University of Groningen

Intrinsic, periodic and tunable metabolic dynamics: a scaffold for cellular coherence
Papagiannakis, Alexandros

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2017
Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Papagiannakis, A. (2017). Intrinsic, periodic and tunable metabolic dynamics: a scaffold for cellular
coherence. [Thesis fully internal (DIV), University of Groningen]. University of Groningen.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).
The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverneamendment.
Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 10-01-2023

Chapter 1
The cell cycle is a higher order function, which
emerges from the collective synchrony between
metabolic, chromatin remodeling and CDK-activity
oscillators
Alexandros Papagiannakis, Matthias Heinemann
Molecular Systems Biology, Groningen Biomolecular Sciences and Biotechnology
Institute, University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands;

Summary
The cell cycle is the periodic process of biomass duplication and segregation. According to
the traditional view on cell cycle regulation, waves of cyclins tune the activity of a cyclin
dependent kinase, the master regulator of cell cycle transcription and chromosome
dynamics. However, the late advent of cyclin dependent kinases in the evolution of
eukaryotes, together with the sustained transcriptional and late cell cycle oscillations during
cell cycle arrest, support the existence of cyclin/CDK independent cell cycle regulators. In
this review we discuss the possibility that an autonomous metabolic oscillator provides
periodic triggers for cell cycle initiation and progression. Specifically, we summarize the
molecular connections between oscillating metabolites, previously measured

in

synchronized yeast populations, and the cell cycle machinery, providing a global
understanding on the cell cycle operation within a milieu of coupled oscillators. The early
cell cycle correlates with enhanced respiro-fermentative metabolism, chromatin activation
and biomass formation, oscillating oppositely in phase with the late cell cycle which
correlates with energy conservation, chromatin silencing and biomass segregation.

The cell cycle is a higher order function

Highlights
A CDK-independent metabolic oscillator could constitute a primitive cell cycle
regulator.
Oscillating metabolites interact with the cyclin/CDK machinery, either directly, or
indirectly via signaling pathways and histone modifications.
The early cell cycle coincides with anabolism and chromatin activation, whereas the late
cell cycle coincides with energy conservation and chromatin silencing.
Additional control was imposed on a primitive, metabolically driven cell cycle network,
in the form of activator/inhibitor pairs, for the robust transition between the cell cycle
phases.

Introduction
The cell cycle is the process of biomass duplication and segregation. In eukaryotes it
consists of four phases, the G1, S, G2 phase and Mitosis, which occur in strict order.
During the G1 phase, the cell prepares for DNA replication. Specifically, the progenitor cell
volume steadily increases until it reaches a critical size, when it commits for DNA
replication. This point of commitment is commonly referred to as START in yeasts or the
restriction point in mammalian cells (Johnson and Skotheim, 2013). During the early cell
cycle and DNA replication, cells boost biomass formation further increasing their size
(Barnum and O’Connell, 2014; Ferrezuelo et al., 2012; Soifer and Barkai, 2014). In the G2
phase, an additional cell size checkpoint (Barnum and O’Connell, 2014; Soifer and Barkai,
2014) ensures continuation of the cell cycle, and commitment to mitosis and biomass
segregation, only when the cells have synthesized sufficient biomass. During Mitosis, the
duplicated chromosomes are condensed (Prophase), aligned (Metaphase), separated
(Anaphase) and partitioned (Telophase) between the two poles of the cell. After mitosis,
cytokinesis takes place, where the grown cell, containing duplicated components (e.g.
DNA, protein, organelles, membrane), is split into two identical daughters (symmetric
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division (Shahriyari and Komarova, 2013)) or a bigger mother and a smaller daughter cell
(asymmetric division (Yang et al., 2015)), each containing equal amounts of genetic
information and thus being able to commence a new cell division program. A molecular
cell cycle machinery coordinates - in two timely separated steps - the duplication of the
biomass in the S phase and the segregation in the M phase. It stands to reason that proper
functioning of the cell cycle is necessary for the equal partitioning of biomass components
between the progenies, for the maintenance of genomic integrity (ploidy) and survival
(Pines, 2011; Tyson and Novak, 2008).

The traditional cell cycle view
The discovery of the molecular engine that coordinates the cell cycle phases was the result
of decades of research in yeasts, echinoderms, amphibians and mammalian cells, yielding a
Nobel Prize in 2001 (Watts, 2001), jointly awarded to Leland Hartwell, Tim Hunt and Paul
Nurse. The cell cycle engine, also known as the Cylin/CDK machinery, consists of one
central Cyclin Dependent Kinase (CDK) and its regulators, the cyclins (Figure 1). Timely
ordered waves of cyclin abundance control the activity of the CDK, which in turn controls
the onset of the next cell cycle phase only when the previous one is complete (Barik et al.,
2010).
In budding yeast (Saccharomyces cerevisiae) the only CDK is Cdc28. During the G1 phase
and prior to START, the Cln3 cyclin is available for coupling with Cdc28. The Cln3/Cdc28
dimers phosphorylate Whi5, a transcriptional repressor. As a result, the phosphorylated
Whi5 sequesters into the cytoplasm, signaling the START point and the activation of the
SBF and MBF transcriptional factors, which drive the early cell cycle transcription (also
known as G1 transcription) (Barik et al., 2010; Tyson and Novak, 2008). It has previously
been conjectured that the threshold for START is set by the abundance of the Cln3 and thus
the Cln3/Cdc28 heterodimers, as well as the nuclear abundance of Whi5 (Liu et al., 2015;
Schmoller et al., 2015). The SBF and MBF transcriptional factors drive the expression of
additional cyclins (Cln1,2 and Clb5,6), which initiate the S phase and specifically DNA
replication and budding (Bähler, 2005). At this point the irreversibility of START is also
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set (Charvin et al., 2010), with Cln1,2/Cdc28 further phosphorylating Whi5 thus hampering
its sequestration back in the nucleus.

Figure 1: CDK-centric model of cell cycle regulation. The cyclin dependent kinase, the activity of
which is driven by the early (Cln1,2,3 and Clb5,6 – light green) and the late (Clb1,2,3,4 – dark green)
cyclins, coordinates the transition through the cell cycle phases (Barik et al., 2010). During the G1
phase the cells grow, accumulating Cln3 and possibly also diluting the Whi5 repressor of cell cycle
transcription into the nucleus. When sufficient Cln3/Cdc28 complexes are assembled, they
phosphorylate Whi5 causing its sequestration in the cytoplasm and the onset of cell cycle
transcription via the SBF/MBF transcriptional factors (Liu et al., 2015; Schmoller et al., 2015). At this
point, also known as the START, cells commit to cell division. The remaining early cyclins are then
transcribed triggering the onset of budding (Cln1,2) and DNA replication (Clb5,6) (Barik et al., 2010;
Tyson and Novak, 2008). At this point, the Sic1 inhibitor of the b-type cyclins (Clb1,2,3,4,5,6) is
phosphorylated and degraded (Barberis, 2012). The accumulation of the late cyclins is assisted via the
mcm/fkh1 dependent transcription (Linke et al., 2013) signaling the transition past the S phase into
Mitosis. The late cyclins activate the anaphase promoting complex (APC) via Cdc14. The APC is not
only necessary for chromosomal abscission and the separation of the sister chromatids, but also
degrades all remaining cyclins, signaling mitotic exit and resetting the cell cycle program (Acquaviva
and Pines, 2006; Manchado et al., 2010; Peters, 2006).
4
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The early waves of the G1/S cyclins (Cln1,2,3 and Clb5,6) are succeeded by the late cyclin
waves, namely Clb3,4 and Clb1,2, which also regulate the activity of Cdc28 and promote
the transition past the G2 phase into Mitosis (Barik et al., 2010; Tyson and Novak, 2008)
(Figure 1). The late cyclin waves activate the Anaphase Promoting Complex (APC), a
conserved multiprotein complex harboring an E3 ubiquitin ligase, which catalyzes the
addition of polyubiquitin chains to proteins targeting them for proteasomal degradation
(Acquaviva and Pines, 2006). The APC facilitates the separation of the sister chromatids
(duplicated DNA) via releasing separase, a protease that cleaves cohesin, a protein complex
that keeps the sister chromatids together (Manchado et al., 2010). At the same time, APC
catalyzes the degradation of all remaining cyclins (Figure 1), thus resetting the cell division
program back to the G1 phase (Peters, 2006). The APC is also known as the cycleosome
due to its central role in resetting the cell cycle.
According to the current view on cell cycle regulation, the cyclin/CDK machinery together
with the cycleosome (APC) constitute an autonomous oscillator (Figure 2A), which
orchestrates the transitions between the cell cycle phases. Several mathematical models
have been developed describing the functioning of the cell cycle (Gérard et al., 2013),
leading to the development of a minimal cell cycle model in Schizosaccharomyces pompe
(Coudreuse and Nurse, 2010), where one CDK together with a B-type cyclin (Clb) and the
APC constitute a free-running oscillator driving cell division. Minimal cell cycle models
(Coudreuse and Nurse, 2010; Gérard et al., 2013) have gained wide acceptance due to their
simple nature. However, there are clues that contradict this notion of cell cycle control.
These cues point towards an external, non-Cln/CDK cell cycle regulator, which provides
dynamic triggers for biomass duplication and segregation.

