
lactate) under which cells have distinctly different pyruvate concentrations. 

To test whether the pyruvate sensor can distinguish these metabolic conditions 
associated with different intracellular pyruvate concentrations, we aimed to grow cells 
expressing the sensor under the same conditions and compare the sensor readout, 
mTFP/Venus ratio, among them. To minimize the confounding influence of cellular 
autofluorescence, which may be different among these metabolic conditions, on the 
signals of the sensor mTFP and Venus, we took a number of technical precautions. 
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First, we codon-optimized the sensor gene for yeast, striving to get a higher level of 
expression. Second, we introduced the sensor’s gene into genome (rather than into a 
plasmid, which, in our experience, tends to decrease its copy number over generations 
even despite having a centromere and a selection marker), and put the gene under the 
control of the strong promoter pTEF1, which was successfully used to adapt an ATP 
FRET-sensor [17] for yeast [18]. 

 

 

 

 

 

 

 

 

 

 
Figure 1. Due to high experimental variability, the sensor fails to reliably distinguish 
metabolic conditions with distinctly different intracellular pyruvate concentrations, 
independently identified through an enzyme assay. A. Population-average intracellular 
pyruvate concentration in various metabolic conditions identified via a lactate-dehydrogenase 
assay, cell-volume and cell-count measurements (see Materials and Methods). The metabolic 
conditions include YSBN6 and TM6* strains cultivated on 1% glucose (high and low glycolytic 
flux, respectively), YSBN6 strain under carbon-source starvation and TM6* strain cultivated on 
2% lactate. The circular markers show replicate measurements of pyruvate concentration, which 
correspond to replicate flask cultivations (only in case of TM6* Glu), replicate metabolite 
extractions and replicate enzyme-assay-based measurements (see Figure S1B, where the same 
pyruvate-concentration values are labeled by respective replicate types). The x-marker shows the 
mean of the replicate measurements, with the whiskers covering two standard deviations. 
Although we also found pyruvate in the cultivation media of non-starved cells (Figure S1C), it 
likely does not affect the intracellular pyruvate measurements as skipping washing of quenched-
cell pellets does not change the derived values of intracellular pyruvate concentration (Figure 
S1D). The color bar in its zoomed-in (left) and zoomed-out (right) versions shows the previously 
reported dynamic range of the sensor with the corresponding values of mTFP/Venus ratio 
obtained from in vitro measurements (adopted from the pyruvate dose-dependent continuous 
curve in Figure 2C of the original work [2]). B. The sensor mTFP/Venus ratio (FRET ratio) in 
single cells (circles) under various metabolic conditions. Cells in YSBN6 Glu Experiment (Exp.) 
1, TM6* Glu Exp.1, YSBN6 starved and TM6* Lac were cultivated in the microfluidic device 
[19,20], cells in  YSBN6 Glu Exp. 2 and TM6* Glu Exp.2 were cultivated under agarose pads. 
To get the signals of mTFP and Venus, we removed the confounding effect of autofluorescence 
in the corresponding microscopy channels using the signals of cells without the sensor that grew 
in the same microfluidic device or under the same agarose pad (autofluorescence correction was 
not performed in case of TM6* Glu Exp. 2). We present the average values of the mTFP/Venus 
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ratio in the single-cell traces spanning for one (both Exp. 2) or three (the rest) hours after loading 
under the agarose pads or into the microfluidic device. The boxes are constrained by the upper 
(Q3) and lower (Q1) quartiles with the horizontal line inside denoting the median, the whiskers 
cover the values within Q3 + 1.5(Q3-Q1) and Q1 - 1.5(Q3-Q1). We present the data of 91 cells 

for YSBN6 Glu Exp. 1 (0.35 1/h average growth rate in the microfluidic device: 
!"#∙%&

'

%&
(∙)	+

, where 

𝑁-. and 𝑁-/ are the numbers of budding events and single cell traces), 56 cells for TM6* Glu 
Exp. 1 (0.20 1/h), 14 cells for YSBN6 starved (0 1/h), 23 cells for TM6* Lac (0.15 1/h), 222 
cells for YSBN6 Glu Exp. 2 and 125 TM6* Glu Exp. 2. We do not show the values of 7 cells in 
TM6* Glu Exp. 2 whose mTFP/Venus ratio is higher than 1.2, however, we use these values to 
construct the box plot. In case of YSBN6 starved and TM6* Lac, cells were loaded in the 
microfluidic device from the cultures that, several hours before, had been diluted (with the same 
media) from the cultures whose intracellular pyruvate concentration was measured with the 
enzyme assay (A). 

 

Taking these measures resulted in 31- and 26-fold higher fluorescence of cells with the 
sensor in Venus and mTFP channels, respectively, compared to the cells lacking it 
(Figures S2A-B). Although cellular autofluorescence in mTFP and Venus microscopy 
channels seems to have no effect on the values of the sensor mTFP/Venus ratio (Figure 
S2C), as a technical precaution, we still subtracted the autofluorescence of cells lacking 
the sensor from the signal of sensor-expressing cells before calculating the 
mTFP/Venus ratio. 

Here, we found that the sensor mTFP/Venus ratio in TM6* cells cultivated on lactate 
is on average higher than in the other three metabolic conditions (Figure 1B), which 
agrees with the enzyme-assay measurements (Figure 1A). Nevertheless, we observed 
that the sensor mTFP/Venus ratio is on average also markedly different between 
independent microscopy experiments with YSBN6 or TM6* cells grown on glucose 
(Figure 1B). This experiment-to-experiment variability makes it impossible to conclude 
that the sensor mTFP/Venus ratio is similar between the cells cultivated on glucose 
and starved, as was expected according to the enzyme-assay (Figure 1A). Thus, high 
variability of the sensor mTFP/Venus ratio in independent cell cultivations, whose 
cause remains unclear, impedes a comparison of the sensor’s readout across metabolic 
conditions in different experiments.  

The sensor responds to dynamic switches between metabolic conditions in 
single cells 

To avoid this experimental variability, we started testing the sensor in single cells 
undergoing different metabolic conditions within one experiment. To investigate 
whether the sensor can respond to dynamic changes of pyruvate concentration in single 
cells, we abruptly switched carbon sources in the medium provided to the cells in a 
microfluidic device [19,20], while observing these cells continuously under the 
microscope. We assumed that certain carbon-source switches, causing metabolic 
rewiring and temporary flux imbalances, might alter pyruvate concentration so that the 
sensor could report it. First, we provided starved YSBN6 cells with medium lacking any 

< Figure 1 
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carbon source for several hours and then substituted it with the medium containing 1% 
glucose. Here, we found that, right before the cell volume started to increase and buds 
to appear, mTFP/Venus ratio increased one unit up within 10 minutes, with this 
readout afterwards gradually recovering to the initial values (Figure 2A). Second, we 
cultivated YSBN6 cells in 2% pyruvate medium, observing mTFP/Venus ratios (Figure 
2B) similar to those of TM6* cells growing on lactate (Figure 1B), when intracellular 
pyruvate concentration is high (Figure 1A). We switched these cells to 1% glucose and 
detected that, right after the spike of NAD(P)H fluorescence, mTFP/Venus ratio began 
to fall, which coincided with an increased cell-volume growth and budding frequency 
(Figure 2B). Finally, we grew YSBN6 cells on low (0.001%) glucose, witnessing the 
highest values of mTFP/Venus ratio (Figure 2C), which are on average one unit higher 
than when cells grow in lactate (Figure 1B) or pyruvate (Figure 2B). Replacing the low 
glucose by high (1%) glucose was found to make mTFP/Venus ratio largely decline, 
which began when cell volume started to increase and buds to appear (Figure 2C). Thus, 
three dynamic switches of carbon sources altering metabolic variables, such as 
NAD(P)H concentration, cell volume, budding frequency and potentially also pyruvate 
concentration, markedly changed the sensor’s readout. 

