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Chapter 5 
Proposals for exploring and exploiting the discovered 

metabolic dynamics and the developed                     
single-cell-level tools 

Vakil Takhaveev 
Molecular Systems Biology, Groningen Biomolecular Sciences and Biotechnology Institute,       

University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands 

 

THESIS SUMMARY 

In this thesis, we aimed to identify the cause of the metabolic oscillations in single cells 
of the eukaryotic model organism Saccharomyces cerevisiae, and to establish previously 
reported methods as well as to develop novel tools that can probe the temporal 
dynamics of metabolism in single cells. In Chapter 2, with the help of a novel single-
cell-level dynamic perturbation method and state-of-the-art metabolic modelling, we 
provided a detailed description of various metabolic activities of yeast with respect to 
cell-cycle phase. Expanding our understanding of the metabolic oscillations, we 
discovered that a partial temporal segregation among major biosynthetic processes 
exists during the cell cycle (Figure 1A), and leads to changes in the fluxes of the core 
metabolism. In Chapter 3, with the motivation to describe the core metabolic dynamics 
in more detail, we introduced in yeast a pyruvate FRET-sensor that had been 
successfully used in animal cells. After extensive tests in single yeast cells, we found that 
the sensor does not report pyruvate and revealed an artefact confounding the readout 
in the cell-cycle context, which should be considered while working with other FRET-
sensors. In Chapter 4, we developed from scratch an RNA-based biosensor for the 
primary metabolite fructose-1,6-bisphosphate (Figure 1B), for which we employed in 
vitro aptamer selection, RNA-device rational design and in vivo high-throughput 
screening. Knowing the flux-signalling property of fructose-1,6-bisphosphate, we tested 
if the developed RNA-based biosensor also reports glycolytic flux and confirmed it by 
exploiting natural intercellular heterogeneity and pharmacological perturbation of 
glycolysis. 
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Figure 1. Major findings of this thesis. A. Biosynthetic processes are partially temporally 
segregated during the cell cycle. The curves denote single-cell-averaged biosynthetic activities 
identified with the perturbation-based method (Chapter 2). The timing of G1 and S/G2/M 
reflects the average cell cycle in the three experiments in which the biosynthetic activities where 
measured. ME stands for mitotic exit. B. The ab initio developed RNA-based biosensor 2_6 
reports intracellular fructose-1,6-bisphosphate (FBP) concentration (Chapter 4). HHRz stands 
for hammerhead ribozyme, whereas C45 is the in vitro selected aptamer for FBP. The red arrow 
visualises the ribozyme’s self-cleaving activity. The low and high FBP correspond to the TM6* 
yeast strain growing on glucose and maltose, respectively. 

 

Here, we propose avenues for future exploration and exploitation of selected results 
generated in this thesis research. We present detailed ideas regarding both major 
findings and side observations. At the end, we position our work in a broader scientific 
perspective. 

AVENUES FOR FUTURE RESEARCH 
Looking for mechanistic determinants of the discovered dynamics in 
biosynthetic processes 
One of the most compelling questions is what causes the discovered temporal 
segregation among major biosynthetic processes, or, more precisely, what determines 
the major biosynthetic activities change over time in the discovered manner. 

With two independent methods, we found that the activity of protein biosynthesis 
peaks twice per cell cycle, namely, in early G1 (around START) and in the middle of 
S/G2/M (Chapter 2, Figures 3A, B, D). Nevertheless, existing knowledge suggests that 
ribosome biogenesis and production of proteins involved in translation happens 
primarily in G1. Specifically, according to previous studies focused on glucose-limited 
synchronised chemostat cultures [1] and on high-glucose-grown elutriated cultures [2], 
transcription of genes encoding ribosomal proteins and proteins associated with 
translation is upregulated in G1 but not in S/G2/M. Besides, the recent finding that 
the production rate of GFP controlled by the pTEF1 promoter peaks only in G1 [3] 
also indicates that the translation elongation factor EF-1 alpha, from whose gene this 
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promoter was borrowed, and the translational machinery at large are produced primarily 
in G1. The question therefore appears: what does determine the two-wave behaviour 
of protein biosynthesis activity during the cell cycle, despite probably one-wave activity 
dynamics in the biogenesis of ribosomes and translational machinery? 