Evidence for external cell cycle regulation
In yeast, the initiation of the cell cycle (START) is known to be triggered by Cln3/Cdc28.
Cln3, is regulated at a post-transcriptional level: the Whi3 cell cycle inhibitor binds the
Cln3 mRNA in the cytoplasm, preventing its translation (Garí et al., 2001). During the G1
phase, the Cln3 mRNA levels increase more than they are inhibited by Whi3, thus resulting
in Cln3 translation. The emergent Cln3/Cdc28 complexes phosphorylate and deactivate cell
5
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cycle transcriptional inhibitors (e.g. Whi5 and Rpd3) promoting the G1/S transition (de
Bruin et al., 2004; Verzijlbergen et al., 2014). The G1 cyclin has been shown to trigger
START only when the cells have reached a critical size (Figure 2A) (Ferrezuelo et al.,
2012). This critical threshold for cell cycle initiation is set by the nuclear abundance of cell
cycle inhibitors (e.g. Whi5), as well as the cell volume increase rate during G1 and thus the
growth conditions, commonly related to the rate of Cln3 expression (Liu et al., 2015;
Schmoller et al., 2015). According to the accepted view on cell cycle regulation, Cln3Δ
mutants should constantly increase in volume and thus fail to start the cell cycle. However,
experiments have shown that Cln3Δ cells not only successfully manage to initiate and
complete cell division, but they also exhibit a growth-dependent critical volume at START
(Ferrezuelo et al., 2012), similarly to wild type cells. Furthermore, Saccharomyces
cerevisiae cells can still divide in the absence of two out of their three early cyclins
(Cln1,2,3). When cell cycle inhibitors were deleted (e.g. Sic1) (Schneider et al., 1996; Sherr
and Roberts, 2004; Tyers, 1996), cell division was also possible in the absence of all three
cyclins. Similarly, Schizosacharmomyces pompe cells lacking all early cyclins are also
viable (Fisher and Nurse, 1996; Sherr and Roberts, 2004). These findings suggest that an
oscillator external to the Cln/CDK machinery, and not the timely ordered cyclin waves,
could regulate cell cycle initiation.
Further indication for the existence of a Cln/CDK-independent cell cycle regulator has been
discovered: When yeast cells bearing temperature-sensitive B-type cyclins (Clb1,2,3,4,5,6)
were subjected to the restrictive temperature, they were found to exhibit periodic
transcription in the absence of cell cycle progression (Orlando et al., 2008). Specifically,
although the cyclin mutants were unable to complete the S phase or Mitosis, nearly 70% of
the periodically transcribed genes in normally dividing cells, continued to oscillate with
similar periods and phases, but with different amplitudes. Even the late G1 transcripts
(normally activated by SBF) continued to oscillate in the cell cycle arrested cells. This led
to the suggestion that a global transcription oscillator could be a CDK-independent cell
cycle regulator (Figure 2B).
However, recent findings challenge the existence of a CDK-independent global
transcription oscillator: In Schizosaccharomyces pompe no periodic G1 or M transcription
was observed when the cell cycle was arrested by cyclin B/CDK inhibition, on a minimal
6
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cell cycle background (absence of remaining cyclins or CDKs) (Banyai et al., 2016).
Similarly in Saccharomyces cerevisiae when the cell cycle was arrested by depletion of all
the early and late cyclins, the SBF/MBF dependent transcription was halted (Rahi et al.,
2016). Still, in both studies the existence of periodic transcription was assessed by
comparing the amplitudes of the oscillations during cell cycle arrest, to the periodic
transcription in normally dividing cells. In fact, if the global transcriptional oscillations
persist even in the absence of CDK activity, yet with significantly lower amplitude as
previously suggested, their detection largely depends on the arbitrarily set amplitude
threshold between significant periodicity and noise in gene expression. Most importantly, in
Saccharomyces cerevisiae, even during cell cycle arrest and despite the absence of CDK
activity, three genes (SIC1, CDC6 and CYK3) from the Swi5 cluster (transcriptional factor
activated together with the APC during mitosis) continued to oscillate, lending additional
support to the existence of a CDK-independent cell cycle regulator.
Similarly, when cells were arrested in metaphase via the constitutive expression of a stable,
non-degradable

B-type

cyclin

(Clb2kd),

they

exhibited

cycles

of

Cdc14

nucleolar/cytoplasmic localization, even in the absence of cell cycle initiation (START) and
budding (early S) (Lu and Cross, 2010) (Figure 2B). The Cdc14 phosphatase is an essential
activator of Cdh1, a subunit of the APC, which harbors the substrate for polyubiquitination. The persistent localization cycles of Cdc14 indicate a periodic activity of the
APC and the late cell cycle even in the absence of cell division. Similarly, when the cell
cycle was delayed in Cdh1Δ Sic1Δ GAL-SIC1 cells growing on glucose, DNA endoreplication cycles were reported, indicating a periodic activity of the early cell cycle
without a new budding event and before the end of Mitosis (Wasch and Cross, 2002). The
persistent DNA endo-replication, Cdc14 localization and transcriptional cycles observed in
cell cycle arrested or delayed yeast cells suggest the existence of a free-running oscillator,
which drives the early and late cell cycle events, and possibly global gene expression, also
independently of the Cln/CDK machinery (Figure 2B).
In accordance with the idea that a CDK-independent regulator exerts major cell cycle
control, an amino-acid sequence-based reconstruction of the maximum-likelihood
phylogeny of cell cycle control kinases, revealed that Cdc28 appeared late in the evolution
of eukaryotes (Krylov et al., 2003). The earliest branching cell cycle control kinases have
7
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functions related to metabolism (amino-acid and polyamine transport, TCA cycle), gene
expression (elongation of ribosomal gene RNAs), ion homeostasis (regulation of H+ or K+
transport) or pheromone response (inhibition of the pheromone response pathway).
Consequently, in early eukaryotes, cell division, namely the process of biomass duplication
and segregation, might be controlled by an ancient oscillator in the absence of a Cln/CDK
machinery (Murray, 2004).