The switches of carbon sources cause large-scale perturbations of metabolism. 
Therefore, the observed changes of the sensor mTFP/Venus ratio could be also 
explained by the perturbed dynamics of an unknown metabolic variable rather than 
pyruvate concentration. 

 

 

 

 

 

 

 

 

 

 
Figure 2. The sensor responds to dynamic switches of carbon sources. The sensor 
mTFP/Venus ratio (FRET ratio), NAD(P)H fluorescence, mother-cell volume and growth rate 
change due to the switch from no carbon source to 1% glucose (A), from 2% pyruvate to 1% 
glucose (B) and from 0.001% to 1% glucose (C). The experiments were performed with the cells 
of YSBN6 strain cultivated in the microfluidic device. After media switch at the syringe pump 
(denoted by the dashed line), a new medium arrived to the microfluidic device ~70 min later, 
which caused sharp changes in some variables (indicated by the black arrows). The curves 
represent linearly interpolated medians over the indicated numbers of cells, with the shaded 
areas demarking the 95%-confidence intervals calculated by bootstrapping with 5000 iterations. 
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To get the signals of mTFP and Venus in A and B, we removed the confounding effect of 
cellular autofluorescence in the corresponding microscopy channels using the signals of cells 
without the sensor that grew in the same microfluidic device. In C, we did not correct the signals 
of mTFP and Venus. The number of histogram bins is calculated according to Doane’s formula 
applied to the array of budding time points of all cells. The growth rate value in a histogram bin 

𝑡- ≤ 𝑡 < 𝑡- + ∆𝑡 (or in the last bin: 𝑡- ≤ 𝑡 ≤ 𝑡- + ∆𝑡) is calculated as follows: 
!"#∙%&

'

%&
(∙∆6

, where 𝑁-. 

and 𝑁-/ are the numbers of budding events and single cell traces in the bin, respectively, and ∆𝑡 
(h) is the width of the bin. 

 

The sensor fails to report the expected build-up of pyruvate in targeted dynamic 
perturbations of its metabolism 
To test the sensor without accompanying global changes of cellular physiology and thus 
with potentially fewer confounding factors, we performed two targeted dynamic 
perturbations of pyruvate metabolism, in which this metabolite was expected to 
accumulate. First, we dynamically supplemented cells growing in 1% glucose with highly 
concentrated (4%) pyruvate. Here, although we observed a decrease of NAD(P)H 
signal, suggesting that the pyruvate must have arrived inside the cells, the sensor 
mTFP/Venus ratio did not change (Figure 3A), suggesting the sensor does not respond 
to pyruvate. Alternatively, assuming the sensor is functional, this result could also be 
explained either by fast utilisation of imported pyruvate, or by the absence of pyruvate 
transport in this condition, with the decreasing NAD(P)H levels being a consequence 
of the osmotic shock caused by pyruvate addition (Figure 3A, volume). 

For the second targeted perturbation, we employed the inhibitor of mitochondrial 
pyruvate carrier UK-5099, expecting a build-up of pyruvate in cytoplasm where the 
sensor is located. Here, we found that despite a sharp increase of NAD(P)H indicating 
arrival and working of the drug, the sensor mTFP/Venus ratio did not report changes 
in cytoplasmic pyruvate concentration (Figure 3B). Opposing this, with the enzyme-
assay, we confirmed our expectations that intracellular pyruvate increases when this 
drug is added to the cells (Figure 3C). We observed that pyruvate concentration in the 
medium does not change under the drug (Figure S1E), meaning that the measured 
build-up of intracellular pyruvate must indeed be caused by the metabolite’s 
accumulation in cytoplasm rather than by a contamination from extracellular pyruvate 
or its adsorption on the cell wall. Thus, the sensor did not respond to expected and 
confirmed changes of intracellular pyruvate concentration in targeted dynamic 
perturbations, meaning that the sensor is likely not functional in yeast cells. 

 

 

 

 

 

< Figure 2 
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Figure 3. The sensor does not respond to expected accumulation of intracellular 
pyruvate in targeted perturbations of its metabolism. A. The sensor mTFP/Venus ratio 
(FRET ratio) does not change in YSBN6 cells when 4% pyruvate is added to the agarose pad 
with the cells growing on 1% glucose. The pyruvate stock solution was made in the 1% glucose 
medium that was also used to make the agarose pad. B. The sensor mTFP/Venus ratio (FRET 
ratio) does not change significantly in TM6* cells when 100 µM UK-5099, an inhibitor of 
mitochondrial pyruvate carrier, diluted in DMSO is added to the agarose pad with the cells 
growing on 1% glucose. In A-B, we microscopically observed cells under two separate agarose 
pads located on the same cover glass: onto one agarose pad, the pyruvate or inhibitor was added; 
onto the other, the same volume of a control solution was poured. 1% glucose medium and 
DMSO were used as control solutions. We present NAD(P)H dynamics to check whether cells 
respond to treatments. We present the dynamics of mother-cell volume to control whether the 
treatments caused morphological changes due to osmotic shock. The curves represent linearly 
interpolated medians over the indicated numbers of cells, with the shaded areas demarking the 
95%-confidence intervals calculated by bootstrapping with 5000 iterations. To get the signals of 
mTFP and Venus in A, we removed the confounding effect of cellular autofluorescence in the 
corresponding microscopy channels using the signals of cells without the sensor that grew under 
the same agarose pads. In B, we did not autofluorescence-correct the signals of mTFP and 
Venus. C. Population-average enzyme-assay-based measurements reveal that the addition of 100 
µM UK-5099, an inhibitor of mitochondrial pyruvate carrier, increases the intracellular 
concentration of pyruvate in TM6* cells cultivated on 1% glucose. We cultivated two batch 
cultures, quenched two samples per culture for metabolite extraction and measured pyruvate 
twice per extraction (0 min). Right after quenching these untreated cells, we added to one of the 
cultures the inhibitor diluted in DMSO and to the other – only DMSO, 5 and 10 minutes after 
which we quenched two samples per culture and later measured the extracted pyruvate twice per 
sample. The x-marker shows the mean of the replicate measurements, with the whiskers 
covering two standard deviations. Pyruvate concentration in the cultivation media did not 
change (Figure S1E), suggesting that the measured changes in the intracellular pyruvate 
concentration are not confounded by extracellular pyruvate. 
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The FRET-ratio of the likely unfunctional pyruvate sensor oscillates during the 
cell cycle 

