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Abstract

Cell division entails a sequence of processes whose specific demands for biosynthetic precursors
and energy place dynamic requirements on metabolism. However, little is known about how
metabolic fluxes are coordinated with the cell division cycle. Here, we examine budding yeast to
show that over half of all measured metabolites change significantly through the cell division
cycle. Cell cycle-dependent changes in central carbon metabolism are controlled by the cyclin-
dependent kinase Cdk1, a major cell cycle regulator, and the metabolic regulator protein kinase A.
At the G1/S transition, Cdk1 phosphorylates and activates the enzyme Nth1, which funnels the
storage carbohydrate trehalose into central carbon metabolism. Trehalose utilization fuels anabolic
processes required to reliably complete cell division. Thus, the cell cycle entrains carbon
metabolism to fuel biosynthesis. Since the oscillation of Cdk-activity is a conserved feature of the
eukaryotic cell cycle, we anticipate its frequent use in dynamically regulating metabolism for
efficient proliferation.

Introduction

Across the kingdoms of life, cells coordinate metabolism, growth and division. This
coordination increases the fitness of unicellular organisms living in changing environments,
and allows multicellular organisms to shape and maintain their body plan. To coordinate
metabolism, growth and division, cells have evolved extensive signaling networks that sense
nutrient status. For example, receptors bind extracellular sugar to activate downstream
molecules regulating growth and metabolism. In turn, metabolism gates the decision to
divide. Cells deprived of essential nutrients will not pass the point of commitment to cell
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division, which is known as Startin yeast and the Restriction point in mammals (Broach,
2012; Johnson and Skotheim, 2013; Wang and Proud, 2009; Zaman et al., 2008).

In proliferative conditions, cells committed to division proceed through a coordinated
sequence of processes, including DNA replication, mitosis and cytokinesis, that are
collectively known as the cell cycle (Morgan, 2007). Each of these processes comes with
specific and heterogeneous demands for biosynthetic precursors and energy, such as
nucleotides for DNA synthesis (Buchakjian and Kornbluth, 2010; Vander Heiden et al.,
2009). Thus, cell cycle progression necessarily places dynamic requirements on metabolism.
Regulating metabolic fluxes to satisfy these periodic demands is likely essential to maximize
fitness and survival. However, little is known regarding if and how metabolic fluxes are
temporally coordinated with the cell cycle.

The need to accurately allocate resources during different phases of growth and division may
be most acute for single cell organisms growing in nutrient-poor environments. Nutrient
limitation has been used to control the growth rate of budding yeast in chemostat cultivations
to probe the connection between metabolism and growth. Such studies have examined how
the rate of growth affects cell physiology, protein composition, transcription, and
metabolism (Brauer et al., 2008; Canelas et al., 2010; Castrillo et al., 2007; Gutteridge et al.,
2010). Moreover, these studies link metabolism and growth rate to the activity of key
signaling molecules including protein kinase A (PKA) and target of rapamycin (TOR)
(Castrillo et al., 2007). In addition to the examination of these steady-state relationships,
chemostat cultivations have also been used to examine a dynamic phenomenon known as
‘metabolic cycling’ (Burnetti et al., 2016; Klevecz et al., 2004; Kuenzi and Fiechter, 1969;
Tu et al., 2005; Tu et al., 2007; Wittmann et al., 2005). Metabolically cycling populations of
cells exhibit coordinated oscillations in metabolism and cell cycle phase, which suggests a
link between these two processes. However, metabolic cycling is a complex phenomenon.
Cell-to-cell communication of unknown origin synchronizes cell metabolism, drives
periodic changes in the extracellular environment, and only partially synchronizes the cell
cycle. In addition, the phase shift between cell and metabolic cycles varies in different
conditions (Klevecz et al., 2004; Slavov and Botstein, 2011; Tu, 2010) and metabolic cycles
have even been shown in the absence of cell cycle progression (Slavov et al., 2011). Thus, it
remains unclear which changes in metabolism are driven by cell cycle progression and
which might be intrinsic to a metabolic oscillator.

Here, to isolate the impact of cell cycle progression on cell metabolism, we examine dilute
populations of cell cycle synchronized budding yeast. This allows us to exogenously control
cell cycle progression and directly measure its effect on metabolism. We use dilute batch
cultures to minimize the impact of cells on their environment, and thereby eliminate a
potential feedback mechanism on cell growth and metabolism. To gain a global view of all
changes in cellular metabolism, we employed untargeted metabolomics of cells growing on
ethanol minimal medium. We found that more than half of the hundreds of detectable
metabolites changed concentration significantly during the cell cycle, demonstrating that cell
cycle progression per se drives large-scale changes in cell metabolism.
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Metabolite variations through the cell cycle were not limited to biosynthetic pathways, but
were also pronounced in central carbon metabolism. This included the cell cycle-dependent
depletion of the storage carbohydrate trehalose. The storage carbohydrates trehalose and
glycogen are highly abundant in slow growing cells and can serve as long-term carbon
reserves during starvation (Francois and Parrou, 2001). Trehalose also acts as a molecular
chaperone and stress protectant (Tapia and Koshland, 2014; Tapia et al., 2015). Moreover,
several previous studies support a link between storage carbohydrate metabolism and the
cell cycle. It was found that the length of G1 correlates with the amount of carbohydrates
stored (Brauer et al., 2008; Paalman et al., 2003; Sillje et al., 1997), budding often correlates
with decreases in storage carbohydrates (Kuenzi and Fiechter, 1969, 1972; Muller et al.,
2003; Sillje et al., 1997), and the /in vitro activities of several storage metabolism enzymes
correlate with cell cycle phase (Vandoorn et al., 1988). Furthermore, trehalose utilization
accelerates cell cycle entry when recovering from stationary phase (Shi et al., 2010). Taken
together, these observations suggest coordination of carbohydrate storage metabolism and
the cell cycle. In support of this hypothesis, cell cycle regulation of lipid storage utilization
also accelerates entry into the cell cycle from stationary phase (Futcher, 2009; Kurat et al.,
2009). However, no molecular mechanism linking storage carbohydrate metabolism and cell
cycle control has yet been identified, and the function of storage carbohydrate oscillations
remains unclear.