Figure 2: The CDK-centric contrasted to the coupled oscillators model of cell cycle regulation.
(A) According to the CDK-cetric model, the cell cycle is a phosphorylation cascade (Barik et al.,
2010) orchestrated by the cyclin dependent kinase (CDK). When the cells have reached a ctitical size
in G1, and the production of the G1 cyclins has increased beyond their inhibition threshold, the CDK
is activated. The cyclin/CDK complexes drive the early and late cell cycle transcription, eventually
activating the anaphase promoting complex, which separates the duplicated chromosomes and
degrades the cyclins, thus establishing a negative feedback to the cyclin/CDK activity, setting the
periodicity of the cyclin/CDK machinery. For this reason, the APC is also known as the cycleosome,
establishing the periodic activity of the CDK-dependent phosphorylation cascade. (B) According to
the coupled oscillators model, each of the cell cycle effectors presented in the CDK-centric model
constitutes an oscillator. An autonomous metabolic oscillator (MO) drives biomass production in
response to the available nutrients, and is coupled to a global transcription oscillator (GTO) (Orlando
et al., 2008) and the anaphase promoting complex (APC) (Lu and Cross, 2010). A cyclin/CDK
oscillator operates for the robust separation of the cell cycle phases (Talia et al., 2007). Cell cycle
8
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control emerges as a higher order function, from the collective synchrony between the coupled
oscillators.

The above experimental and evolutionary clues suggest the existence of a Cln/CDKindependent oscillator as a regulator of cell division. If such a cell cycle regulator is
conserved across organisms – which might be deduced from the fact that CDKs evolved
late calling for some primitive and thus conserved control – then metabolism is a good
candidate. Genome-wide comparisons of genes and their functions among species, have
shown that metabolic enzymes and central metabolic pathways (e.g. energy, amino acid,
and nucleotide metabolism) stand out for their common representation across all 26 taxa of
life (Peregrín-Alvarez et al., 2009). A metabolically driven cell cycle regulator (for
instance, in the form of a metabolic oscillator), could constitute the here conjectured ancient
regulator of cell division.
Such a metabolic oscillator would allow for the integration of nutrient signals to the cell
cycle (Figure 2B), thus determining the cell cycle initiation in a carbon source and growthrate specific manner, and it could explain the nutrient dependency of the critical size at
START, previously described in yeast, both in the presence and absence of Cln3
(Ferrezuelo et al., 2012). An oscillating metabolism would allow for the timely ordered
provision of all necessary nutrients and building blocks required for each of the cell cycle
processes (e.g. nucleotides for DNA replication). Eventually, the autonomous metabolic
oscillator, the global transcription, the cyclin/CDK machinery and the anaphase promoting
complex could form a system of coupled oscillators operating in synchrony to robustly gate
the cell cycle phases and orchestrate cell division. (Figure 2B).

Yeast metabolic oscillations
The idea of an oscillating metabolism controlling the cell cycle is not new. Already in the
late 60s the activity of glucose-6-phosphate dehydrogenase, catalyzing the first step into the
pentose phosphate pathway, and lactate dehydrogenase, catalyzing the production of lactate
from pyruvate, were shown to oscillate three times during the cell cycle of Chinese hamster
9
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cells (Klevecz, 1969; Klevecz and Ruddle, 1968). These oscillations occurred in phase.
High enzyme activity was reported during the early cell cycle (G1 and S phases), and
correlated with increased protein synthesis and cell size increase. Ten years later,
oscillations in the rate of oxygen consumption and protein production were observed in cell
cycle synchronized amoeba cells (Acanthamoeba castellanii) (Lloyd et al., 1982). The
respiration and protein production cycles occurred in phase and were temperature
compensated. Also in Schizosaccharomyces pompe (fission yeast), autonomous oscillations
in CO2 were suggested to set the pace of cell division (Novak and Mitchison, 1987; Novak
et al., 1988).
These findings from mammalian, amoeba and yeast cells suggest the existence of a
metabolic oscillator in eukaryotes, orbiting in synchrony with and possibly regulating the
cell cycle. Still, these oscillatory behaviors could also be due to the temporal cell cycle
activity. In any case, the notion of a metabolically driven cell cycle was abandoned after the
cyclin/CDK machinery was discovered (Watts, 2001). We conjecture that the potential
artifacts of cell cycle synchronization (Aon et al., 2007; Henson, 2004; Laxman et al., 2010;
Sohn et al., 2000) combined with the lack of experimental methods to dynamically assess
metabolism in unsynchronized single cells, constitute the main reasons for this
abandonment. Still, while cell cycle research was focused on the cyclin/CDK machinery,
the yeast field continued investigating the existence and the role of an oscillating
metabolism. When budding yeast is grown in continuous nutrient-limited cultures, cells
spontaneously synchronize their cell cycle and metabolism (Lloyd and Murray, 2005;
Slavov and Botstein, 2011; Tu et al., 2005; Xu and Tsurugi, 2006), which allowed to
uncover metabolic oscillations in the ultradian domain. Metabolic oscillations were found
with period that correlated with the doubling time (Burnetti et al., 2016; Slavov and
Botstein, 2011), but also with frequencies that were higher than the frequency of cell
division (Burnetti et al., 2016; Machné and Murray, 2012; Murray et al., 2007; Slavov and
Botstein, 2011).
In the first case, the metabolic oscillations exhibited periods well above the maximum
growth rate of aerobically fermenting yeast (approx. 100 min) (Figure 3A). For instance
cells with a growth rate of 0.09 h-1 (doubling time: 462 min), would exhibit metabolic
oscillations with a period of 250 minutes (Slavov and Botstein, 2011). A significant fraction
10
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of non-dividing yet metabolically oscillating cells could account for the lower doubling
times as compared to the periods of the metabolic oscillations. In each metabolic cycle a
different group of cells might enter or skip cell division, as previously conjectured (Burnetti
et al., 2016). However, we cannot exclude the possibility that a steady fraction of nondividing quiescent cells would be responsible for lowering the measured growth rate below
the metabolic frequency. In either case, the discovery of metabolic oscillations in the
absence of cell division (Novak and Mitchison, 1987; Slavov et al., 2011) in synchronized
yeast populations, supports the existence of metabolically oscillating yet non-dividing
cellular fractions (Figure 3A).
In the second case, the metabolic oscillations orbit faster than the maximum growth rate of
yeast (approx. 100 min) (Figure 3B). Metabolic oscillations with periods of approximately
40 min are occasionally reported (Lloyd and Murray, 2005). Impartial synchronization in
the chemostat fermenter, with two or more yeast sub-populations oscillating in frequency
synchrony yet not in phase, could generate collective synchrony with faster dynamics than
the ones reported in single cells or in each sub-population alone. The prolonged G1 phase
of the daughter cells, which is prominent in glucose-limited conditions, could account for
the emergence of such population fractions. Alternatively, a combination of both models,
namely the presence of non-dividing yet metabolically oscillating cell fractions (Figure 3A)
and the emergence of oscillating subpopulation in frequency but not phase synchrony
(Figure 3B), could explain the reported discrepancy between the metabolic and cell cycle
frequencies.
The yeast metabolic cycles are manifested as oscillations in the rates of CO2, ethanol,
acetate or sulfide excretion, in the rate of O2 uptake, as well as in the intracellular
concentration of more than 100 metabolites (Tu et al., 2007). Based on the partial oxygen
pressure (pO2 - dissolved oxygen in the chemostat fermenter) measurements, the metabolic
oscillations can be divided into an oxidative and a reductive phase (Tu et al., 2005).
Mitochondrial respiration is restricted into the oxidative phase, marked by high oxygen
consumption and a fast drop in the pO2 levels (Klevecz et al., 2004; Lloyd and Murray,
2005; Müller et al., 2003; Tu et al., 2005). However, the fast liquidation of storage
carbohydrates, the accumulation of ethanol, together with an increased respiratory quotient
(CO2-production/O2-consumption > 1), all measured during the oxidative phase (Müller et
11
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al., 2003), show up-regulated fermentation in addition to mitochondrial respiration
(Futcher, 2006). Overall, these experiments showed that metabolism in yeast oscillates
along the cell cycle. However, certain researchers also stated the these oscillations might
just be due to the spontaneous cell cycle synchronization the origin of which still remains
elusive (Aon et al., 2007; Henson, 2004; Laxman et al., 2010; Sohn et al., 2000).
Analyses of the transcriptome in glucose-limited continuous yeast cultures (Klevecz et al.,
2004; Li and Klevecz, 2006; Lloyd and Murray, 2005; Machné and Murray, 2012; Tu et al.,
2005), provide insights on the correlation between cellular processes and the oxidative or
the reductive phase of the yeast metabolic oscillations. Amino-acid synthesis and ribosomal
biogenesis are timely compartmentalized into the early oxidative phase, indicating a strong
correlation between glycolysis and global protein synthesis. Consistently, metabolism has
been shown to oscillate in synchrony with the DNA content and the budding index, in
glucose-limited chemostat cultures (Burnetti et al., 2016; Slavov and Botstein, 2011; Tu et
al., 2005). During the late oxidative phase and until the onset of the reductive phase, DNA
replication and mitochondrial biogenesis occurs (Machné and Murray, 2012; Tu et al.,
2005). Into the reductive phase cells switch to autophagy and fatty acid oxidation, to
generate metabolic precursors and energy, express environmental stress response genes and
accumulate storage carbohydrates (trehalose and glycogen), all reporting the lack of
available nutrients. Low oxygen consumption, is also accompanied by cytokinesis and cell
wall synthesis (Machné and Murray, 2012; Tu et al., 2005).
Overall, metabolic oscillations have been discovered in glucose-limited continuous cultures
of budding yeast, possibly in synchrony with the cell cycle. However, given the potential
artifacts of synchronization, such as the partial synchrony or the possible periodic
entrainment of metabolism by sulfide production and intercellular communication, it
remains an open question whether the yeast metabolic oscillations are an intrinsic property
of metabolism, or an artifact of the applied methodology.
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Figure 3: Two possible explanations for the discrepancy between the slower cell division
frequencies and the faster metabolic frequencies, measured in glucose-limited continuous yeast
cultures. The metabolic oscillations are commonly reported as oscillations in the dissolved oxygen in
the chemostat,(dO2) or oscillations in oxygen consumption and thus respiration. (A) For metabolic
periods longer than the maximum doubling time of aerobically fermenting yeast (approx. 100 min)
non-dividing but metabolically oscillating cellular fractions could explain the faster metabolic in
comparison to the cell cycle dynamics, as previously conjectured (Burnetti et al., 2016). In a
hypothetical population of four cells (top) numbered accordingly (1, 2, 3 and 4), each of the four cells
could occasionally skip cell division, resulting to slower cell division frequencies in the population.
Alternatively (bottom), a constant fraction of non-dividing quiescent cells (annotated as Q) could be
formed during glucose-limited growth and low dilution rates in the continuous culture. (B) For
13
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metabolic periods shorter than the maximum doubling time of aerobically fermenting yeast (approx.
100 min), partial synchrony and specifically the existence of subpopulations (black or grey cells)
oscillating and dividing oppositely in phase, may explain the previously measured fast metabolic
oscillations in synchrony with the cell cycle.