Observing that the sensor does not report intracellular pyruvate in targeted 
perturbations of its metabolism (Figure 3), we concluded that the temporal changes of 
the sensor mTFP/Venus ratio in carbon-source switches (Figure 2) are determined by 
a yet unknown metabolic or physical variable (or several variables simultaneously). 
Although the sensor likely cannot be used to measure pyruvate in yeast, it may serve as 
a negative control for the interpretation of the dynamics in other FRET-sensors’ 
readouts. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4. The FRET-ratio of the likely unfunctional pyruvate sensor oscillates in unison 
with the cell cycle and NAD(P)H oscillator. A. The sensor’s mTFP/Venus ratio (purple), 
budding events (orange lines) and NAD(P)H fluorescence (blue) in two single YSBN6 cells 
growing in 1% glucose. The markers denote the ratio of the mother-cell pixel-average 
fluorescence signals in mTFP and Venus channels (purple), and the mother-cell pixel-average 
NAD(P)H fluorescence signal (blue). The thick curves represent the smoothing with LOWESS 
(6 data points to fit a locally smoothing line). B. The sensor’s mTFP/Venus ratio during the cell 
cycle of YSBN6 strain cultivated in 1% glucose. To remove the confounding effect of cell 
autofluorescence in mTFP and Venus channels, at each cell cycle phase, i.e. cell-cycle-relative 
time, we subtracted from the fluorescence signal of a single cell expressing the sensor the 
respective average fluorescence of the wild-type cells growing in the same microfluidic device 
(Figure S2D-E). The average timing of G1 is derived from an independent experiment with 1%-
glucose-grown YSBN6 cells whose transcriptional repressor Whi5 is tagged with a fluorescent 
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protein (data not shown). The beginning of G1 is manifested by Whi5 entrance into nucleus. 
The asterisk indicates the average cell-cycle phase of START, which was identified as Whi5’s 
loss of nuclear localization. C. NAD(P)H fluorescence during the cell cycle of YSBN6 strain 
cultivated in 1% glucose. In B and C, the curves and shaded areas represent the mean values and 
their 95%-confidence intervals (bootstrapping with 5 000 iterations), respectively. We indicate 
the number of single cells and their cell cycles contributing to the plot. Cell cycles shorter than 
150 minutes were used to make the plot. To calculate the phase, each time point of 𝑡 minutes 
between two adjacent budding events happening at 𝑡789-  and 𝑡789-:;  minutes is converted in the 

following way: 6<6=>?
&

6=>?
&@A <6=>?

& . The corresponding values of the dependent variable are linearly 

interpolated at 100 phase points, from 0 to 1. 

 

To investigate whether the unknown confounding variable changes during the cell 
cycle, we studied single-cell traces of mTFP/Venus ratio in relation to budding, a cell 
cycle marker, and the NAD(P)H dynamic behaviour that was shown to be coupled to 
cell cycle progression [18]. Here, we found that the sensor readout demonstrates robust 
oscillations coupled to cell cycle and NAD(P)H oscillations (Figure 4A). Since cellular 
autofluorescence in the mTFP and Venus channels oscillates during the cell cycle 
(Figures S2D-E), likely showing flavin oscillations [21], we corrected the sensor mTFP 
and Venus signals at each cell-cycle phase by the respective autofluorescence values. 
Nevertheless, even after applying this meticulous correction, we still observed the 
oscillations of mTFP/Venus ratio during the cell cycle (Figure 4B), with the crest in the 
mTFP/Venus ratio following right after the NAD(P)H trough (Figure 4C). Thus, 
although the sensor does not report pyruvate in yeast, it exposes an oscillatory cell-
cycle-associated behaviour of another, unknown variable, which should be considered 
in the development of new FRET-based sensors. 

DISCUSSION 
Through time-lapse fluorescent microscopy and dynamic perturbations of metabolism, 
we found that a FRET-sensor for pyruvate, previously employed in a range of studies 
on animal cells, does not report pyruvate concentration in yeast. Specifically, the sensor 
failed to show an accumulation of intracellular pyruvate caused by the inhibition of the 
mitochondrial pyruvate carrier and independently confirmed in an enzyme assay. 
Nevertheless, the readout of this pyruvate-unresponsive sensor markedly varied across 
independent cultivations of cells on the same carbon source and changed in dynamic 
carbon-source switches, suggesting the sensor’s responsiveness to another, unknown 
variable (or variables) rather than pyruvate concentration. Focusing on the cell cycle 
and implementing careful autofluorescence corrections, we observed pronounced 
oscillations of FRET efficiency in the pyruvate-unresponsive sensor, demonstrating an 
artefact that possibly also affects other FRET-sensors. 

This artefact of cell-cycle-associated changes in FRET efficiency may result from the 
oscillating concentration of another ligand binding to the sensor, which could be an 
issue of low selectivity in this particular sensor. Aside from this, the observed artefact 

< Figure 4 
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may reflect a weakness of FRET-sensors in general employed in the context of cell 
cycle. For example, cell-cycle-associated changes of the measured FRET-ratio could be 
caused by a non-constant expression of the sensor in combination with different 
maturation kinetics of its fluorescent proteins. Indeed, the production rate of a protein 
expressed from the pTEF1 promoter, which controls this sensor, oscillates peaking at 
START [22] (Figure 4B, asterisk). While we lack information about the maturation 
kinetics of mTFP and Venus in the cytoplasmic condition of yeast growing on high 
glucose, it could be possible that these fluorescent proteins mature differently. If the 
donor (mTFP) matured slower than the acceptor (Venus), then, in the light of a recent 
report [12], the mTFP/Venus ratio would be expected to decrease at the cell-cycle 
phases of accelerating sensor expression due to cross-excitation. If the acceptor 
matured slower than the donor, then the mTFP/Venus ratio would increase at the cell-
cycle phases of accelerating sensor expression, what we actually observed around 
START (Figure 4B). 

Another possible explanation of this artefact is altering macromolecular crowding that 
impacts the orientation of the fluorophores regarding each other and causes the FRET-
efficiency to change. Supporting this idea, cell density was found to increase in G1 
(Figure 4B, the phases 0.6-1) and decrease after budding (the phases 0–0.6) [23]. 
Alternatively, the oxygen level may change during the cell cycle differently affecting the 
maturation of the fluorescent proteins and thus impacting the ratio of their signals. 
Moreover, given the existence of NAD(P)H (Figure 4C) and flavin oscillations (Figure 
S2D), different redox-sensitivities of the fluorescent proteins may also confound the 
measured FRET-ratio during the cell cycle. 

This work demonstrated the necessity to extensively test a FRET-sensor after 
introducing it into a new organism and to support results obtained from the sensor with 
an alternative method. Cell-cycle research should be especially cautious when 
employing FRET-sensors since their readouts could be heavily confounded due to the 
dynamic nature of metabolism in the context of cell cycle.  

MATERIALS AND METHODS 
Strains and strain construction 
Saccharomyces cerevisiae strains used in this study (Table S1) have the background of the 
prototrophic S288C-derived strain YSBN6 (MATa FY3 HO::HphMX4) [13] and the 
prototrophic KOY.PK2-1C83-(MATa MAL2-8c SUC2)-derived KOY.TM6*P 
(HXT7prom-TM6*-HXT7term ura3-52::URA3) [15]. These strains referred to as 
YSBN6 WT and TM6* WT were used to implement cellular autofluorescence 
corrections in microscopy. The cassette expressing the sensor was integrated in the HO 
locus of YSBN6 WT and TM6* WT strains using homologous recombination, which 
resulted in YSBN6 Sensor and TM6* Sensor strains. 