We conjecture that, after ribosomes and translational machinery are made in G1, they 
could be partially inhibited during the cell cycle, specifically, in the S phase and at 
karyokinesis, when we observe decreased protein biosynthesis activity (Chapter 2, 
Figures 3A, B, D). In a recent study, it has been found that ~8% of the budding yeast 
proteome corresponds to inactive ribosomes, with this fraction being constant across 
various growth rates [4]. Since that study was performed on the populations of cell-
cycle-asynchronous cells, its conclusion could be interpreted in the way that ribosomes 
are inactivated during ~8% of the cell cycle, or a fraction of ribosomes is inactivated 
during a bigger part of the cell cycle, which does not contradict our conjecture of 
ribosome inactivation in the S phase and at karyokinesis. To test this conjecture, one 
could measure the fraction of ribosomes not bound to mRNA in the material of 
elutriated yeast-cell samples corresponding to different cell-cycle phases. If inactivation 
of ribosomes proves to be indeed cell-cycle-dependent, it would be attractive to 
investigate its molecular basis. In bacteria exposed to stress, ribosomes are inactivated, 
or hibernate, due to the formation of dimers [5]. Recently, a new mechanism for 
ribosome hibernation was described whose key protein factors were found widespread 
across diverse branches of bacteria [6], therefore, one may suppose that in eukaryotes 
there is a homologous/analogous process as well. To check if ribosomes dimerize in 
particular cell-cycle phases, one could assess the fraction of ribosome dimers (or also 
other ribosome aggregates) with the help of differential centrifugation and cryo-EM in 
the material of elutriated yeast-cell samples.  
Aside from inactivation of some ribosomes, to explain the two-wave behaviour of 
protein biosynthesis activity, we could conjecture that the translation rate of all 
ribosomes decreases in the S phase and at karyokinesis. One could test it by applying 
the pulsed stable-isotope labelling of amino acids, mass spectrometry and ribosome 
profiling in elutriated yeast-cell samples, as was recently done in cell-cycle-asynchronous 
populations [7]. 

Besides understanding how ribosomes mechanistically determine this peculiar two-
wave behaviour of protein biosynthesis, it is also interesting to disclose what upstream 
regulation is responsible for it, as well as for the identified dynamics of lipid and 
polysaccharide biosynthesis. The discovered partial temporal segregation among 
different biosynthetic processes offers the idea that some of these processes may 
negatively regulate each other. Specifically, in G1, protein biosynthesis has a high 
activity while lipid and polysaccharide biosynthesis reaches its lowest activity; in S, 
protein biosynthesis drops while lipid and polysaccharide biosynthesis starts to intensify 
(Chapter 2, Figures 3A, B, D, E, G). To gain more evidence for the negative regulation, 
one could inhibit protein biosynthesis and determine if the rate of lipid and 
polysaccharide biosynthesis increases, and vice versa. If the negative regulation exists, 
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one would be curious to investigate its mechanism, whether it is based on competition 
for resources from the core metabolism, exemplified by [8], or on signalling that 
employs precursors of the mutually exclusive biosynthetic processes. Acetyl-CoA could 
be such a signalling precursor since it appears as a gauge of the cell’s metabolic state 
and activates gene expression by being utilized in histone acetylation [9]. Admittedly, 
the idea about the existence of the negative regulation between the biosynthetic 
processes is challenged by the fact that all of them have a high activity simultaneously 
in the middle of S/G2/M, as was found in this thesis. 

We observed a tight coupling between lipid and polysaccharide biosynthetic processes 
throughout the cell cycle, likely motivated by the necessity to mutually contribute to the 
cell-surface expansion (Chapter 2, Figures 3E-G). Such a synchrony between the 
biosynthetic processes indicates that there is a common regulator controlling both of 
them or there is a positive feedback between the processes. The latter idea is supported 
by two previous reports combined. First, it was found that the deletion of the fatty acid 
elongase Elo2 causes the accumulation of a sphingolipid precursor and its derivative 
that inhibit 1,3-beta-glucan synthase important for the cell-wall construction [10]. 
Second, Elo2 transcription rate was reported to drop in G1 [2], when we also observed 
the slowest lipid biosynthesis. Therefore, a low expression of Elo2 in G1 may cause an 
increase in the level of sphingolipids that inhibit 1,3-beta-glucan production, 
contributing to the coupling of lipid and cell-wall polysaccharide biosyntheses. To test 
this idea, one could perform lipidomics analysis of cell-cycle elutriated yeast and assess 
the dynamics of sphingolipids during the cell cycle. 