Additionally, in case there is a metabolic oscillator, it is still unknown if and how the
oscillatory metabolite abundances provide dynamic triggers for cell cycle initiation and/or
progression. Below we provide an overview of the known molecular interactions between
metabolism (metabolites and metabolic enzymes) and the cell cycle (cyclin/CDK
machinery components), which could mediate control signals from metabolism to the cell
cycle.

A direct connection between metabolism and the CDK-machinery
Signals from the metabolic oscillator to the cell cycle could be transmitted via interactions
between oscillating metabolites and cell cycle proteins. Such interactions may be direct, or
indirect employing signaling pathways. A direct interaction between fructose-2,6biphosphate (F2,6PB) and Cdk1 has been suggested in mammalian (HeLa) cells (Yalcin et
al., 2009, 2014). F2,6BP is the product of the fructose-6-phosphate (F6P) phosphorylation
reaction, catalyzed by the enzyme 6-phosphofructo-2-kinase (PFKFB3). F2,6BP cannot be
further metabolized and is known to regulate glycolysis via the allosteric activation of
phosphofructokinase (PFK1), the enzyme that catalyzes the phosphorylation of F6P to
F1,6BP (Hers et al., 2016). In contrast to F2,6BP, F1,6BP can be further metabolized to
pyruvate.
Based on its glycolytic function, one would expect PFKFB to be localized in the cytoplasm.
However, one of the four PFKFB1-4 isoenzymes, PFKFB3, localizes to the nucleus (Yalcin
et al., 2009, 2014). Ectopic expression of PFKFB3 in the cytoplasm, or the abolishment of
its kinase activity significantly reduced proliferation rates as well as the Cdk1-mediated
inactivation of the cell cycle inhibitor p27 (Yalcin et al., 2009). Because F2,6BP is known
to significantly enhance the p27 phosphorylation and deactivation in vitro, a direct
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interaction between F2,6BP and Cdk1 has been conjectured (Yalcin et al., 2009).
Consistently, the degradation of the PFKFB3 mRNA via the use of interfering RNAs
(siRNAs) has been shown to reduce Cdk1 activity, leading to increased cell cycle arrest in
the G1 phase and apoptosis (Yalcin et al., 2014).
Oscillations in the F2,6BP levels could periodically control the cell cycle initiation. One
would expect the F2,6BP levels to peak late in the late G1 phase, at the onset of the
oxidative phase, directly activating Cdk1 and indirectly minimizing p27 activity, thus
promoting the G1/S transition. The F2,6BP would reach a trough in the early G1 phase,
when the p27 activity peaks, oppositely in phase. Although there is no direct evidence that
F2,6BP levels oscillate, the previously reported F6P and F1,6BP oscillations (Sasidharan et
al., 2012) strongly support the existence of F2,6BP oscillations. Especially F6P levels were
found to peak early in the oxidative phase, or the late G1 phase of the cell cycle.