Here, we show that storage carbohydrate metabolism in budding yeast is directly regulated
by the cyclin-dependent kinase (Cdk1), whose activity oscillates through the cell cycle to
coordinate major cell cycle events including DNA replication and mitosis (Morgan, 2007).
Thus, oscillation of Cdk1 activity can directly entrain fluxes in central carbon metabolism to
meet the temporally specific biosynthetic demands of the cell cycle. Moreover, our work
suggests that Cdk1-dependent storage carbohydrate oscillations allow cells to complete
division in adverse nutrient conditions by providing an additional pool of biosynthetic
precursors.

Global changes in metabolism are coordinated with the cell cycle downstream of Start

Observing the global coordination of metabolism with cell cycle progression requires
examining populations of cells synchronously progressing through the cell division cycle.
However, many environmental perturbations used to synchronize the cell cycle, including
centrifugation, changes in temperature, or the addition of a carbon source such as galactose
to modify gene expression, immediately impact cell metabolism and thereby complicate
analysis (Boer et al., 2010; Ewald et al., 2013; Strassburg et al., 2010). We therefore
constructed a strain that allowed us to arrest cells in G1 and then synchronously release them
into the cell cycle by adding to the media nanomolar amounts of estrogen, which is not a
natural signaling molecule in yeast and does not induce any signaling or stress response
(Figure S1C and (Mclsaac et al., 2014; Ottoz et al., 2014)). Since passing the G1/S transition
(Stard requires activity of Cdk1 in complex with one of the three G1 cyclins (CLN1/2/3)
(Richardson et al., 1989), we deleted all three cyclins and placed CLNZ under a synthetic,
hormone-inducible promoter (Ottoz et al., 2014). Upon removal of hormone these cells
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arrest in G1 as unbudded cells. Experiments were performed using ethanol minimal media in
shake flasks, where cells grew with doubling times around five hours. In these slow-growth
conditions, cells must de novo synthesize all biomolecules from their limited resources. We
performed all experiments using exponentially growing cultures at low density to avoid
nutrient depletion or cell density effects.

To investigate how metabolism is affected by the cell cycle, we used our strain to drive
synchronous progression through the G1/S transition (Figure 1A-B) and performed
untargeted metabolomics using flow-injection mass spectrometry. Approximately half of the
hundreds of metabolites that were detected changed their concentration significantly (p <
0.01, FDR corrected 2 sample t-test) by more than 15% in the course of the cell cycle
(Figure 1C-D and Table S4). Since both arrested and cycling cells accumulate biomass at a
similar rate (Figure S1A), our results strongly suggest that the observed metabolite dynamics
are primarily associated with the cell cycle. Major changes in metabolite concentration occur
around the G1/S and mitotic entry transitions (Figure 1D). To identify the pathways that
were most affected by cell cycle progression we used pathway enrichment analysis. This
identified synthesis pathways for precursors of amino acids, cell wall components, and lipids
(Figure 1E and S1D). An increase in cell wall synthesis and lipid metabolism is most likely
due to the rapid increase in the rate of surface expansion during bud growth in the S/G2/M
phases of the cell cycle. Surprisingly, we saw only minor changes in nucleotide synthesis
pathways despite their periodic utilization through the cell cycle. This is most likely due to
extensive feedback regulation that ensures homeostasis in nucleotides and their precursor
concentrations despite changes in fluxes through the pathway during DNA synthesis (Hofer
et al., 2012; Mathews, 2014).

In addition to many biosynthetic pathways, we observed extensive cell cycle-dependent
changes in central carbon metabolism (glycolysis, tricarboxylic acid (TCA) cycle, pentose-
phosphate pathway). This is consistent with the hypothesis that fluxes through central
carbon metabolism are adjusted to provide precursors for biosynthetic pathways through the
cell cycle. Strikingly, these changes in central carbon metabolism coincided with a
significant decrease in trehalose, a disaccharide that serves as an important carbohydrate
reserve for the cell. Indeed, 20% of the cell’s dry weight can be composed of trehalose and
glycogen, the other storage carbohydrate (Francois and Parrou, 2001). Since storage
metabolism is directly connected to glycolysis, the observed decrease in trehalose likely
leads to the increase of hexose-phosphates and downstream changes in central carbon
metabolism (Figure 1F). These results are consistent with several previous studies that have
suggested a link between oscillations in storage carbohydrate concentrations and the cell
cycle (Kuenzi and Fiechter, 1969; Muller et al., 2003; Sillje et al., 1999; Sillje et al., 1997).
However, no molecular mechanism linking storage carbohydrate metabolism and cell cycle
control has yet been identified, and the role of storage carbohydrates for cell cycle
progression remains unclear.

The G1/S transition drives storage carbohydrate utilization

To confirm that storage carbohydrate metabolism is directly linked to the cell cycle and
downstream of Start, we used a biochemical approach to examine storage carbohydrate
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levels in cell cycle synchronized populations. Cells were synchronized in G1 and released
into the cell cycle while trehalose and glycogen were measured every 10 minutes using
enzymatic assays (Figure 2A-D). Both trehalose and glycogen concentrations began to
decrease just as cells started budding, which is approximately 34 minutes after Startin these
conditions (Figure S1B). In contrast, control cells, in which CLAZ was not induced,
continued to accumulate trehalose and glycogen (Figure 2C-D). This is consistent with
previous data showing that trehalose utilization correlated with budding when G1 cells,
isolated using size fractionation, were released into the cell cycle (Sillje et al., 1997). This
confirmed that cell cycle progression per se, and not time or growth, is responsible for the
observed storage utilization.

To show that a storage switch at the G1/S transition is not due to our synchronization
method, we also synchronized cells in mitosis using the same estrogen-inducible promoter to
control the expression of CDCZ20, a regulatory subunit of the anaphase promoting complex
(LexApr-CDC20) (Figure 2E). Cells were released into the cell cycle from a mitotic arrest
and we measured trehalose and glycogen levels (Figure 2F). Surprisingly, Cdc20-arrested
cells also accumulated trehalose (Figure S2A-C). However, just as in our previous
experiment, storage carbohydrate utilization began at the G1/S transition of the next cell
cycle (Figure 2G-H).