We found that the lipid biosynthesis activity and cell-surface-area expansion rate have 
similar dynamics during the cell cycle, dropping in G1 and peaking in S/G2/M, when 
the daughter cell grows (Chapter 2, Figures 3E-F, 4A). Nevertheless, in G1, lipid 
biosynthesis virtually does not happen whereas cell-surface area still expands at a non-
zero rate. This observation prompted us to ask where the lipids needed for the plasma 
membrane expansion may originate from. One can suggest that in G1 internal 
membranes may be donated to the plasma membrane. Alternatively, lipid droplets, 
made in S/G2/M when lipid biosynthesis peaks, may be mobilised in G1 to contribute 
to the cell-surface-area expansion. Indeed, in fission yeast, it was observed that de novo 
formation of lipid droplets containing neutral triacylglycerols intensifies throughout G2 
[11]. Furthermore, in S. cerevisiae, there is evidence that lipid droplets are mobilized in 
G1 as the elimination of major triacylglycerol lipases delays bud formation (associated 
with G1/S transition) [12]. To investigate the idea of lipid-droplet mobilisation for 
plasma-membrane expansion in the absence of lipid biosynthesis in G1, one could 
measure the number and size of lipid droplets during the cell cycle, applying a 
hydrophobic fluorescent dye. If the number and size of lipid droplets prove indeed to 
increase in S/G2/M and decrease in G1, the question would remain: why would the 
cell use lipid droplets produced in S/G2/M to donate material for the plasma 
membrane in G1 instead of synthesising necessary lipids in a timely fashion in G1? 
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Actually, the potential negative feedback regulation from protein biosynthesis peaking 
in G1 could play the role of prohibiting lipid biosynthesis to happen. 

Exploiting temporal segregation of metabolism in biotechnology and infection 
treatment 
In an industrial application, to increase the yield and production rate of a desired 
compound synthesized by yeast, one could halt the population of cells in a particular 
cell-cycle phase associated with the highest flux of this compound, or perhaps prolong 
this phase relative to others so that overall population efficiency increases. For example, 
if a lipid is the desired product of a yeast cell factory, one should arrest the whole 
population of cells in S/G2/M, for which we discovered the highest lipid biosynthesis 
activity. On the contrary, if the yeast cell factory is used for ethanol production, one 
should arrest the cells in G1 or prolong this phase since, according to this thesis, the 
glucose uptake, and glycolytic flux, are high in G1. 

The phenomenon that different metabolic activities are allocated to certain cell-cycle 
phases, visualised in this work, could be considered while tackling infectious deceases 
caused by unicellular pathogens. If a medication designed to disrupt a particular 
metabolic process essential for a pathogen is given to it during the cell-cycle phase when 
this process is not active, then the pathogen will not be strongly affected and will have 
time to adapt before the targeted metabolic process is activated fully. Therefore, one 
could envision this as a contributor to the resistance against the medication, e.g. an 
antibiotic. If it is the case, a combination of drugs targeting metabolic processes peaking 
in different cell-cycle phases could be more effective in eradicating unicellular 
pathogens. 

Exploring temporal segregation among biosynthetic processes in the absence 
of cell cycle 
In this thesis, we described a dynamical system of biosynthetic activities partially 
segregated in time and causing the oscillations in the core metabolism during the cell 
cycle. One could envision that this system of biosynthetic processes is autonomous 
from the cell cycle, i.e. able to reproduce itself even beyond normal cell-cycle 
progression. As a clue to this idea, metabolic oscillations manifested in NAD(P)H, ATP 
and flavin dynamics have been recently discovered persisting when the cell cycle is 
arrested [13,14]. Remarkably, however, we did not observe the NAD(P)H oscillations 
in cell-cycle-arrested cells when either protein, lipid or polysaccharide biosynthesis was 
inhibited (Chapter 2, Figures S8A-C). To test the idea of the autonomy of the 
biosynthetic processes from the cell cycle, one should exploit the dynamic-perturbation 
method developed in this work, assess fluorescent-protein production rate and measure 
the cell-surface-area expansion rate in non-dividing cells, in order to decipher the 
temporal dynamics of the biosynthetic processes in them. Furthermore, one should also 
provide evidence for the existence of negative and positive feedbacks between the 
biosynthetic processes, as was mentioned above. 
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Investigating whether the biosynthetic processes are autonomous from the cell cycle is 
important not only for the future identification of mechanisms of how metabolism 
controls cell cycle. It would also contribute to understanding the physiology of non-
dividing cells at large and terminally differentiated cells in particular which represent the 
majority of cells in human body. 

Checking the coupling between histone production and DNA biosynthesis 
We monitored the abundance of the histone core protein Hta2 fused with RFP during 
the cell cycle (Chapter 2, Figures S4B). We observed that the Hta2 abundance increased 
in G1 when DNA content is expected to be constant. On the contrary, in the beginning 
of S/G2/M (right after budding) when DNA replication is expected to start, the Hta2 
abundance was found plateauing. This lack of coupling between the histone and DNA 
amount suggests changes in chromatin condensation during the cell cycle, which could 
in turn influence gene expression. Nevertheless, in a recent study, it was shown that the 
abundance of another histone core protein, Htb2, fused with sfGFP stays constant in 
G1 and linearly increases around budding [15]. It is interesting to investigate if the two 
core proteins of histones, Hta2 and Htb2, indeed have different expression dynamics 
during the cell cycle. One, however, should admit that the discrepancy between the 
current and previously reported works could be caused by the application of different 
methods. 