The cAMP/PKA pathway wires the metabolic oscillator to the cell cycle
machinery.
Most of the known interactions between metabolites and the cell cycle machinery are likely
not direct, but instead mediated via signaling pathways. The cAMP/PKA pathway is known
to sense intracellular as well as extracellular nutrients and regulate cell division (Thevelein
and de Winde, 1999) (Figure 4A-C). The central enzyme of the cAMP/PKA pathway is the
adenylate cyclase (Cyr1) (Figure 4B). Cyr1 catalyzes the cyclization of ATP to cAMP,
which activates the protein kinase A (PKA). PKA phosphorylates and deactivates its
downstream target, the Rim15 kinase (Lee et al., 2013; Reinders et al., 1998), up-regulating
glycolysis and fostering growth. Low cAMP/PKA activity triggers the Rim15-dependent
transcription of genes containing stress response (STREs) (Smith et al., 1998) and postdiauxic shift (PDS) promoter elements (Pedruzzi et al., 2000), and correlates with a
stationary phase metabolism, characterized by accumulation of storage carbohydrates
(trehalose and glycogen), down-regulation of ribosomal synthesis, increased resistance to
nutrient or heat stress, and quiescence entry (Figure 4B). G proteins anchored to the
cytosolic membrane, namely the Ras and Gpa2 GTPases, activate Cyr1 (Wang et al., 2004).
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Gpa2 is phosphorylated by the glucose receptor (Gpr1), in response to abrupt changes in the
extracellular glucose levels (e.g. addition of glucose to a stationary culture). Ras activity is
necessary for the localization of Cyr1 at the cytoplasmic membrane and thus for the Gpr1Gpa2 mediated PKA activation. Additionally, the G protein Ras has been suggested to
modulate the activity of the cAMP signaling, in response to the intracellular pH and
potentially ATP levels (Thevelein, 1991) or the glycolytic intermediate glucose-6phosphate (Conrad et al., 2014).
A few years back, the cAMP/PKA pathway was suggested to drive an oscillating
metabolism and the cell cycle. According to the ‘finishing kick to START’ hypothesis
(Futcher, 2006), a periodic cAMP/PKA activity entrains the metabolism of storage
carbohydrates and glycolysis, in synchrony with cell division. When the cells have
accumulated critical trehalose or glycogen concentrations, a fast increase in cAMP levels
and cAMP/PKA activity triggers the liquidation of the stored carbon into glycolysis,
promoting protein synthesis (Figure 4C). This PKA-dependent up-regulation of protein
synthesis increases the translation of Cln3 in a growth dependent manner (Hall et al., 1998;
Polymenis and Schmidt, 1997), and causes the accumulation of the early cyclin beyond its
inhibition threshold set by Whi3 at a post-transcriptional level (Garí et al., 2001). At the
same time, PKA phosphorylates Whi3 decreasing its binding to the Cln3 mRNA
(Mizunuma et al., 2013). cAMP signaling is also known to inhibit the expression of the
remaining early cyclins in yeast (Cln1/2) (Baroni et al., 1994) and the transition into the S
phase. The activation of Cln3 in combination with the inhibition of Cln1/2 by the
cAMP/PKA pathway causes the cells to grow in size, until enough Cln3 is produced to
deactivate the cell cycle inhibitor Whi5 and the expression of the next cyclin (Cln1/2)
wave, granting a cell-size dependent START. cAMP/PKA signaling not only regulates
START, but is also known to phosphorylate and deactivate the mammalian anaphase
promoting complex (subunits APC1 and APC3) (Kotani et al., 2016), thus ensuring the
inhibition of the late cell cycle machinery at START, for the robust temporal separation of
the early and the late cell cycle.
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Figure 4: The cAMP/PKA pathway receives periodic input from signaling metabolites and
controls the cell cycle. (A) The concentration of the glycolytic flux dependent metabolite FBP is
known to oscillate in synchrony with the dissolved oxygen (dO2) oscillations previously measured in
glucose-limited continuous yeast cultures (Sasidharan et al., 2012). (B) The Ras GTPase and the
cAMP/PKA pathway is activated by glycolytic intermediates such as FBP, DHAP and GA3P (Peters,
2013), integrating signals from the metabolic oscillator and regulating the expression of growth
related genes (e.g. ribosomal subunits). The Rim15 inhibition (-) and the repression of gene
expression (-) result in activation (grey arrow) of global protein expression and growth when the
glycolytic flux is elevated and the concentration of FBP increases. (C) This up-regulation of global
gene expression, results in the synthesis of early cyclins (e.g. Cln3) above their inhibition threshold
for START and the G1/S transition.

While the hypothesized periodic cAMP/PKA activity (Futcher, 2006) would cause
metabolism to cycle between respiration (storage accumulation) and fermentation (storage
liquidation), consistently with the yeast metabolic oscillations, two facts cast doubt on the
role of the cAMP/PKA pathway as a prime driver of the metabolic oscillations and the cell
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cycle: Although low cAMP/PKA activity causes cell cycle arrest and entry into quiescence
(G0), Rim15Δ cells are able to grow even in the absence of PKA activity (Reinders et al.,
1998). Consequently, entry into quiescence is caused by the constitutively active stress
response activators, which would are inhibited via the basal cAMP-dependent Ras
signaling. Second, after the deletion of the trehalose and glycogen accumulation/liquidation
enzymes, exponentially growing cells on ethanol or glycerol did not exhibit any growth
defects, and were morphologically similar to wild type yeast (Zhao et al., 2016).
Another problem with the finishing kick to start hypothesis is that it remains unknown what
the origin of the periodic cAMP/PKA activity would be, or how the cAMP/PKA pathway
could sense the accumulation of storage carbohydrates. Instead, an autonomous metabolic
oscillator could provide dynamic inputs for the cAMP/PKA pathway. In fact, the Ras
GTPases, are known to be activated by the glycolytic intermediates fructose-1,6biphosphate

(FBP)

(Figure

glyceraldehyde-3-phosphate

4A-B),

(GA3P)

dihydroxy-acetone-phosphate
(Peters,

2013).

Metabolomics

(DHAP)

and

measurements

performed in synchronized glucose-limited chemostat cultures with yeast have shown the
intracellular F1,6BP (Sasidharan et al., 2012) levels to oscillate in synchrony with the cell
division (Figure 4A). Ras could be dynamically activated by these oscillating metabolite
levels, triggering periodic cAMP signaling and regulating storage carbon metabolism. Such
a periodic cAMP/PKA activity would be in line with the observed rapid increase of cAMP
levels at START (Müller et al., 2003), just prior to DNA replication and budding, followed
by the liquidation of storage carbohydrates (trehalose and glycogen), both measured in
synchronized chemostat cultures.

Mitochondrial activity controls the cell cycle via the AMPK pathway
The yeast metabolic cycles are commonly described as a periodically alternating balance
between oxidative and reductive metabolism (Tu et al., 2005) or cycles of mitochondrial
energization (Lloyd et al., 2002). Enhanced mitochondrial respiration is gated in the
oxidative phase, accompanied with an up-regulation of glycolysis and protein synthesis,
necessary for the G1/S transition and START. The periodic activity of mitochondrial
respiration is not only reflected in the oxygen consumption rates (Klevecz et al., 2004;
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Lloyd and Murray, 2005; Müller et al., 2003; Tu et al., 2005) but also on the structure of the
organelle during cell division (Finkel and Hwang, 2009; Lee and Finkel, 2013). In rat
kidney cells, during the G1/S transition, mitochondria are fused to a single tubular network
(Mitra et al., 2009) (Figure 5A). This hyperfused mitochondrial network is known to
consume more oxygen, generate higher membrane potential and thus produce more ATP,
until it is fragmented into smaller low energy mitochondrial structures during the S phase
(Figure 5A).
Several findings indicate the importance of the mitochondrial activity for cell cycle
progression. Firstly, more than 60% of prominently oscillating transcripts correspond to
mitochondrial proteins, such as ribosomal subunits, tRNA synthetases, and elongation
factors, all essential components of the mitochondrial protein translation machinery (Tu et
al., 2005). Secondly, mutation of the cytochrome oxidase subunit Va (CoVa) in Drosophila
cells, caused cell cycle arrest in G1 (Mandal et al., 2005). Thirdly, in rat kidney cells,
mitochondrial depolarization led to cell cycle arrest in G1 (Mitra et al., 2009).
In fact, there are connections between cellular energization and the cell cycle: The
ADP/ATP and AMP/ATP ratios are reporters of the ATP availability and thus the energy
status of cells. Due to the activity of adenylate kinase, the enzyme which catalyzes the
reversible production of AMP and one ATP nucleotide from 2 ADP nucleotides (2ADP ↔
AMP + AΤP), the AMP/ATP ratio varies as the square of the ADP/ATP ratio (Hardie,
2004), and thus is more sensitive to changes of the intracellular adenine nucleotide
consistency. At the same time, the AMP nucleotide is an allosteric activator if the AMPK
(AMP-activated kinase), as reported in mammalian (Hardie, 2011; Xiao et al., 2007) and
insect cells (Pan and Hardie, 2002). AMPK signaling and its downstream target p53,
activate catabolism (ATP production) over anabolic processes (ATP consumption),
decreasing the AMP/ATP ratio and re-establishing energy homeostasis (Jones et al., 2005).
However, AMPK not only targets metabolism. Increased AMPK in CoVa-depleted
Drosophila cells, driven by the decreased mitochondrial energization and ATP production,
was found to promote the proteasomal degradation of cyclin E, in a p53 dependent manner
(Mandal et al., 2005) (Figure 5B-C). Adversely, in rat kidney cells, induction of
mitochondrial hyperfusion increased the cyclin E levels (Mitra et al., 2009). In fact, the cell
cycle arrest was bypassed when AMPK or p53 were mutated, although the intracellular
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ATP levels remained low. As a result, the AMPK pathway is not necessary for cell
division, but operates to ensure adequate energy supply to the cell cycle processes (e.g.
DNA and protein synthesis).