Taken together, these results confirm that the metabolic switch from storage synthesis to
storage consumption is linked to the cell cycle. While this is consistent with previous
observations in fed-batch and chemostat cultures (Kuenzi and Fiechter, 1969, 1972; Muller
et al., 2003; Paalman et al., 2003), we now show that this is governed by the cell cycle
control network and is downstream of the Starttransition at the G1/S boundary. This result
contradicts previous hypotheses that the storage switch is upstream of Startand drives entry
into the cell cycle (Futcher, 2006; Sillje et al., 1997).

The trehalase Nth1l is phosphorylated by Cdk1 and PKA1l

We next sought to identify the molecular mechanism through which storage metabolism is
linked to the cell cycle. The trehalose utilization switch coincides with the G1/S transition,
downstream of Start. Since Start coincides with a rapid, positive feedback-driven increase in
Cdk1 activity that is sustained through the rest of the cell cycle (Doncic et al., 2011;
Skotheim et al., 2008), we hypothesized that Cdk1 was directly responsible for triggering
storage utilization. Supporting this hypothesis, two Cdk1 target screens, where Cdk1 was
inhibited and the resulting changes in protein phosphorylation were determined, identified
enzymes responsible for trehalose and glycogen utilization (Holt et al., 2009; Ubersax et al.,
2003).

Since changes in trehalose concentrations were more pronounced than in glycogen
concentrations (Figure 2), we decided to focus on the regulation of trehalose metabolism.
We performed all mutant analyses in strains unable to utilize glycogen (gp/14) so that all
storage carbohydrate utilization proceeds through the trehalose pathway. In addition, we
removed the putative trehalase Nth2 (nth24) so that the trehalase Nth1 is solely responsible
for trehalose utilization. We note that yeast also have an additional trehalase Athl, that is
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necessary for consuming extracellular trehalose, but is not implicated in cytosolic trehalose
catabolism, and was not identified in Cdk1 target screens (Table S2).

To test whether Cdk1 phosphorylates the trehalase Nth1 directly, we performed an /in vitro
phosphorylation assay. We purified Nth1 and obtained Cdk1 in complex with the B-type
cyclin CIb2 from yeast (Koivomagi et al., 2011), whose activity begins to increase at
budding and continues until mitosis (Grandin and Reed, 1993). Indeed, Cdk1-Clb2 directly
and specifically phosphorylates Nth1 at the consensus site S66 (Figure 3A-B). To determine
if B-type cyclin activity is required for Nth1 activity /n vivo, we overexpressed stabilized
Sicl to inhibit B-type cyclin-Cdk1 complexes. This results in cells arrested post- Start with
high G1 cyclin activity (Haase and Reed, 1999). In these cell trehalose is not utilized (Figure
S2D-F).

To determine if Nth1 is phosphorylated on S66 /n vivo, we grew cells expressing FLAG-
tagged Nth1 protein (Nth1WT) or a protein where the S66 Cdk1 site was substituted with
alanine (Nth12CDK) 'We grew cells asynchronously and examined the Nth1 phosphorylation
pattern using PhosTag-SDS-PAGE-Western analysis (Figure 3C) which enhances the
separation of phosphoisoforms (Kinoshita et al., 2006). Nth1WT existed in several
phosphorylated species and one unphosphorylated band, indicating that Nth1 is
phosphorylated on multiple sites in our conditions (Figure 3C and S3D). The most highly
phosphorylated form of Nth1 was not found in cells expressing Nth12CPK  confirming that
S66 is phosphorylated /n vivo.

The metabolic regulator protein kinase A (PKA) has been implicated in trehalose
metabolism and been shown to phosphorylate Nthl on at least four sites (Figure 3A) (Panni
et al., 2008; Schepers et al., 2012; Shi et al., 2010; Veisova et al., 2012), which do not
include S66. Consistently, Nth12CDK still forms several different phospho-isoforms showing
that additional sites are phosphorylated /n7 vivo. To determine whether the PKA sites were
phosphorylated /n vivo during growth on ethanol, we constructed mutants where the wild
type NTHI was replaced by an NTHI4PKA allele in which the PKA sites (S20, S21, S60,
and S83) were substituted with alanine. Mutating the PKA sites eliminated Nth1
phosphorylation almost completely, confirming the identity of the PKA sites /n vivo (Figure
3C). Interestingly, the Cdk1 site was only very weakly phosphorylated on Nth12PKA This
suggests that PKA phosphorylation may be required for Cdk1 to phosphorylate Nthl
efficiently /n vivo.

Trehalose utilization during the cell cycle is controlled by Cdkl1 phosphorylation

To test if phosphorylation of Nth1 is necessary for the storage carbohydrate switch at G1/S,
we synchronized NTHIACPK or NTHIAPKA cells and examined trehalose content following
release into the cell cycle. Unlike wild type, neither NTHIACPK nor NTHIAPKA cells were
able to utilize trehalose following the G1/S transition (Figure 4A-B). Both these phospho-
site mutations phenocopied nth14 even though wild type levels of protein were expressed
(Figure 4B and S3A). NTHI1 S66E mutant cells behaved just like the alanine mutations
indicating that glutamic acid substitution does not mimic phosphorylation at S66 (Figure
S3C and Table S1). Similarly, NTHI 5£ mutant cells, where all Cdk1 and PKA sites were
mutated to glutamate, did not show any activity (data not shown). Finally, the concentration
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of wild type Nth1 protein was found to be constant during the cell cycle, confirming that
enzyme activity is regulated by phosphorylation rather than abundance (Figure S3B).

Further supporting the role of Cdk1 in trehalose utilization, we found that S66
phosphorylation is required to trigger the full utilization of trehalose during exit from
stationary phase (Figure S4), a transition previously associated only with PKA regulation
(Francois and Parrou, 2001; Schepers et al., 2012). We note that when stationary phase cells
are exposed to an abrupt increase in glucose, trehalose utilization begins almost
immediately, significantly before budding (Figure S4C), and budding is slightly delayed in
nthiA, NTHIACPK and NTHIAPKA cells (Figure S4B), consistent with previous reports (Shi
et al., 2010; Sillje et al., 1999). Thus it is likely that the high PKA activity associated with
glucose addition (Broach, 2012; Conrad et al., 2014) is sufficient for partial activation of
Nth1. However, the full activation of Nth1 still requires the Cdk1 phosphorylation site
(Figure S4C). Thus, utilization of trehalose depends on phosphorylation of Nth1 on both
Cdk1 and PKA sites.