The sensor-expressing cassette was assembled on the basis of the plasmid pTEF:ATP 
[18] and consisted of pTEF1 promoter, the sensor ORF, tCYC1 terminator, yeast 
selection marker KanMX4, all flanked by two regions used for homologous 
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recombination in the HO locus. To build the ORF, we codon optimised mTFP-PdhR 
part of the sensor [2] (Addgene plasmid #51308) for Saccharomyces cerevisiae and 
synthesized it via Invitrogen GeneArt Gene Synthesis. We assembled the DNA 
fragment encoding Venus by swapping the order of two parts of the cp173-mVenus in 
the previously codon optimised Ateam 1.03 ATP FRET sensor [17] [18] (Venus 
encoded by the resulting DNA fragment had a substitution from Ala to Lys in the 
position 721 of the 753-amino-acid-long sequence of Venus in the sensor). 

To create the recombinant strains, we implemented the following cloning steps. First, 
we used Gibson assembly (with NEB reagents) to create a plasmid with Escherichia coli 
origin of replication as well as antibiotic selection marker in the backbone and with the 
sensor-expressing cassette flanked by the sequences for homologous recombination. 
The correctness of this plasmid assembly was checked with PCR and sequencing. 
Second, we linearized the plasmid by amplifying its fragment containing the flanking 
sequences and, between them, the sensor-expressing cassette with the yeast selection 
marker. Third, we transformed a target strain with the linear fragment using an 
established protocol [24] and grew the strain on a 2% glucose YPD agar plate with a 
selection agent (G418, plus kanamycin and ampicillin to prevent bacterial 
contamination). Fourth, resulting colonies were re-streaked on a replicate selection plate 
and new colonies on it were inoculated in liquid selection YPD with 2% glucose to 
produce overnight cultures, from which genomic DNA (gDNA) was isolated and 
glycerol stock was made for long-term storage at -80°C. The integration of the sequence 
of interest was verified with PCR from this gDNA and with sequencing of this PCR’s 
amplicon. Table S2 summarises primers used for the plasmid assembly and 
linearization. 

Cultivation 

In all experiments, cells were cultivated in modified Verduyn minimal medium [25], 
referred to as MM. We composed it using four stock solutions: 10x buffer solution, 5x 
salt solution, 100x tracer salt solution and 1000x vitamin solution. 10x buffer solution 
represented 100 mM solution of potassium phthalate monobasic (HOOCC6H4COOK, 
Sigma-Aldrich, 60360) in water with pH set to 5 with KOH (Fisher Scientific, 
10113190), after filtering this solution was stored at room temperature for several 
months. 1 L of 5x salt solution contained 25 g of (NH4)2SO4 (Sigma-Aldrich, 09978), 
15 g of KH2PO4 (Sigma-Aldrich, P5655) and 2.5 g of MgSO4·7H2O (Sigma-Aldrich, 
63138) dissolved in water, and after filtering was stored at room temperature for several 
months. 1 L of 100x tracer salt solution contained 2.135 g of EDTA (Na4EDTA·2H2O, 
Sigma-Aldrich, ED4SS), 0.449 g of ZnSO4·7H2O (Supelco, 1.08883), 0.031 g of 
CoCl2·6H2O (Supelco, 1.02539), 0.099 g of MnCl2·4H2O (Sigma-Aldrich, M5005), 0.03 
g of CuSO4·5H2O (Supelco, 1.02790), 0.45 g of CaCl2·2H2O (Sigma-Aldrich, 223506), 
0.297 g of FeSO4·7H2O (Sigma-Aldrich, 215422; light-blue-green powder), 0.044 g of 
NaMoO4·2H2O (Sigma-Aldrich, M1651), 0.1 g of H3BO3 (Sigma-Aldrich, B7901) and 
0.01 g of KI (Sigma-Aldrich, 221945) dissolved in water, and after filtering was stored 
at 4°C for several months in a glass bottle wrapped in aluminium foil until the colour 
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of the solution changed from light-green to light-red. 1 L of 1000x vitamin solution 
contained 0.05 g of D-biotin (Sigma-Aldrich, B4501), 1 g of D-pantothenic acid 
hemicalcium salt (Sigma-Aldrich, 21210), 1 g of nicotinic acid (Sigma-Aldrich, 72309), 
25 g of myo-inositol (Millipore, 57570), 1 g of pyridoxine hydrochloride (Sigma-Aldrich, 
P9755), 0.2 g of 4-aminobenzoic acid (Sigma, A9878) and 1 g of thiamine hydrochloride 
(Sigma-Aldrich, T4625) dissolved in water, and after filtering was stored at 4°C for 
several months. MM was supplemented with one of the following carbon sources: 1% 
(10 g/L) or 0.001% glucose (Millipore, 49159), 2% lactate (Sigma-Aldrich, L1375), 2% 
pyruvate (Sigma-Aldrich, P2256); alternatively, the medium was not supplemented with 
any carbon source. 

Several days before quenching cells for pyruvate measurements or a microscopy 
experiment, we recovered necessary strains from their glycerol stocks stored at -80°C 
by growing them for two days on 2%-glucose YPD agar plates. Afterwards, single 
colonies were inoculated in MM in flasks where cells were cultivated at 30°C with 
shaking at the speed of 300 rpm. Before loading cells into the microfluidic device 
[19,20], at least two consecutive exponential cultures were grown. Fresh medium was 
provided to the microfluidic device with the help of a syringe pump at the flow rate of 
4 µL/min. The temperature during microscopy experiments with the microfluidic 
device or agarose pads was maintained at 30°C with the help of a custom incubator. An 
extensive description of cultivation in flasks, microfluidic device and agarose pads is 
provided in Supplementary note 1. 

Measuring pyruvate concentration with enzyme assay 
In each culture whose intracellular pyruvate concentration was to be identified, we 
measured cell concentration (values provided in Supplementary note 1) and took several 
samples: I. – two replicate samples for quenching the cells, metabolite extraction and 
intracellular pyruvate measurement (the sample volume indicated in Supplementary 
note 1), II. – one sample for cell-volume measurements (the sample volume indicated 
in Supplementary note 1) and III. – one sample for extracellular pyruvate measurement. 

I. The protocol for quenching the cells and metabolite extraction was adopted from 
[16] and modified. A sample with 3.0 ∙ 10F cells was sprayed into 40 mL of cold 
solution containing 60% methanol (V/V) and 70 mM HEPES (Duchefa Biochemie, 
H1504), pH=7.5 (methanol-buffered solution), and kept at -40°C in cold beads that 
had been stored at -80°C beforehand. The mixture was allowed to cool down for 3 
minutes and centrifuged at 3214 g for 5 minutes at -10°C. The pellet was washed once 
with 40 mL methanol-buffered solution and spun down again. For TM6* Lac, we had 
two additional replicate samples whose pellet was not washed after cell quenching, to 
study the contamination of samples with extracellular pyruvate (Figure S1D). It was 
checked that the temperature of the mixture remained below -20°C after the 
centrifugation. The pellet was stored -80°C for ~1 day. To extract metabolites, we 
added 5 mL of absolute boiling ethanol (Biosolve, 052505) buffered with 2 mL of 1M 
HEPES, pH=7.5 (ethanol-buffered solution), to the frozen cell pellet and incubated the 



 118 

mixture for 3 minutes at 80°C. After cooling down the mixture on ice for 3 minutes, 
we centrifuged it for 4 minutes at 3214 g at 4°C to remove the insoluble particles. The 
volume of the supernatant was reduced by evaporation at 45°C via a rotavapor 
apparatus (Eppendorf Concentrator plus), with the vacuum  progressively adjusted to 
5 mbar using a manometrically-controlled pump. The residue was resuspended in 
double-distilled water, and the final volume of the solution with extracted metabolites 
was recorded (𝑉H). This solution with extracted metabolites was stored at -20°C. 
Pyruvate measurements were performed next day and after a week, therefore, for each 
culture we obtained four values of intracellular pyruvate concentration: two replicate 
extractions ´ two replicate measurements. 