Figure 5: Cycles of mitochondrial morphology and energization regulate the cell cycle via the
AMPK signaling. (A) In mammalian and insect cells, mitochondria have been shown to fuse into a
tubular hyperpolarized network in the late G1 phase and during the early cell cycle (Finkel and
Hwang, 2009; Lee and Finkel, 2013). Mitochondrial fission during the late cell cycle results in
fragmented mitochondria with deceased membrane potential (ΔΨ). Thus, oscillations in
mitochondrial morphology reflect cycles of mitochondrial energization and potentially intracellular
ATP oscillations, in synchrony with cell division. (B) Elevated ATP production, or the corresponding
decrease in the AMP/ATP ratio, inhibits AMPK. (C) The ATP dependent AMPK inhibition releases
the p53 mediated inhibition of the early cyclin E, and operates as a metabolic checkpoint (Jones et al.,
2016), allowing the G1/S transition only when there is sufficient energy.

Contrary to multicellular organisms cells, in yeast cells the Snf1 (AMPK analog) promotes
cell cycle initiation. The Snf1 has been shown to interact with Swi6, an essential
component of the MBF and SBF G1-transcriptional activation complexes (Busnelli et al.,
2013), facilitating the expression of the early cyclin Clb5 (Pessina et al., 2010).
Additionally, although the mammalian AMPK signaling is known to promote histone de20
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acetylation and chromatin silencing (Busti et al., 2010; Cantó et al., 2009), Snf1 promotes
the opposite process, namely histone acetylation (Abate et al., 2012; Lo et al., 2001),
activating the transcription of growth related genes (e.g. ribosomal subunits). Despite the
opposite functions of the AMPK and Snf1, similarly to multicellular organisms where low
ATP or high AMPK signaling activates catabolic processes, also in yeast cells and during
the metabolic oscillations, catabolic gene clusters are expressed in the reductive phase (low
ATP levels), whereas the expression of anabolic genes is gated in the oxidative phase (high
ATP) (Cornelia Amariei, 2014).
Next to the AMPK mediated cell cycle arrest, elevated reactive oxygen species (ROS), byproducts of oxidative phosphorylation, were also found to delay cell cycle entry via the
activation of the Dacapo (p27 homolog) inhibitor in Drosophila mutants harboring a
disrupted electron transport chain (complex I mutation) (Owusu-Ansah et al., 2008). The
Dacapo activation inhibits the Cyclin E/CDK2 complex without affecting the intracellular
levels of Cyclin E and is mediated by the JNK (Jun amino-terminal kinase) signaling. In
summary, mitochondrial energization signals (ATP and ROS) interact with the cell cycle
machinery indirectly via the AMPK and JNK signaling pathways for the coordination of
mitochondrial respiration and cell division.
Mitochondria have been shown to undergo reversible structural and energetic
transformation in vitro, switching between a condensed (energized) to an orthodox
conformation of reduced energy transfer, which indicates that the apparent ATP oscillations
could be an intrinsic behavior of the mitochondrion. Because the period of mitochondrial
hyper-fusion cycles in vivo, is at least two times slower (longer than 40 min) compared to
the mitochondrial cycles reported in vitro (20 min), it was suggested that an external
ultradian clock, entrains the mitochondrial dynamics, in synchrony with cell division. Such
synchrony between the mitochondrial energization cycles and cell division cycles can be
crucial for the temporal separation of incompatible cellular processes. It has previously
been suggested that respiration cannot not occur together with DNA synthesis due to the
hazards of oxidative DNA damage (Tu et al., 2005). Thus the oxidative phase might be
gated prior to the S phase and DNA replication.
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Epigenetics provide a link between metabolism and the cell cycle
Dynamic changes between histone acetylation/de-acetylation eventually induced by a
cycling metabolism, could also dynamically control transcription and cell cycle
progression. Histone acetyl-transferases (HATs) are known to activate gene expression via
the transfer of one acetyl group, from acetyl-CoA to the Nε-group of lysine residues in
histones (Bannister and Kouzarides, 2011). The acetylated histones lose their positive
charge and interact less strongly with the negatively charged nucleosomal DNA, thus
decreasing the chromatin condensation and increasing the accessibility of promoters by
transcriptional factors. Additionally, acetylated histones attract and bind to proteins via
their bromo-domains (Josling et al., 2012). Such proteins are HATs, chromatin remodeling
(e.g. Snf2 in yeast) proteins as well as transcriptional activators (e.g. BdfI/II in yeast).
Opposite to acetylation, histone de-acetylation correlates with a condensed chromatin state.
Histone de-acetylases (HDACs) not only reverse the effect of HATs, but also regulate the
availability of histone lysine residues for additional post-translational epigenetic
modifications, such as methylation which is linked with the formation of heterochromatin
(Yamada et al., 2005). Here, the possibility of a metabolic oscillator dynamically regulating
the balance between histone acetylation/de-acetylation and in extent cell cycle is
investigated.
In two independent studies (Klevecz et al., 2004; Tu et al., 2005), approximately 3500 or
5300 transcripts were found to oscillate in synchrony with the yeast metabolic cycle,
comprising 62-95% of the protein encoding genes in the yeast genome. Similar global
changes in gene expression have been reported in cancer cells (Park et al., 2011), where
they have been attributed to histone and chromatin modifications. In yeast, it was found that
the acetylation of the histones is periodic and in synchrony with the yeast metabolic
oscillations (Kuang et al., 2014). Specifically, the acetylation of histones H3 and H4 was
significantly increased during the oxidative phase of the metabolic oscillation, coinciding
with a peak in the also oscillating intracellular acetyl-CoA concentration (Figure 6A-B), at
the START point of the cell cycle.
These histone acetylation cycles were found to be driven by the SAGA transcriptional coactivator (Spt-Ada-Gcn5-Acetyltransferase) and the Gcn5 acetyl-transferase, in response to
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the intracellular acetyl-CoA concentrations (Cai et al., 2011) (Figure 6A-B). According to
the proposed mechanism, the Gcn5 acetyl-transferase first catalyzes the acetylation of the
Spt7p, Ada3p and Sgf73p proteins, also components of the SAGA complex. Especially the
acetylation of Sgf73p subunit, harboring many acetylation sites, was found to be sensitive
to the addition of acetyl-CoA in vitro, potentially acting as an integrator of the acetyl-CoA
signal. The acetylated SAGA complex is then recruited to growth related genes, where it