Having shown that both Cdk1 and PKA are required for storage utilization, we next sought
to identify which of these kinases is responsible for the timing of Nth1 activation at the G1/S
transition. While it is well established that Cdk1 activity oscillates during the cell cycle
(Morgan, 2007), there are also reports of cell-cycle dependent spikes in cyclic AMP, which
could periodically activate PKA (Muller et al., 2003; Smith et al., 1990). To investigate the
temporal dynamics of Nth1 phosphorylation, we released NTHI-3xFLAG cells from G1.
The phosphorylation pattern of wild-type Nth1, but not of Nth12CPK  changed during the
cell cycle (Figure 4C, S4D). We quantified the fraction of highly phosphorylated wild type
Nth1 following synchronous release from G1. The highly phosphorylated form, which most
likely corresponds to the active form of the enzyme, increases approximately tenfold as cells
enter the division cycle at G1/S (Figure 4D, S4D). At G1/S we also observed an increase of
trehalase activity in cell extracts (Figure 4D). Thus, the G1/S transition triggers both
increased Nthl phosphorylation on S66 and trehalase activity.

Taken together, our data show that Nth1 is an integration point of PKA and Cdk1 signaling.
While both PKA and Cdk1 phosphorylation are required for Nth1 activity, our data suggest
that phosphorylation by PKA is constitutive in our constant growth conditions, while
phosphorylation by Cdk1 oscillates with the cell cycle and is responsible for activating the
trehalase activity downstream of Start.

Mutants deficient in carbohydrate storage change the cell cycle dynamics of central
carbon metabolism

After determining the molecular mechanism triggering the storage carbohydrate switch, we
next sought to investigate its function. Since storage carbohydrates are funneled into central
carbon metabolism in a cell cycle-dependent manner, we hypothesized that there should be
global cell cycle-dependent changes in the metabolome of cells unable to utilize storage
carbohydrates. We therefore analyzed the metabolite dynamics in synchronously released
nthiA nth2A gphiA cells in which trehalose and glycogen utilization is blocked. Compared
to wild type cells, storage utilization mutant cells exhibited significant changes in the
dynamics of central carbon metabolites and amino acid metabolism during cell cycle
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progression (p < 0.01, repeated measure ANOVA). Most detected metabolites in central
carbon metabolism were significantly lower in storage mutants than in wild type cells
throughout the cell cycle, confirming that storage utilization funnels glucose into central
carbon metabolism and most likely fuels glycolytic flux (Figure 5A-B). Moreover, we
observed significant changes in the biosynthesis of valine, leucine, isoleucine, glycine,
serine, and aminoglycans (Figure 5C-D, S5).

Next, we sought to investigate the relative contribution of trehalose utilization and ethanol
uptake to central carbon metabolism and biosynthetic pathways. However, metabolite level
dynamics are not sufficient to determine fluxes and origins of metabolites. Moreover, the
highly dynamic nature of metabolism during the cell cycle prevents the determination of
nutrient uptake rates or intracellular fluxes, which are not at steady state. We therefore
performed a 13C carbon tracing experiment to examine the contribution of ethanol to the
dynamic metabolite pools. Briefly, we traced labeled ethanol that was added to the media
when cells start to bud (30 minutes after release), and metabolic differences become visible
(Figure 5A-D). After 13C labeled ethanol addition, 50% of the ethanol in the media was
isotopically labeled (Figure S6A). We then used untargeted and targeted metabolomics to
measure kinetics of incorporation of 13C into metabolites (Table S5-6). Metabolites in
glycolysis (Figure 5E, S6B) and cell wall synthesis (Figure 5F, S6E), and nucleotides
(Figure 5G, S6E) had a higher fractional labeling in nth1A nth2A gphiA cells than in wild
type cells, which indicates that the relative contribution of ethanol is increased in mutant
cells during S/G2/M. This confirms that upon blockage of trehalose and glycogen utilization,
intracellular fluxes are rearranged such that biosynthetic requirements are increasingly
fueled by ethanol.

Interestingly, we could not detect tangible changes in the labeling kinetics of most amino
acids. This suggests that the differences in cell cycle dynamics of concentrations in these
pathways are not directly explained by fluxes from trehalose, but are due to more complex
regulatory and compensatory mechanisms.

Trehalose utilization partially decouples cell cycle progression from nutrient availability

To understand the impact of altered metabolism on cell physiology in storage utilization
mutants, we determined their growth rate in batch, and the duration of cell cycle phases in
single cells during asynchronous exponential growth on ethanol. Growth rates as well as the
relative duration of cell cycle phases of storage utilization mutants were very similar to wild
type cells, consistent with the hypothesis that mutants are able to mostly compensate for the
inability to turn over storage carbohydrates in these growth conditions (Figure 6). We
observed a slightly wider distribution of G1 duration in storage utilization mutants. Since we
did not find this phenotype in a storage synthesis mutant, we attribute this mostly to
technical variation. Interestingly, we further observed that nth1A nth2A gphlA cells have a
median size that is 10% smaller than wild type cells growing asynchronously on ethanol
(Figure 6D). To further corroborate these results we also determined sizes of a mutant that
cannot synthesize trehalose and glycogen (0514 gsy1A gsy24). This mutant was also
smaller, indicating that storage turnover, and not the concentration of storage carbohydrates
was responsible for this size phenotype (Figure 6A-D). This size phenotype suggested that
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even during exponential growth, when the contribution of trehalose and glycogen utilization
to biosynthesis is rather small compared to ethanol uptake, the absence of storage utilization
during S/G2/M cannot be completely compensated for.