II. The cell-volume distribution was obtained using CASY TT with the manufacturer’s 
protocol. We recorded the average cell volume 𝑉/I!! in each sample: 48.98 fL for 
YSBN6 Glu, 58.99 fL for TM6* Glu (before UK-5099), 66.12 fL for TM6* Glu (before 
DMSO), 39.16 fL for YSBN6 Starved, 74.47 fL for TM6* Lac, 79.12 fL for TM6* Glu 
under UK-5099 (used for t=5 and 10 min), 65.19 fL for TM6* Glu under DMSO (t=10 
min). 

III. 2 mL of each culture were filtered using Costar Spin SX filter to obtain a cell-free 
medium sample, which was stored at -20°C. Pyruvate measurements were performed 
next day and after a week, therefore, for each condition we obtained two values of 
extracellular pyruvate concentration. 

To measure the pyruvate concentration in samples obtained in I and III, we run a 
lactate-dehydrogenase-based assay in the wells of polystyrene flat-base microtest plate 
(SARSTEDT, 82.1581), measuring absorbance of 340-, 900- and 977-nm light in the 
microplate reader TECAN SPARK 10M. Specifically, we monitored the absorbance in 
the wells with two kinds of mixtures, namely: for running the enzymatic conversion of 
pyruvate from stocks of known concentration (to obtain a standard curve, Figure S1A), 
and from the samples I and III. First (time point 𝜏 = 0), we measured the absorbance 
of 900-, 977- and 340-nm light in the volume of 200 µL lacking lactate dehydrogenase. 
Afterwards (𝜏 > 0), we added 100 µL of a lactate-dehydrogenase (Roche, LLDH-RO) 
stock to all wells with an automatic injection, measured the absorbance at 900 and 977 
nm once, and then at 340 nm continuously for 1 hour with regular 10-second orbital 
shaking. The measurements were performed at 28-31°C. All 300-µL mixtures contained 
100 mM HEPES (pH=7), 0.15 units/mL lactate dehydrogenase and 250 µM NADH 
(Sigma-Aldrich, N7004). 300-µL mixtures used for obtaining the standard curve 
contained pyruvate (Sigma-Aldrich, P2256) in one of the following concentrations: 0, 
5, 10, 20, 40, 80 and 160 µM (Figure S1A). 300-µL mixtures used for running the 
enzymatic conversion of culture-derived pyruvate contained 1-10 µL of I-samples in 
case of TM6* Lac, 40-60 µL of I-samples in case of other conditions or 60 µL of III-
samples (these volumes were chosen to keep the final pyruvate concentration in the 
mixture within the range of the standard curve). 
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We calculated the pathlength of light through the 200- and 300-µL mixtures for each 

well 𝑖 via 𝑙-(𝜏) =
P&
QRR	ST(U)<P&

QVV	ST(U)
W.;F

	{𝑐𝑚}, where 𝐴-]^^	"_(𝜏) and 𝐴-]WW	"_(𝜏) are 
the absorbances of the mixture at the time point 𝜏, which is either 0 (corresponding to 
the intended volume 200 µL) or 1 (the first time point with 300 µL), 0.18 is the 
difference between the water absorbances at 977 and 900 nm in the 1-cm pathlength of 
light.  

We smoothed the 340-nm absorbance data 𝐴-)`W	"_(𝜏) for 𝜏 > 0 using LOWESS with 
the 10 time points to perform local line fitting and extracted the value at the last time 
point	𝜏!aH6 𝑠𝑚𝑜𝑜𝑡ℎ𝐴-)`W	"_(𝜏!aH6). Visually inspecting the curves of 𝐴-)`W	"_(𝜏), we 
ensured that in all wells the absorbance reached a plateau by the end of the 
measurement time (1 hour). To calculate the NADH concentration change in the assay, 
we implemented the following operation based on Beer–Lambert law: ∆[𝑁𝐴𝐷𝐻]- =
𝑘 ∙ ;

j	!&(W)
𝐴-)`W	"_(0) −

;
j	!&(;)

𝑠𝑚𝑜𝑜𝑡ℎ𝐴-)`W	"_(𝑡!aH6), where 𝑘 = 2/3 is the dilution 

factor necessary to compare the concentrations in the volumes of 200 and 300 µL, 𝜀 =
6.22 ∙ 10<)	{𝜇𝑀<;𝑐𝑚<;} is the NADH extinction coefficient at 340 nm. In few 
measurements (4-5 wells), we observed that 𝐴-)`W	"_(0) < 𝐴-)`W	"_(1), which 
prompted us to use 𝑠𝑚𝑜𝑜𝑡ℎ𝐴-)`W	"_(1) instead of 𝐴-)`W	"_(0) in the derivation of 
∆[𝑁𝐴𝐷𝐻]- . 
Using the mixtures with known pyruvate concentration, we identified a linear 
relationship between the NADH concentration change and initial pyruvate 
concentration (standard curve, Figure S1A). Via this linear rule, we derived the pyruvate 
concentration [𝑝𝑦𝑟]- in each 300-µL mixture containing pyruvate from I and III. To 
derive the population-average intracellular pyruvate concertation, we implemented the 
following operation: [𝑝𝑦𝑟]/I!! =

[uvw]&∙x&∙xy
xz{{|&∙%∙x(}~~

, where [𝑝𝑦𝑟]- is the pyruvate 

concentration in the well 𝑖, 𝑉- = 300	𝜇𝐿 is the mixture volume, 𝑉a��#- is the volume 
of the solution with extracted metabolites added to the mixture, 𝑉H is the volume of the 
solution with extracted metabolites, 𝑁 = 3.0 ∙ 10F is the number of cells from which 
metabolites were extracted, 𝑉/I!! is the average cell volume identified via CASY TT. To 
derive the extracellular pyruvate concentration, we performed the following conversion: 
[𝑝𝑦𝑟]_I�-�_ = [uvw]&∙x&

xz{{|&
.  

Microscopy 

The microfluidic device or cover glass with agarose pads was mounted to a Nikon 
Eclipse Ti-E inverted wide-field fluorescence microscope where time-lapse imaging of 
cells was performed. The microscope was equipped with two Andor DU-897 EX 
cameras, 40x (Nikon CFI Super Fluor 40X Oil; NA = 1.3) objective and the CooLED 
pE-2 excitation system. For NAD(P)H measurements, we excited cells at 365 nm, 
employing a 350/50-nm band-pass filter, a 409-nm beam-splitter and a 435/40-nm 



 120 

emission filter (NAD(P)H channel). For mTFP and Venus FRET measurements, we 
excited cells at 440 nm, using a 435/30-nm band-pass filter, a 455-nm and 510-nm 
beam-splitters as well as a 480/40-nm emission filter for mTFP and 535/30-nm 
emission filter for Venus (mTFP-Venus channels). Imaging of mTFP and Venus signals 
was performed simultaneously with two cameras. For bright-field imaging, a halogen 
lamp produced light that was filtered with a 420-nm beam-splitter to exclude UV before 
illuminating cells (BF channel). The microscope was operated using NIS-Elements 
software. We disabled the EM Gain Multiplier of the cameras, set the Readout Mode 
to 1 MHz to minimize the camera readout noise and fixed the baseline level of the 
cameras to 500 at -75 °C. The Nikon Perfect Focus System (PFS) was used in time-
lapse imaging to prevent the loss of focus set in the beginning of the experiment (in 
which a cell was seen as surrounded by two concentric circumferences of very low and 
high intensity pixels, respectively). In Table S3, we specify for each experiment what 
frequency of image acquisition, and channels were used, indicating the corresponding 
percentage of maximal light intensity and exposure time. 