activates their transcription via the acetylation of the H3 and H4 histones. Together with the
growth related genes, the SAGA complex was also found to acetylate histones at the
promoter region of the Cln3 gene (Shi and Tu, 2013), thus providing a link between the
acetyl-CoA oscillations and the Cln/CDK machinery (Figure 6B-C). Consistently,
attenuated activity of the acetyl-CoA carboxylase (Acc1), the enzyme that catalyzes the
carboxylation of acetyl-CoA for the production of malonyl-CoA, was found to increase
histone acetylation and gene expression, via affecting the availability of acetyl-CoA in
yeast (Galdieri and Vancura, 2012).
The Sirtuins (Sir2) constitute another family of chromatin modifying enzymes which can
sense and mediate metabolic signals. The Sirtuins are histone de-acetylases dependent on
NAD+ availability (Figure 6A-B), but not NADH, NADP+ or NADPH (North and Verdin,
2004). The NAD+ and NADH intracellular abundance have been found to oscillate opposite
in phase (Sasidharan et al., 2012), maintaining a constant pool of nicotinamide adenine
dinucleotides (Xu and Tsurugi, 2006). As a result, the intracellular concentration of either
NAD+ or NADH signals the redox status inside the cells. Strikingly, the Sirtuin activity
peaks during mitosis or the early G1 phase (Dryden et al., 2003; Fox and Weinreich, 2008),
and thus coincides with the peak of the oscillating NAD+ levels, as previously measured in
yeast synchronized populations (Sasidharan et al., 2012; Xu and Tsurugi, 2006) (Figure
6A). The Sir2 HDAC could provide a link between periodic redox signal (NAD+) and the
cell cycle (Figure 6A-C). In yeast cells, the deletion of two Sir2 homologs (Hst3/4) was
found to arrest cells in Mitosis (Brachmann et al., 1995). Sir2 is recruited to the Clb2
(Linke et al., 2013) and possibly also the Swi5 (Cipak et al., 2009) promoters by the Fkh1/2
transcriptional factors, where it suppresses transcription and controls the M/G1 transition.
Overall, the periodic intracellular abundances of acetyl-CoA and NAD+ have the potential
to dynamically regulate histone acetylation and gene expression (Figure 6A-C). These two
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metabolites oscillate out-of phase (Sasidharan et al., 2012; Tu et al., 2007; Xu and Tsurugi,
2006) (Figure 6A) and thus could be responsible for timely separated transcriptional events
of the early and the late cell cycle, which are evident in continuous yeast cultures (Klevecz
et al., 2004; Tu et al., 2005). The elevated acetyl-CoA levels at the G1/S transition might be
responsible for the activation of growth related genes (e.g. ribosomal subunits) and the
early cell cycle via the Gcn5 acetyl-transferase. The oscillation of NAD+ could periodically
activate Sir2, in turn mediating silencing of the late cell cycle genes (e.g. Clb2) and the
M/G1 transition. A similar temporal compartmentalization of the early and late cell cycle
transcription has also been reported in non-dividing yeast populations (Slavov et al., 2011),
pointing towards a free-running metabolic oscillator as the driver of cell cycle transcription.
Because the Gcn5-related-N-acetyl-transferases (GNATs) and Sirtuins are widely
represented across prokaryotes and eukaryotes (Pandey et al., 2002), they could constitute
together with the metabolic oscillator a primitive mechanism for periodic transcription,
growth and division.
Next to the histone acetylation, another category of chromatin modification complexes use
the energy provided by ATP hydrolysis (Gangaraju and Bartholomew, 2007) to shift the
relative conformation between the DNA and the nucleosome, thus generating DNA bulges
or waves which are accessible to transcriptional activators or repressors. It has previously
been conjectured that the ATP oscillations measured in glucose-limited synchronized yeast
populations could periodically modify DNA occupancy and gate the expression of the
anabolic or the catabolic gene clusters oppositely in phase and in specific metabolic phases
(Cornelia Amariei, 2014; Machné and Murray, 2012). Because the ATP-dependent
chromatin structure remodeling (RSC) complex is essential for yeast growth (Hsu et al.,
2003), and because it has also been shown to be involved in the cohesion of sister
chromatids (Huang and Laurent, 2004), we conjecture that it may be part of a previously
described ancestral non-CDK DNA replication and segregation controller.
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Figure 6: Oscillating metabolites control the expression of the early cyclins on the epigenetic
level. (A) In glucose-limited chemostat yeast cultures, the acetyl-CoA and NAD+ concentrations have
been shown to oscillate oppositely in phase (Sasidharan et al., 2012; Xu and Tsurugi, 2006), and in
synchrony with the dissolved oxygen (dO2) oscillations and the cell cycle. (B) Acetyl-CoA activates
the Gcn5 histone acetyl-transferase (HAT), which acetylates histones and activates the chromatin
around growth related genes and Cln3 (Cai et al., 2011; Shi and Tu, 2013). Adversely, NAD+
activates the histone de-acetylase (HDAC) Sir2 and chromatin silencing (North and Verdin, 2004).
The yeast metabolic oscillations could set a fine balance between histone acetylation and deacetylation, (C) gating chromatin activation during the early cell cycle, and chromatin silencing
during the late cell cycle.
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The cyclin/CDK machinery entrains metabolism
So far we have summarized how the oscillating concentration of metabolites could regulate
cell growth and division. However, connections in the opposite have also been described.
The cyclin/CDK machinery has been shown to entrain the metabolic operation and
specifically storage carbon metabolism and mitochondrial respiration, during the course of
the cell cycl.
First, in two independent studies (Ewald et al., 2016; Zhao et al., 2016) it was shown that
the Cdc28 (budding yeast CDK) together with PKA, activate the neutral trehalase (Nth1) at
START, promoting the liquidation of trehalose into glycolysis. Second, in human and
mouse cells it was shown that the cyclinB1/CDK1 complex translocates into the
mitochondrial matrix where it phosphorylates components of the respiratory complex I,
enhancing mitochondrial respiration (Wang et al., 2014). The mitochondrial activity of
cyclinB1/CDK1 was found to be enhanced in the late G2 phase, accelerating the G2/M
transition and robustly coordinating the mitochondrial activity with the cell cycle. Third,
the glycolytic enzyme PFKFB3, previously conjectured to activate Cdk1 in mammalian
cells, is a substrate of the S phase ubiquitin ligase SCF-β-TrCP (Tudzarova et al., 2011) as
well as the anaphase-promoting complex (Almeida et al., 2010). Both ubiquitin ligase
complexes target the glycolytic effector PFKFB3, gating its activity and high glycolysis
during the late G1 phase, for the G1/S transition.