When nutrient supply decreases, the relative contribution of storage carbohydrates to
biosynthesis necessarily increases. We therefore predicted that storage utilization mutants
would be sensitive to nutrient downshifts specifically in the S/G2/M phases of the cell cycle.
To test this hypothesis, we grew cells in a microfluidic imaging platform and subjected them
to a sudden drop in carbon supply, which resulted in growth arrest (Figure 7A, S7, and
Movie 1). Ten minutes after the carbon removal, neither wild type nor storage utilization
mutant cells initiated budding (Figure S7), which is consistent with nutrients being sensed
by the Start commitment point in late G1 (Turner et al., 2012). We examined whether cells
that were in S/G2/M (budded) at the time of the shift were able to complete mitosis within
the monitored 5.5 hours after the shift (separation of nuclei, Figure 7A and Movie 1). The
longer a cell had been in S/G2/M before the shift, the higher its probability of completing
mitosis (Figure 7B). Consistent with the hypothesis that storage utilization promotes
completion of the cell cycle, utilization mutant cells had a significantly lower probability of
completing mitosis than wild type cells (Figure 7B, D). Cells that did not complete mitosis
generally arrested as budded, mono-nucleated cells. Whether these cells successfully
completed S-phase and entered a controlled G2 arrest remains to be investigated. We also
observed very few instances where cells attempted and failed at anaphase (partially
separated nuclei) and these cells typically died shortly after.

To confirm that wild type cells respond better to a drop in the nutrient supply due to their
control of carbohydrate storage metabolism by Cdk1, we repeated the starvation experiment
with a strain expressing wild type NTHZ and another strain expressing the phosphorylation
site mutant allele NTHIACPK. Indeed, NTHIACDK cells were less likely to complete
division following nutrient deprivation than N7HZ wild type cells, confirming that activation
of Nth1 by Cdk1 phosphorylation can explain the observed phenotype (Figure 7C). For cells
budding within 15 minutes before the starvation (which are in the middle of S-phase), NTHZ
wild type cells were twice as likely as NTHIACPK mutant cells to successfully complete
mitosis (Figure 7D).

Furthermore, we noticed that mutant cell colonies were highly enriched for dead daughter
cells 24 hours after the experiment (Figure 7E and S7B). We thus repeated the starvation
experiments and monitored cells for a longer period (12 hours after the shift). \We observed
that utilization mutant and phosphorylation mutant cells caught in S/G2/M were four times
as likely as wild type strains to produce non-viable progeny, where daughter cells died
within an hour following division (Figure 7F). Notably, cells that were in G1 at the time of
carbon removal were not affected in their short-term viability since we did not detect any
dead unbudded cells twelve hours after starvation.

These observations show that Cdk1-triggered storage utilization can provide an essential
carbon pool to fuel DNA replication and mitosis and thereby partially decouple cell cycle
progression from nutrient supply.
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Discussion

Here, we showed that yeast metabolism is globally coordinated with cell cycle progression.
By using synthetic promoters to express cell cycle regulators, we were able to synchronize
cells and control cell cycle progression without perturbing their environment and their
metabolism. We show that over 50% of the metabolome changes during cell cycle
progression downstream of Start, the commitment point that triggers the G1/S transition.
This causally links global changes in metabolism to cell cycle progression.

In addition to showing that cell cycle progression drives metabolic changes, we identified a
specific mechanism through which the cell cycle regulatory network controls carbon
metabolism. The main cell cycle kinase Cdk1 directly phosphorylates and activates the
trehalase Nth1 to trigger the flux of storage carbohydrates into central carbon metabolism.
While Nth1 activity also requires the nutrient signaling kinase PKA1, the timing of
activation coincides with phosphorylation of the Cdk1-site at the G1/S transition. Moreover,
Cdk1 activity is likely regulating other enzymes of the storage carbohydrate pathways. The
enzyme responsible for glycogen utilization, Gph1, is likely activated at the G1/S transition
and also contains a Cdk1 consensus site detected in the Cdk1 target screen (Ubersax et al.,
2003) (Figure 2). We also note that trehalose concentrations do not increase during S/G2/M
in mutant cells unable to utilize trehalose (Figure 4B). This implies that trehalose synthesis
had been shut off at G1/S, which could be due to Cdk1 phosphorylating sites on the
regulatory subunit of the trehalose synthase Tsl1 (Table S2).

The requirement of both PKA and Cdk1 phosphorylation for Nth1 activity demonstrates that
carbon storage metabolism integrates information from multiple signaling pathways.
Mechanistically, this signal integration occurs through the unstructured N-terminal tail of
Nth1. Phosphorylation by PKA enables the binding of the 14-3-3 protein Bmh1 to allow
trehalose access to the catalytic site (Macakova et al., 2013). Since the Cdk1 site on Nth1 is
close to the two most important PKA sites, we speculate that S66 phosphorylation further
enhances Bmh1 binding to increase trehalase activity. Since the importance of phospho-
regulation of metabolic enzymes is becoming increasingly clear (Oliveira et al., 2012;
Schulz et al., 2014), we anticipate that combinatorial regulation by cell cycle and nutrient
sensing kinases may be a widespread mechanism coordinating metabolism with cell cycle
progression.

We suggest that the purpose of storage oscillations is to ensure a sufficient supply of carbon
precursors for cell cycle-dependent biosynthesis of macromolecules in nutrient-poor
environments. In support of this hypothesis, we showed that the ability to use the storage
carbohydrate pool in S/G2/M phases of the cell cycle increases a cell’s chance of completing
division and producing viable progeny when exposed to a deteriorating nutrient supply. In
response to acute starvation, wild type cells are better able to complete cell division than
mutants deficient in storage carbohydrate utilization. However, some of these storage mutant
cells were still able to complete mitosis after starvation. This suggests the presence of
additional carbon stores (such as glutamate or lipids) that may be accessed under extreme
circumstances.

Mol Cell. Author manuscript; available in PMC 2017 May 19.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Ewald et al.

Page 11

Our analysis of yeast responding to an acute removal of extracellular carbon is likely related
to more physiological conditions such as growth on a finite amount of nutrients. In this case,
yeast proliferate rapidly up to the depletion of extracellular nutrients. Eventually, cells reach
stationary phase, where nearly all cells are arrested in G1 (Werner-Washburne et al., 1993).
Yet, how do cells support proliferation until complete depletion of the nutrient supply
without more cells entering stationary phase in S, G2, or M phases of the cell cycle? We
propose that the ability of cells to draw on carbohydrate stores to complete their division
cycle allows them to continue proliferation up to the point of nutrient depletion without
getting caught in an incomplete cell division cycle.