Image and signal analysis 
In every microscopy experiment, multiple non-overlapping regions in the XY-plane of 
the microfluidic device or under the agarose pad were imaged, which resulted in a set 
of Nikon NIS-Elements ND2 files each containing a multi-channel movie for one XY-
region. Every ND2 file was imported into ImageJ (v.1.52n, Java 1.8.0_66) [26,27] where 
images in the fluorescent channels were background corrected via Rolling ball 
background subtraction plugin and images in the bright-field channel were sharpened 
and contrast-enhanced, after which the movie was saved as a TIFF file. Cells were 
tracked throughout the movie and their mother compartments segmented by fitting an 
ellipse in the bright-field image at each time point via the semi-automated plugin BudJ 
[28] used with ImageJ (v.1.49v, Java 1.8.0_144). Simultaneously, by visual inspection 
and with the help of a custom macro, we recorded for each segmented cell the time 
points of budding events (appearance of a dark-pixel cluster from which a daughter cell 
would later grow) and death (abrupt shrinking and darkening of the cell, cessation of 
cytoplasmic movement, after which the data from the cell was not used). To analyse 
cellular fluorescence data, we uploaded the movie-containing TIFF file into a NumPy 
(v.1.15.4) multidimensional array via Python’s module scikit-image (v.0.13.1) [29]. To 
align the images with mTFP and Venus signals taken by different cameras, we used the 
Python’s module pystackreg (v. 0.2.1) with the rigid-body-type distortion (translation and 
rotation). We extracted the pixels corresponding to a cell of interest by overlapping the 
fluorescent-channel-aligned NumPy multidimensional array with the segmentation 
ellipses provided by BudJ. 

To get a proxy of concentration of NAD(P)H concentration, we calculated the average 
fluorescence intensity of the pixels in the mother cell segmentation. To calculate the 
sensor’s readout, mTFP/Venus, we used three approaches. In the first, we calculated 
the ratio of mother-cell-pixel-average mTFP and Venus fluorescence values (Figures 
1B (TM6* Glu Exp. 2), 2C, 3B and 4A). In the second approach (Figures 1B (except 
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TM6* Glu Exp. 2), 2A-B and 3A), before calculating the analogous ratio, for each time 
point of the movie, we subtracted from the mother-cell-pixel-average mTFP and Venus 
fluorescence values the LOWESS-smoothed mother-cell-pixel-average 
autofluorescence values of cells lacking the sensor (Figures S2A-B, dashed horizontal 
line). In the third approach (Figure 4B), before calculating the ratio, for each cell-cycle 
phase, we subtracted from the mother-cell-pixel-average mTFP and Venus fluorescence 
values the mean mother-cell-pixel-average autofluorescence values of cells lacking the 
sensor (Figures S2D-E, curves in the middle of the shaded areas). Mother cell volume 
was  measured via BudJ, which uses the average of two radii of the segmentation ellipse 
to calculate the volume of the corresponding sphere. All data analysis and result 
visualisation was implemented in Python (v.3.6.2).  Figure captions further describe the 
signal processing associated with each experiment. 
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SUPPLEMENTARY FIGURES 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure S1. Pyruvate measurements with the lactate-dehydrogenase assay, Related to 
Figures 1A and 3C. A. The standard curve showing the relationship between the initial 



 123 

concentration of pyruvate in the assay well and the NADH concentration decrease due to lactate 
dehydrogenase activity. The line was obtained via least-squares regression implemented in 
Python’s method scipy.stats.linregress. B. Population-average intracellular pyruvate concentration 
in various metabolic conditions identified via the lactate-dehydrogenase assay, cell-volume and 
cell-count measurements (see Materials and Methods). The presented values are the same as in 
Figure 1A. Circular and diamond markers denote two replicate metabolite extractions from a 
flask culture, filled and empty markers denote replicate measurements on two different days 
(separated by almost a week), dark- and light-colored markers denote two replicate flask cultures 
(only in case of TM6* Glu). C. Pyruvate concentration in the cultivation media taken from the 
cultures at the same time when the corresponding cells were quenched for further measurement 
of intracellular pyruvate concentration (Figures 1A, S1B). D. Intracellular pyruvate 
concentration measurements when the quenched-cell pellet is washed in cold methanol (like in 
Figures 1A, S1B and 3C) and when it is not washed. The lack of marked difference between the 
measurements suggests that the extracellular pyruvate (Figure S1C) does not confound the 
intracellular pyruvate estimation (Figure 1A, S1B). The circular markers show replicate 
measurements of pyruvate concentration, which correspond to replicate metabolite extractions 
and replicate enzyme-assay-based measurements E. Pyruvate concentration in the cultivation 
media taken from the cultures at the same time points when the corresponding cells were 
quenched for further measurement of intracellular pyruvate concentration to study the effect of 
UK-5099, the inhibitor of the mitochondrial pyruvate carrier (Figure 3C). In C and E, the 
circular markers correspond to replicate flask cultivations (only for TM6* Glu and t=0) and 
enzyme-assay-based measurements (two on two different days). In C-E, the x-marker shows the 
mean of the replicate measurements, with the whiskers covering two standard deviations. 
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Figure S2. Evaluating the contribution of cellular autofluorescence in mTFP and Venus 
channels to the readout of the sensor, Related to Figures 1B and 4B. A-B. 
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The fluorescence of single cells expressing the sensor and lacking it in Venus (A) and mTFP (B) 
microscopy channels. Both groups of cells belong to the same YSBN6 strain background and 
were cultivated in the same microfluidic device provided with 1% glucose medium. We present 
the traces of mother-cell pixel-average fluorescence. The black dashed line shows the LOWESS 
regression of the WT traces (50% of data points to fit a locally smoothing line) which was used 
for cellular-autofluorescence correction by subtracting it from individual traces of sensor-
expressing cells (the data corrected in this way contributed to Figure 1A, YSBN6 Glu Exp. 1). 
C. Removing the contribution of cellular autofluorescence in mTFP and Venus channels does 
not affect the values of mTFP/Venus ratio (FRET ratio). We present the sensor mTFP/Venus 
ratio in single YSBN6 cells (circles) cultivated in the microfluidic device with 1% glucose. We 
either subtracted the cellular autofluorescence from single-cell signals in mTFP and Venus 
channels (left) or did not do it (right). The left boxplot is the same as the one for YSBN6 Glu 
Exp. 1 in Figure 1A. The circles represent the average values of the mTFP/Venus ratio in the 
single-cell traces spanning for three hours after loading into the microfluidic device (the data 
corresponding to the first three hours in A-B). The boxes are constrained by the upper (Q3) and 
lower (Q1) quartiles with the horizontal line inside denoting the median, the whiskers cover the 
values within Q3 + 1.5(Q3-Q1) and Q1 - 1.5(Q3-Q1). D-E. Autofluorescence in Venus (D) and 
mTFP (E) microscopy channels during the cell cycle of YSBN6 cells not expressing the sensor 
and cultivated in 1% glucose. The curves and shaded areas represent the mean values and their 
95%-confidence intervals (bootstrapping with 5 000 iterations), respectively. These mean values 
were used to remove the contribution of cellular autofluorescence while calculating the sensor 
mTFP/Venus ratios during the cell cycle in Figure 4B. We indicate the number of single cells 
and their cell cycles contributing to the plot. Cell cycles shorter than 150 minutes were used to 
make the plot. To calculate the phase, each time point of 𝑡 minutes between two adjacent 
budding events happening at 𝑡789-  and 𝑡789-:;  minutes is converted in the following way: 
6<6=>?