Discussion
Here we provide a systems view on cell cycle regulation, including a metabolic oscillator
and its metabolite dynamics, signaling pathways, epigenetic modifications and the
cyclin/CDK machinery, altogether converging at the point of cell cycle transcription to
drive cell growth and division (Figure 7). Despite the complexity and the evident
redundancy in this intertwined network, we can derive global higher order operations
robustly emerging from the collective synchrony between the individual components. The
cell division cycle can be summarized as a periodic switch between catabolic and anabolic
processes. During the early cell cycle or the oxidative phase of the metabolic oscillations,
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cells consume energy to produce biomass (anabolism), whereas during the late cell cycle, or
the reductive phase of the metabolic oscillations, the cells enter an energy conservation
program, oxidizing proteins and lipids (catabolism) and segregating their duplicated
biomass.

Figure 7: An overview of the direct and the indirect connections between the yeast metabolic
oscillations and the cell cycle. From left to right: the glycolytic end-point metabolite F2,6BP has
been suggested to directly interact and activate Cdk1 in mammalian cells (Yalcin et al., 2009, 2014).
The synthesis of F2,6BP is catalyzed by PFKFB3, a glycolytic enzyme which also translocates into
the nucleus facilitating the G1/S transition (Yalcin et al., 2009, 2014). The PFBFB3 is targeted by the
anaphase promoting complex for proteasomal degradation during the late cell cycle (Almeida et al.,
2010; Tudzarova et al., 2011). The cAMP/PKA pathway is activated by oscillating metabolites (FBP,
DHAP, GA3P) (Peters, 2013) and in turn activates global protein synthesis, growth and START
(Futcher, 2006). The yeast CDK has been shown to activate the neutral trehalase and trehalose
liquidation into glycolysis at START (Ewald et al., 2016; Zhao et al., 2016). Together with the
cAMP/PKA pathway, the cyclin/CDK have been suggested to drive the oscillations in the
intracellular concentration of carbon storage (trehalose and glycogen), previously measured in
glucose-limited continuous yeast cultures (Müller et al., 2003). In mammalian cells, the cyclin
B1/CDK1 complex is sequestered into the mitochondrial matrix where it phosphorylates components
of the respiratory complex I, enhancing mitochondrial respiration and facilitating the G2/M transition
(Wang et al., 2014). The ATP oscillations, previously measured in glucose-limited chemostat yeast
cultures (Sasidharan et al., 2012), and conjectured in mammalian cells (Finkel and Hwang, 2009; Lee
and Finkel, 2013), could provide periodic signals for the G1/S transition via the activation of the Snf1
pathway in yeast (Busnelli et al., 2013) or the deactivation of the AMPK signaling pathway (Jones et
al., 2005) in mammals. The Snf1 pathway activates the early cell cycle transcription, whereas the
AMPK pathway induces cell cycle arrest in G1, mediated by p53. The ATP oscillations could
regulate gene expression and the cell cycle also on the epigenetic level, via the ATP dependent
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chromatin remodeling complexes. The acetyl-CoA metabolite induces histone acetylation via the
SAGA complex, and epigenetic activation of growth related genes and Cln3, triggering START (Cai
et al., 2011; Shi and Tu, 2013). Adversely, the NAD+ metabolite activates the Sir2 histone deacetylates and chromatin silencing (North and Verdin, 2004).

This periodic switch between anabolism and catabolism, or energy consumption and energy
conservation, or chromatin activation and chromatin silencing, may constitute a primitive
function of cell division, conserved among eukaryotes and possibly also prokaryotes. It was
previously shown that the bacterial enzyme gyrase has an ATP-dependent negative
supercoiling activity (Machné and Murray, 2012; Wijker et al., 1995). Thus, when ATP is
abundant the enzyme relaxes the supercoiled chromosome, and renders it accessible to the
transcription and replication machineries. Thus, the activity of gyrase alone can couple and
synchronize the metabolic activity and ATP abundance, with biomass formation, namely
global protein synthesis and DNA replication in bacteria. Still, it remains unknown whether
autonomous ATP oscillations drive cell division in bacteria.
Similarly to bacteria, the ATP dependent chromatin remodeling complexes (e.g. RSC)
provide a direct link between the metabolic oscillator, biomass formation and segregation in
eukaryotes (Saha et al., 2002). The cyclin/CDK machinery and signaling pathways (e.g.
cAMP/PKA, AMPK) were possibly grafted onto this primitive periodic operation for the
robust separation of the cell cycle phases and coordination between metabolism and the cell
cycle. Consistently, it has been shown that yeast can still grow and divide in the absence of
the early cyclins Cln3 and/or Cln2, however exhibiting slower growth rates on average and
higher noise in the duration of the G1 phase (Talia et al., 2007). This noise could stem from
stochasticity in the metabolic or gene expression dynamcis.
In order to identify the minimal constituents of a primitive CDK-independent cell cycle
engine it is necessary to unravel the redundancy in the studied network including the
metabolic oscillator, signaling pathways, chromatin remodeling complexes and the
cyclin/CDK machinery. It has previously been shown that the deletion of adenylate cyclase,
the central enzyme of the cAMP/PKA machinery, can be synthetically rescued by the
deletion of its downstream effector and metabolic inhibitor Rim15 (Reinders et al., 1998)
(Figure 8A). Similarly, budding yeast cells lacking all early cyclins can be synthetically
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rescued when Sic1, an inhibitor of DNA replication, is deleted (Tyers, 1996) (Figure 8B).
We conclude that additional regulation was imposed to the primitive cell cycle engine in
pairs of activators (e.g. Cyr1 or Cln1,2,3) and inhibitors (e.g. Rim15 or Sic1). The deletion
of the activator modules causes growth arrest and is lethal. However, deletion of the entire
activator/inhibitor pair restores cell division, yet making it prone to noise. Similarly, the
acetyl-CoA dependent activity of histone acetyl-transferases (HATs) is competed by the
NAD+ dependent activity of histone de-acetylases (HDACs), with the two metabolites
oscillating opposite in phase (Sasidharan et al., 2012; Tu et al., 2007). In fact, it has been
shown that the deletion of the Gcn5 acetyl-transferase causes a phenotype sensitive to stress
(Johnsson et al., 2006), which is reversed by the additional deletion of the Sir2 or Clr3 deacetylases (Johnsson and Wright, 2010) (Figure 8C).

Figure 8: Three yeast examples of redundant pairs of cell cycle inhibitors (black boxes) and
activators (grey boxes). (A) In the absence of cAMP-signaling the Rim15 kinase activates the stress
response and entry into quiescence. However, deletion of the cAMP/PKA pathway together with its
downstream target (Rim15) restores cell division (Reinders et al., 1998). (B) The presence of only one
of the three G1 cyclins (Cln1, 2 or 3) is enough to inhibit the Sic1 CDK inhibitor and promote the
G1/S transition. When all three cyclins were deleted together with Sic1, cells can enter cell division
(Tyers, 1996). (C) The Sir2 histone de-acetylase, and the Gcn5 histone acetyl-transferase compete the
opposite reacrinos and compete for chromatin silencing or activation respectively. The stress sensitive
phenotype of Gcn5 deletion, can be reversed when the Sir2 is also deleted (Johnsson and Wright,
2010).
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The yeast metabolic oscillations, and the corresponding oscillations of intracellular
signaling metabolites provide a framework for a metabolically driven cell cycle. However,
it remains unclear if the yeast metabolic oscillations constitute an intrinsic operation of
metabolism, or an artifact of cell cycle synchronization and intercellular communication
(Aon et al., 2007; Henson, 2004; Laxman et al., 2010; Sohn et al., 2000). Sulfide, a
diffusible gas, product of cysteine metabolism, and an inhibitor of the respiratory chain, has
been suggested to periodically inhibit respiration, causing metabolic oscillations and
synchrony on the population level (Henson, 2004; Sohn et al., 2000). The notion of a
gaseous agent inducing metabolic synchrony, is further supported by the fact that yeast
metabolic oscillations were only measured at low dilution rates (below 0.2 h-1) (Sheppard
and Dawson, 1999), under a critical range of aeration (0.1 – 0.5 VVM) and pH (3.4 – 4.0)
(Keulers et al., 1996). As a result, in order to establish the metabolic oscillator as a
primitive cell cycle regulator it is necessary to show that metabolism oscillates also in
unsynchronized yeast cells. Recently developed single cell technologies, including
microfluidic devices for the long-term (over multiple cell divisions) observation of yeast
cells, and single cell metabolite sensors, can optimally be used for this purpose. The
establishment of an autonomous metabolic oscillator as a dynamic component within the
cell cycle engine network, is going to provide new means for cell cycle control, against
proliferative disorders, targeted to metabolic enzymes or pathways.

Aim of the thesis
The purpose of this thesis is to investigate the existence of an autonomous metabolic
oscillator as a crucial component of cell cycle control. Microfluidics and single cell
metabolite reporters will be used to dynamically measure the metabolic dynamics in
dividing or cell cycle arrested cells, in the absence of synchronization and cell-to-cell
communication, during steady growth or perturbed conditions. Nutrient switches will
provide the means for metabolic perturbations, whereas the conditional and orthogonal
depletion of targeted proteins, together with constitutive gene deletions, will serve as tools
for the perturbation of the cyclin/CDK machinery or signaling pathways (e.g. cAMP/PKA
pathway), and altogether will be used to investigate the interactions between an oscillating
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metabolism and the cell cycle. The cell cycle could emerge as a higher order function from
the collective synchrony between metabolism and the cyclin/CDK machinery.
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