Utilizing an in vivo system to develop novel pyruvate sensors 
In Chapter 3, we measured intracellular pyruvate concentration in yeast experiencing 
various metabolic conditions. Specifically, we determined conditions in which 
intracellular pyruvate level differs more than 10 fold (Chapter 3, Figure 1A). Yeast in 
these conditions could be used as an in vivo system to develop new pyruvate sensors, 
for example, with the approach presented in Chapter 4. 

Applying the developed RNA-based biosensors of glycolytic flux in 
biotechnology 
High glycolytic flux is a prerequisite for an efficient production of diverse compounds 
generated by cell factories. Therefore, the developed RNA-based biosensors of 
glycolytic flux (Chapter 4) could be employed in the selection of high-producing cells if 
assisted by fluorescence-activated cell sorting. Besides, one could use the RNA devices 
underlying our biosensors to develop strains with high glycolytic flux via directed 
evolution. Specifically, for negative selection, the RNA device 2_6 could be imbedded 
into an mRNA encoding a protein killing the cell, which, under slow glycolysis, will 
result in the increased stability of this mRNA and elevated expression of the protein 
removing the corresponding genotype from population. Conversely, for positive 
selection, the RNA device 4_1 could be integrated into an mRNA expressing a protein 
accelerating the cell growth rate; consequently, under a higher glycolytic flux, the 
corresponding cell would divide much faster. Furthermore, the negative feedback 
between the glycolytic flux and mRNA stability implemented in the RNA device 2_6 
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could be used to increase the expression of glucose transporters and glycolytic enzymes 
in single cells that stochastically became low-producing. 

Upgrading the RNA-based biosensors of glycolytic flux 
To better describe metabolic heterogeneity among cells in one population, mutagenesis 
of the developed biosensors 4_1 and 2_6 is required in order to increase the magnitude 
of their response to changes in the glycolytic flux. 

Besides, the reporting system of the sensors should be changed to make them more 
suitable for tracing the glycolytic flux dynamically in single cells. In more detail, the 
output of the ligand binding in our biosensors is a particular degree of mRNA stability 
and hence a particular rate of GFP expression from this mRNA. The biosensors’ 
current readout is the ratio between the signals, i.e. levels, of GFP, whose expression 
rate is controlled by the ligand, and RFP, whose expression rate is controlled only by 
the global protein biosynthesis activity. In steady-state, using the levels of the 
fluorescent proteins to calculate the readout is the same as using their expression rates, 
which is the true output of the biosensors. Beyond steady-state, however, the level of a 
protein is not a proxy for its transient expression rate but describes the total amount 
produced so far. To measure glycolysis continuously in a single cell with the current 
biosensors, we need to obtain the rates of GFP and RFP production, which involves 
calculating the first and second derivatives of the fluorescent signals and cell volume, 
generating a lot of noise. The problem with calculating a correct readout becomes even 
bigger given limited knowledge of GFP and RFP maturation kinetics in studied 
conditions (besides, maturation parameters may also change in the temporally changing 
metabolic conditions, e.g. during the cell cycle). To overcome this drawback, one should 
abandon protein expression as a reporting system. Instead, one could imbed the FBP-
sensing RNA-device of one of the current sensors into an RNA having also binding 
sites for fluorescent proteins, which could transduce the ligand binding to a change of 
the FRET efficiency between the fluorescent proteins. We acknowledge, nevertheless, 
that FRET-sensors are prone to other artefacts in dynamically changing environments, 
as we observed in the example of the pyruvate sensor in Chapter 3. 

An attractive application of the developed glycolytic biosensors is introducing them in 
mammalian cells, which could pave an avenue for their employment in cancer research 
and diagnostics.  
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CONCLUDING REMARKS 

The uncovered temporal segregation among biosynthetic processes in combination 
with the previously reported autonomy of the metabolic oscillations from the cell cycle 
[13] tempts us to speculate that the eukaryotic cell might be able to orchestrate the 
essential function of synthesizing itself even without cell-cycle machinery. Could it be 
that metabolism had already been capable of governing growth and reproduction of the 
cell in early evolution before an ancestor of the modern cyclin/cyclin-dependent kinase 
(CDK) machinery appeared (metabolism as a non-CDK controller [16])? Will we be 
able to create a synthetic cell that grows and replicates itself without a cell-cycle 
machinery but relies in this regard only on metabolism? Further research is needed to 
answer these exciting questions. 

The engineered RNA-based biosensor for glycolytic flux makes it possible to read the 
functional output of the principal metabolic pathway in real time in single cells. This 
signifies the beginning of the time when we will be able to know at any moment how 
fast each flux is running in a particular cell (e.g. every cell of our body), which would 
give a comprehensive picture of life as a dynamic characteristic. 
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