&

6=>?
&@A <6=>?

& . The corresponding values of the dependent variable are linearly interpolated at 100 

phase points, from 0 to 1. 

SUPPLEMENTARY TABLES 
Table S1. Strains used in this study, Related to all Figures 

Strain Genotype Source 

YSBN6 WT YSBN6 wild type Steve Oliver lab, 

Cambridge 

TM6* WT KOY.VW100 integration into cassette: 
HXT7prom-TM6*-HXT7term ura3-
52::URA3 

KOY.VW100 was derived from 
KOY.PK2-1C83 (MATa MAL2-8c 
SUC2). More details in [14,15] 

[14] 

YSBN6 Sensor YSBN6 HO::pTEF1-Sensor-tCYC1-
KanMX4 

This study 

TM6* Sensor TM6* HO::pTEF1-Sensor-tCYC1-
KanMX4 

This study 

< Figure S2 
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Table S2. Primers employed in the construction of recombinant strains, Related to all 
Figures. This table summarizes primers used for the amplification of DNA fragments for the 
plasmid assembly and primers used to linearize the plasmid before yeast transformation. The 
underlined lowercase sequences represent the overhangs used in Gibson assembly. 

Primer Sequence (5΄ to 3΄) Template 

B1_fwd TGACTCGAGTAAGCTTGGTAC pTEF:ATP [18] 

B2_rev CATTTTAATAACCTAGGAAACTTAGATTAG 

coPyr_fwd ctaatctaagtttcctaggttattaaaatgGTTTCCAAGGGTGAA
GAAACTAC 

Plasmid with the yeast 
codon optimized DNA 
fragment encoding mTFP 
and PdhR  coPyr_rev tgtgaataattcttcacctttactaaccatGGTAGATCTCTTCAAG

TTCTTTCTC 

 

Scp173Venu
s_fwd 

ATGGTTAGTAAAGGTGAAGAATTATTC pTEF:ATP [18] 

Scp173Venu
s_rev 

TTCAATGTTATGTCTAATTTTGAAGTTGGC 

Fcp173Venu
s_fwd 

gccaacttcaaaattagacataacattgaaGACGGTGGTGTTCAA
TTAGCAG 

pTEF:ATP [18] 

Fcp173Venu
s_rev 

ctagccgcggtaccaagcttactcgagtcaCTTGTATAATTCATC
CATACCCAAAG 

seq_pr3 CCTTGAAGCGCATGAACTC The plasmid assembled 
using the DNA fragments 
amplified with the primers 
given above 

seq_pr4 CTGTCAAGGAGGGTATTCTGG 

 

Table S3. Microscopy settings of the experiments in this study, Related to all Figures. 
Each row corresponds to time-lapse microscopy measurements of cells in one microfluidic 
device or under one agarose pad during one experiment. Microscopy channel names are 
followed by the percentage of the maximal light intensity and the exposure. 

Figures; strain background, growth 
condition 

Microscopy: channels; time step δt 

Figures 1B (YSBN6 Glu Exp. 1), 4 and S2; 
YSBN6, 1% (10 g/L) glucose 

BF (3V, 30 ms), NAD(P)H (15%, 200 ms), 
mTFP-Venus (8%, 150 ms); 𝛿𝑡 = 5 min 

Figure 1B (TM6* Glu Exp. 1), TM6, 1% 
glucose 

The same as above. This microfluidic device 
was on the same cover glass as the one above 
and thus imaged simultaneously. 

Figures 1B (YSBN6 starved) and 2A; 
YSBN6, no carbon source, shift in the 
microfluidic device to 1% glucose 

BF (3V, 100 ms), mTFP-Venus (3%, 100 ms); 
𝛿𝑡 = 10 min 
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Figure 1B (TM6* Lac); YSBN6, 2% 
lactate 

The same as above. This microfluidic device 
was on the same cover glass as the one above 
and thus imaged simultaneously. 

Figure 2B; YSBN6, 2% pyruvate, shift in 
the microfluidic device to 1% glucose 

BF (3V, 30 ms), NAD(P)H (10%, 150 ms), 
mTFP-Venus (3%, 100 ms); 𝛿𝑡 = 10 min 

Figure 2C; YSBN6, 0.001% glucose, shift 
in the microfluidic device to 1% glucose 

BF (3V, 10 ms), NAD(P)H (10%, 150 ms), 
mTFP-Venus (3%, 100 ms); 𝛿𝑡 = 10 min 

Figures 3A and 1B (YSBN6 Glu Exp. 2); 
YSBN6, 1% glucose, addition of 4% 
pyruvate to the agarose pad 

BF (3V, 10 ms), NAD(P)H (15%, 200 ms), 
mTFP-Venus (8%, 150 ms); 𝛿𝑡 = 5 min 

Figures 3B and 1B (TM6* Glu Exp. 2); 
TM6*, 1% glucose, addition of 100 µM 
UK-5099 to the agarose pad 

BF (3V, 30 ms), NAD(P)H (15%, 200 ms), 
mTFP-Venus (8%, 150 ms); 𝛿𝑡 = 5 min 

 

SUPPLEMENTARY NOTES 

Supplementary note 1. Cultivation. Related to all Figures 
To obtain cells for intracellular-pyruvate enzyme-assay-based measurements (Figures 
1A, 3C, S1B-E) and for some microfluidics-assisted microscopy experiments (Figures 
1B (YSBN6 Starved and Lac) and 2A), we cultivated several cultures in parallel. Initially, 
we inoculated single colonies of YSBN6 Sensor, TM6* Sensor, YSBN6 WT and TM6* 
WT from recently incubated 2% glucose YPD plates into four 100-mL flasks with 10 
mL of 1% glucose MM each, respectively, starting pre-cultures that were cultivated for 
a day. I. Afterwards, YSBN6 Sensor pre-culture was diluted in 50 mL of 1% glucose 
MM (500-mL flask) at the cell count 5.64e5 cells/mL (estimated OD600=0.03), resulting 
in YSBN6 Sensor Glu culture 1 that was cultivated for 14.77 hours until the cell count 
4.74e7 (est. OD600=2.37) when 6.33 mL (3e8 cells) were quenched (twice for replicate 
extractions) and 11 µL were provided to Casy TT (cell-volume measurement), to 
eventually measure intracellular pyruvate for the metabolic condition YSBN6 Glu 
(Figure 1A). 