Our findings may also offer a new perspective on the extensively studied metabolic cycling
phenomenon observed in chemostat cultivations, in which yeast cultures spontaneously
synchronize their metabolism, cell cycle and transcriptional activity (Burnetti et al., 2016;
Slavov and Botstein, 2011; Tu et al., 2005). While our data does not explain the complex
population dynamics in metabolically synchronized chemostats, we suspect that Cdk1
regulation of carbon metabolism might be one of the links between the metabolic and cell
division cycles in these conditions as well.

Most generally, we identified major cell-cycle dependent changes throughout various
anabolic and catabolic pathways. We therefore propose that the cell cycle control network
regulates metabolism to meet the specific requirements of eukaryotic cell division.
Consistent with this view, it was recently shown that the anaphase promoting complex
regulates the stability of metabolic enzymes in HeLa cells (Colombo et al., 2011), and that
CDK regulates mitochondrial activity in yeast (Harbauer et al., 2014) and mammalian cells
(Wang et al., 2014) in a cell-cycle dependent manner. Since the oscillation in CDK activity
is a fundamental feature of eukaryotic cell division, we suspect that phosphorylation of
specific enzymes by CDK generally contributes to how both cancerous and non-cancerous
mammalian cells establish the distinct metabolism associated with growth and proliferation
(Buchakjian and Kornbluth, 2010; Fiske and Vander Heiden, 2012; Lunt and Vander Heiden,
2011).

Experimental Procedures

Strains and Media

Strains were constructed using standard methods and are prototrophic in a Saccharomyces
cerevisiae W303 background. For exogenous control of gene expression we used the
recently reported LexA-estrogen-receptor-activation-domain (Lex-ER-AD) system (Ottoz et
al., 2014). Minimal media with 1% ethanol or the specified amount of glucose was used
throughout, except for Figure 2E-H and S2, which were performed on 1% ethanol synthetic
complete medium. See Table S3 for strain details.

Cell cycle synchronization

Two sequential precultures were grown on media containing first 10 nM and then 5 nM §-
estradiol (Sigma). LexApr-CDC20 strains were arrested for 6 hours, and LexApr-CLN1
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strains were arrested for 15 hours in estradiol-free media. Cells were released by addition of
200 nM estradiol.

Metabolite measurements

13C labeling

Cells were harvested by filtration and metabolites were extracted in 70% ethanol as
described in (Link et al., 2013). Metabolomics samples were analyzed by flow-injection
analysis on an Agilent 6550 Q-TOF (Agilent, Santa Clara, CA) using the settings described
in (Fuhrer et al., 2011). lons were annotated to known metabolites using the KEGG sce
database for S. cerevisiae (Kanehisa and Goto, 2000). If not stated otherwise, ion intensities
were normalized by a univariate comparison between each individual measurement and the
intensities of the 3 time points prior to release from G1 with foldchange =
(log2(intensities(t)/intensities(t<0)) using a two-sample t-test, where p-values were corrected
for false discovery rate as described in (Storey, 2002). Metabolic pathway enrichment
analysis was performed using a hypergeometric test on significantly changing ions (p-value
< 0.01, |[logx(foldchange)| > 0.2) of this univariate comparison. To compare metabolite
profiles of wild type and storage degradation mutants, we applied a repeated measure
ANOVA and corrected the p-values as above for false discovery. For plotting, a 3-point
moving average filter was applied on time profiles of metabolites. All metabolomics data
analysis was performed using custom Matlab software (The Mathworks, Natick).

experiments

30 minutes after release from G1 arrest, [U-13C] ethanol (Cambridge Isotope Laboratories,
Andover, MA) was added to reach a ratio of 50% naturally labeled to 50% fully labeled
ethanol. Metabolites were extracted as described above. For untargeted analysis, samples
were measured and ions were annotated as above. Targeted metabolomics analysis was
performed using ultra high-pressure chromatography-tandem mass spectrometry as in
(Buescher et al., 2010; Ruhl et al., 2012).

Trehalose and glycogen measurements

Cells were harvested by centrifugation and frozen in liquid nitrogen. Trehalose was
extracted using boiling water. Trehalose concentrations were determined using a commercial
kit (Megazyme). The glycogen extraction protocol was modified from (Muller et al., 2003).
Briefly, cells were lysed in sodium carbonate and the glycogen digested overnight using
amyloglucosidase. Glucose released from glycogen digestion was measured using a
commercial kit (Megazyme). We normalized the amounts measured at each time point to the
amount measured in the sample at t = 0 minutes. Absolute values (umol/OD unit) are
reported in Table S1.

Imaging and image analysis

Images were recorded on a Zeiss Axio-Observer Z1 with an automated stage. For the
experiments described in Figure 7, cells were imaged on a commercial microfluidic system
(CellAsic, EMD Millipore). For the single cell measurements described in Figures 6 and S1,
cells were grown on 1.5 % agar patches containing 1% ethanol. Images were processed and
cells segmented as described in (Doncic et al., 2013).
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Cells were stained with SYBR Green | and analyzed on a flow cytometer.

phorylation assay

N-terminally 6xHis-tagged recombinant Nth1 constructs were expressed in £. coli and
purified by cobalt affinity chromatography. /n7 vitro phosphorylation assays using purified
Clb2/Cdk1/Cks1 complexes were performed as described in (Koivomagi et al., 2011). Figure
3B corresponds to an 8-minute reaction.

S-PAGE and Western analysis

Cells were lysed in urea buffer using a bead beater. The phosphorylated species of
Nth1-3xFlag were resolved in 8% SDS-polyacrylamide gels supplemented with 100 uM
Phos-tag reagent (FMS Laboratory, NARD institute, Japan). Nth1-3xFLAG was detected
with ANTI-FLAG M2 antibody (Sigma) and Alexa Fluor 680 goat anti-mouse antibody
(Life Technologies).

tivity assay

The trehalase assay was adapted from previously published protocols (Muller et al., 2003;
Pernambuco et al., 1996; Uno et al., 1983; \eisova et al., 2012). Briefly, cells were lysed
under native conditions. 20 pl extract were added to the assay buffer with trehalose to start
the reaction. To stop the reaction, samples were boiled for 3 minutes. The glucose produced
was measured using a commercial enzyme kit (Megazymes).