II. YSBN6 Sensor pre-culture was also diluted in another flask with the same conditions 
at the cell count 5.50e5 cells/mL (est. OD600=0.03), resulting in YSBN6 Sensor Glu 
culture 2 that was cultivated for 17.45 hours until the cell count 6.91e7 (est. 
OD600=3.46) when the culture was centrifuged and the medium was replaced to one 
lacking carbon sources (no washing). This starved culture was incubated for 17.1 hours 
(4.05e7 cell/mL, est. OD600=2.02) until 7.42 mL (3e8 cells) were quenched and 12 µL 
were provided to Casy TT, to eventually measure intracellular pyruvate for the 
metabolic condition YSBN6 Starved (Figure 1A). This culture was diluted in 10 mL of 
no-carbon-source MM (100-mL flask) at the OD 0.2 and incubated for ~5 hours until 
it was loaded in the microfluidic device according to [19,20], to test the sensor in the 
condition YSBN6 Starved (Figures 1B and 2A). 
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III. TM6* Sensor pre-culture was diluted in 50 mL of 1% glucose MM (500-mL flask) 
at the cell count 3.40e5 cell/mL (est. OD600=0.02), resulting in TM6* Sensor Glu 
culture 1 that was cultivated for 35.83 hours until the cell count 9.46e7 (est. 
OD600=4.73) when 3.17 mL (3e8 cells) were quenched and 5 µL were provided to Casy 
TT, to eventually measure intracellular pyruvate for the metabolic condition TM6* Glu 
(Figures 1A and 3C t = 0 min). 

IV. TM6* Sensor pre-culture was also diluted in another flask with the same conditions 
at the cell count 2.37e5 cell/mL (est. OD600=0.01), resulting in TM6* Sensor Glu 
culture 2 that was cultivated for 35.83 hours until the cell count 6.68e7 (est. 
OD600=3.34) when 4.49 mL (3e8 cells) were quenched and 7 µL were provided to Casy 
TT, to eventually measure intracellular pyruvate for the metabolic condition TM6* Glu 
(Figures 1A and 3C t = 0 min). Afterwards, from the TM6* Sensor Glu cultures 1 and 
2, 20 mL were taken in separate flasks, to the first of which 100 µM UK-5099 diluted 
in DMSO was added and to the other – the same volume of DMSO. These cultures 
were incubated, with 3.17 and 4.49 mL of them, respectively, quenched 5 and 10 
minutes after the beginning of the treatment (Figure 3C, t=5 and 10 min). 

V. TM6* Sensor pre-culture was diluted in 25 mL of 2% lactate MM (250-mL flask) at 
the cell count 9.07e5 cells/mL (est. OD600=0.05), resulting in TM6* Sensor Lac culture 
1 that was cultivated for 16.83 hours (2.05e7 cells/mL, OD600=1.03), which was diluted 
again in 50 mL of 2% lactate MM (500-mL flask) at the cell count 9.38e6 cell/mL 
(OD600=0.47). This TM6* Sensor Lac culture 2 was cultivated for 17,1 hours until the 
cell count of 6.82e7 cell/mL (OD600=3.41), when 4.4 mL of the culture (3e8 cells) were 
quenched and 7 µL were provided to Casy TT, to eventually measure intracellular 
pyruvate for the metabolic condition TM6* Lac (Figures 1A). This culture was diluted 
in 10 mL of 2% lactate MM (100-mL flask) at the OD 0.2 and incubated for ~5 hours 
until it was loaded in the microfluidic device, to test the sensor in the condition YSBN6 
Lac (Figures 1B). 

VI-VII. Besides, we cultivated YSBN6 WT and TM6* WT analogously to the cultures 
in II. and V., in order to subtract the autofluorescence from the signals of the sensor in 
the microscopy experiments associated with the conditions of YSBN6 Starved (Figures 
1B and 2A) and YSBN6 Lac (Figures 1B), respectively. 

To obtain cells for microscopy experiments with 1% glucose MM (Figures 1B, YSBN6 
and TM6* Glu; Figures 3A-B, Figure 4), we cultivated cells in two consecutive 
exponential cultures of 10 mL (100-mL flask) after inoculation from a single colony 
growing on 2% glucose YPD plate. In the microfluidics-assisted experiment (Figures 
1B, YSBN6 Exp. 1 and TM6* Glu Exp. 1), we placed two microfluidic devices (PDMS 
chips) on the same cover glass: into the first devise, we loaded YSBN6 Sensor and 
YSBN6 WT cells (OD600=0.1-0.2) according to [19,20], in the other, TM6* Sensor and 
TM6* WT cells were introduced (OD600=0.1-0.2). Therefore, the same microscopy 
settings were applied for the corresponding cultivations in these parallel microfluidic 
devices. In the agar-pad-assisted experiments (Figures 1B, YSBN6 Exp. 2 and TM6* 
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Glu Exp. 2, Figures 3A-B), we poured 2 µL of a cell solution in two locations of a cover 
glass and covered them with two agarose pads of the volume calculated after measuring 
the agarose-pad dimensions. The cover glass with the agarose pad was placed into a 
metal holder installed into the microscope, with the metal holder covered with another 
cover glass to prevent drying of the agarose pads. The cell solution represented either 
a mixture of two cultures, YSBN6 Sensor and YSBN6 WT with OD600=0.8-1, (Figure 
3A, Figures 1B, YSBN6 Exp. 2) or one culture, TM6* Sensor OD600=0.8-1 (Figure 3B, 
TM6* Glu Exp. 2). The agarose pads were made of 1% glucose MM with 1% agarose 
(Bio-Rad, 1613102). The first agarose pad was used for treatment (4% pyruvate in 1% 
glucose MM in Figure 3A or 100 µM UK-5099 (Sigma-Aldrich, PZ0160) in DMSO in 
Figure 3B), the second – for the control (1% glucose minimal medium in Figure 3A or 
DMSO in Figure 3B). To calculate the appropriate volume and concentration of a 
treatment solution added on top of an agarose pad, we considered the volume of a cell 
solution, the volume of the agarose pad and the desired final concentration of the 
treatment solution in the agarose pad (4% pyruvate or 100 µM UK-5099). 

To obtain cells for microfluidics-assisted microscopy experiments with 2% pyruvate 
MM (Figure 2B) and 0.001% glucose (Figure 2C), we implemented the following 
cultivation scheme. First, we inoculated a single colony from a freshly incubated 2% 
glucose YPD plate into 10 mL of 1% glucose MM (100-mL flask), starting the pre-
culture, where cells were cultivated for a day to pass the diauxic shift. Second, cells from 
pre-culture were diluted in 10 mL of 2% pyruvate MM at the OD600=0.1 and cultivated 
overnight reaching the OD600 below 1. From this culture, another 2% pyruvate MM 
culture was started at the OD600=0.025-0.5 and cultivated for a day, after which the cells 
were loaded into the microfluidic device at the OD600=0.2-0.4. In this condition of 2% 
pyruvate, we cultivated both YSBN6 Sensor and YSBN6 WT (Figure 2B). Alternatively, 
cells from pre-culture were diluted in 10 mL of 0.001% glucose MM at the OD600=0.1 
and cultivated overnight reaching the OD600 below 1 (cell growth is likely explained by 
the presence of glucose carried over in the inoculation volume). From this culture, 
another 0.001% glucose MM culture was started at the OD 0.0125-0.025 and cultivated 
for 2-4 hours before loading into the microfluidic device. In this condition of 0.001% 
glucose, we cultivated only YSBN6 Sensor (Figure 2C). 
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