See also Supplemental Experimental Procedures.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Cell cycle progression triggers global changes in metabolism
The cell cycle kinase Cdk1 activates the trehalase Nthl at the G1/S transition
Active Nth1 releases trehalose to fuel biosynthesis during S/G2/M

Trehalose utilization enables cell cycle progression even during acute starvation
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Figure 1. Global changes in metabolism are coordinated with cell cycle progression
(A) A strain expressing a single G1 cyclin controlled by a synthetic hormone-inducible

promoter was arrested in G1 and synchronously released into the cell cycle at t=0 minutes
(blue). Control cells were mock treated and remained arrested (grey). The budding index
denotes the fractions of cells in S/G2/M phases of the cell cycle. Error bars indicate standard
deviations from four biological replicates. (B) DNA content of cells released from a G1
arrest (blue) or control cells (grey). (C) Heatmap of metabolite changes relative to the
average of 3 time points prior to release from G1 arrest. (D) Fraction of metabolites that
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change significantly following synchronous release from G1 arrest. Significant is defined
relative to t<0 and requires a change in concentration greater than 15%, and to have p < 0.01
for a 2-sample t-test that was false discovery rate corrected. Dotted lines denote the G1/S
(50% budding) and S/G2-M (50% 2N DNA) transitions. (E) Metabolic pathway enrichment
analysis identifies pathways whose metabolites change significantly through the cell cycle.
(F) Following release from G1, trehalose concentrations decrease while sugar-phosphates in
glycolysis, such as fructose-bis-phoshate, increase. See Figure S1.

Mol Cell. Author manuscript; available in PMC 2017 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ewald et al.

A

Q)

0)] % budded

[trehalose]/[trehalose(t

)]

[glycogen]/[glycogen (t

G

inducible CLN1

Page 21
0 min <10 % budded 0 min >90 % budded
G1 : G1
G1 mitotic
release release

130 min 50 % budded

0 G
Q 0O

04 &

2/IM

G2/M
inducible CDC20 [e)

80{ F D 8o
60, : — released g 604
404 ' / — arrested _g 40,
204 1 o 204
0 | == g
1 —
14] G o 64 PR 2
] ‘ ‘ i ; ’ H)/ 54 ‘
1.24 ' @ -~ a 0‘
" 2e8 o S 4 R R
1-0" ; (O] ‘ ’
| e =, 3 <o 'S
! & =
081 ® e Q2
1 O o 1 .
06{ ¢ Py o?
'/; 1 "q:) 1“
F -
0.0 L =0
: H_
' T T
1
140 A A 1;’2'5 Ad
: il ; ) > 2 A A A4,
124 . A A A T Q A A
s A o A A
' A* a : Aa] 215 AA A
] : o) A
1.0JA é A ' = A A
] QC) 14A
0.8 : %
: -’ . gO.S-
s 1 a
0.04L—1 : ' v = oL, : . y r v r
0 30 60 90 120 0 30 60 90 120 150 180

time after release (min) time after release (min)

Figure 2. Storage carbohydrates oscillate during the cell division cycle
(A) Cells were arrested in G1. 90% of all cells were in G1 at the time of release. Cells

synchronously passed the G1/S transition approximately 50 minutes after release (50%
budded denoted by dashed line). (B) Budding index, (C) Normalized trehalose
concentration, and (D) normalized glycogen concentration for cells either released from
(blue) or maintained in (grey) a G1 arrest. Error bars indicate standard error of the mean
from four biological replicates. (E) Cells expressing a hormone inducible CDCZ20allele
were arrested in mitosis (>90% budded) and then synchronously released into the cell cycle
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at t=0 minutes. Dashed line indicates where 50% of the cells reached the G1/S transition and
budded (t=130 minutes). (F) Budding index, (G) trehalose and (H) glycogen concentrations
measured after release from mitotic arrest. All concentrations were normalized to 1 at t=0
minutes. See also Figure S2 and Table S1.

Mol Cell. Author manuscript; available in PMC 2017 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuely Joyiny

Ewald et al. Page 23

A ® PKAsites S20,521,560,S83 B Cdk1-Clb2 phosphorylation of Nth1
® CDK consensus site S66

.
o

® ©
N trehalase

domain

o
©

o
=2

Y

95 AA unstructured regulatory domain

MSQVNTSQGPVAQGRQRRLSSLSEFNDPFSN
AEVYYGPPTDPRKQKQAKPAKINRTRTMSVFD
NVSPFKKTGFGKLQQTRRGSEDDTYSSSQGNR

o
~

norm phosphorylation (AU)
o
[N

©
o

phosphorylation

Figure 3. Cdk1 phosphorylates the trehalase Nthl
(A) Schematic and partial sequence of Nth1, which has an unstructured N-terminal

regulatory region containing known PKA phosphorylation sites (red) and a Cdk1 consensus
phosphorylation site (blue). The Cdk1 consensus motif is underlined. (B) Autoradiogram
(top), coomassie gel (bottom), and quantification (right) for an /n vitro phosphorylation
assay using purified Cdk1-Clb2-Cks1 complex, purified Nth1 (wild type and S66A) and
radiolabeled ATP. (C) Western blot of indicated Nth1-3xFlag proteins after separation on a
PhosTag-SDS gel.
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Figure 4. Cdk1 and PKA1 phosphorylation are required for Nth1 activation
(A) Budding index, and (B) normalized trehalose concentration for cells synchronously

released from a G1 arrest. Error bars denote the standard error of the mean for three
biological replicates with two technical replicates each. All trehalose concentrations were
normalized to the concentration at t=0 minutes. Grey denotes nth1Anth2AgphiA, black, blue
and red denote wild type NTHI, NTHIAPKA and NTHIACPK alleles, respectively, in an
nth2Agphi1A background. (C) Phostag-Western blot showing Nth1 and Nth1ACPK phospho-
isoforms before (0 min) and after (100 min) the G1/S transition. (D) Black dots denote the
fraction of Nth1 that is highly phosphorylated based on quantification of Phostag-Western
blots of Nth1 after G1 release (quantified band indicated by arrow in C). Error bars denote
standard deviations from three technical replicates. Green dots denote trehalase activity
measured from cell extracts (fold change relative to before release). Error bars denote
standard deviations from two biological and two technical replicates.
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Figure 5. Cell cycle-dependent changes in metabolites in wild type and in carbohydrate storage
utilization mutant cells

(A) Changes in central carbon metabolism through the cell cycle in wild type and storage
mutant cells. (B) Metabolic pathway enrichment analysis, comparing wild type and storage
mutant cells through the cell cycle, identifies pathways with significant changes in
metabolites. (C) Changes in valine biosynthesis, and (D) amino sugar metabolism through
the cell cycle in wild type and storage mutant cells. Temporal profiles represent mean values
of 2 individual biological and 2 technical replicates. The corresponding p-values are from a
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repeated measure corrected ANOVA comparing wild type and nth1Anth2AgphlA storage
utilization mutants. (E-G) Fractional labeling of metabolites in (E) glycolysis (F) cell wall
synthesis, and (G) nucleotides following addition of 13C ethanol to the media at 30 minutes
after release. The addition of 13C ethanol resulted in 50 % of the ethanol in the media being
labeled (see also Figure S6).

Mol Cell. Author manuscript; available in PMC 2017 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Ewald et al. Page 27
A Nth1
> Nth2 B 200 -
p<0.01
5
2 1501
o
Trehal UDP ey Bi is €
rehalose RZR" Tgp el » Biosynthesis £ b5
Cdk1 B 100+
: S |
. S e . Ethanol 4
: , Glycogen uptake P 504
: == wild type g
: == storage synthesis mutant ---» Biosynthesis 3
: == storage utilization mutant A = 5
R R R ! ATP in trehalose  in glycogen
C s D E
< . 200+
O 5 £ 1.5
E E S
= 4 c 150 =
24 s =
o ®© o 14
] = [e]
3 ° 3 100 =
2 2 Q@ GCJ
o “ Q O
= & 504 %27
— - o
2 e
o (&)
S o 0- : : 04 . . . ' 4
& AN pre-Start G1 SIG2IM 0 20 40 60 80 100
< o o
O & & volume (fL)
S RN
'\Q‘a '\&
° N
R Q

Figure 6. Cell cycle kinetics for storage carbohydrate utilization and synthesis mutants
(A) Schematic of carbohydrate storage metabolic pathways and their regulation by Cdka1.

We examined mutants incapable of either synthesizing (fps14gsy1AgsyZ24; blue) or utilizing
(nthiAnth2Agphl4; orange) storage carbohydrates. (B) Trehalose and glycogen content of
asynchronous cultures. Error bars indicate standard deviations from 3 biological replicate
experiments with 3 technical replicates each. (C) Population doubling times for wild type
and mutants deficient in storage carbohydrate turnover. Error bars indicate standard error of
the mean for 9 biological replicates. (D) Distribution of cell cycle phase durations for wild
type (grey), storage synthesis mutants (blue) and storage utilization mutants (orange)
measured in single cells. Using nuclear Whi5-GFP as a cell cycle marker, we determined the
distribution of durations of pre-Start G1 (nuclear Whi5) and S/G2/M (cytoplasmic Whi5) for
first generation mother cells. For each strain, at least 300 cells were analyzed. Bar and
whiskers plot denotes 5™, 25" median, 75™, and 95t percentiles. (E) Size distribution of
cells growing asynchronously on ethanol. The distributions represent the mean of 3
biological replicates where ~50,000 cells were analyzed in a Coulter Counter.

Mol Cell. Author manuscript; available in PMC 2017 May 19.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Ewald et al.

Page 28
A B ¢
=
o 09 .
g 0.005 % o
q, ; =
2 growth starvation 8 o7
3 o
S 0 2 o0s
-120min 0 min 330 min E &
o
e
> 04
=
O p 0 8 031  —wild type
[=}
5pm & 02 storage utilization mutant
nth1 nth2 gph1A
bud emergence mitosis completed mitosis 01
0
60 50 40 -30 20 -10 0
C D budding time (min before shift)
1 50
p<0.01 p<0.05
09 T I
(9] >
S 08 2% 40
. 8%
3 07 s :f
o » ©
£ os L £ 30
a 2E
£ o5 \ =©
38 \ 8 c
L 04 i\ v £ 204
> \ £3
503 reconstituted wild type \\ eg
8 02 NTH1 nth2 gph1A o 83 10]
a — phosphorylation mutant N\ a
0t NTH1ACDK nth2 gph1A
0 . 0-
60 50 -40 30 20 -10 0 « Q Q& \D
budding time (min before shift) @\b quQ WQQ m@‘\
S X O
\(\ ,\0 Q
& & &
&
E F N
e 20
storage utilization mutant p<0.05
24 hours after starvation
2 p<0.05
SR
2 15 ]
g2
s 8
38
=
é 2 10
>0
£o
5o
]
21 s
=
2e
>
) J
0
N 4
‘Q\Q O N x\'\
& o oF N
& & N
A A A
(\\‘\ V\«\)\ \-\Qo
Q&
N

Figure 7. Storage carbohydrate utilization partially decouples cell cycle progression from
nutrient availability

(A) Experiment schematic: H7B2-mCherry histone labeled cells were grown on a
microfluidics imaging platform in 50 mg/l glucose minimal medium and subjected to a
sudden drop to 0 mg/l glucose. Images were taken every 5 minutes starting at 2 hours before
and ending 5.5 hours after the media shift at t=0 minutes (see also Movie 1). (B-C)
Probability for a cell to complete the cell cycle as a function of its cell cycle position at the
time of the nutrient shift. The probability estimate and its 95% confidence interval (shaded
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area) were estimated using logistic regression of data from >400 cells. (B) Data from 3
biological replicate experiments for wild type (grey) and storage utilization mutant (orange)
cells. (C) Data from 4 biological replicate experiments for reconstituted wild type NTH1
nth1 gphi cells (light grey) and NTHIACPK cells (red). (D) Fraction of the cells that entered
the cell cycle (budded) within 15 minutes of nutrient removal that were able to complete
mitosis. Error bars are estimated standard deviations from 100 bootstrap iterations; p-values
calculated using a Fisher’s exact test. (E) Image of storage utilization mutant cells 24 hours
after being exposed to nutrient removal as described in (A). Red arrows indicate dead cells.
(F) Fraction of divisions that lead to non-viable progeny. Cells were imaged for 12 hours
after nutrient depletion and daughter cells were monitored after division. p-values were
calculated with a Fisher’s exact test.
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