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Nutrient sensing pathways are playing an important role in cellular response to different
energy levels. In budding yeast, Saccharomyces cerevisiae, the sucrose non-fermenting
protein kinase complex SNF1 is a master regulator of energy homeostasis. It is affected
by multiple inputs, among which energy levels is the most prominent. Cells which are
exposed to a switch in carbon source availability display a change in the gene expression
machinery. It has been shown that the magnitude of the change varies from cell to
cell. In a glucose rich environment Snf1/Migl pathway represses the expression of its
downstream target, such as SUC2. However, upon glucose depletion SNF1 is activated
which leads to an increase in SUC2 expression. Our single cell experiments indicate that
upon starvation, gene expression pattern of SUC2 shows rapid increase followed by
a decrease to initial state with high cell-to-cell variability. The mechanism behind this
behavior is currently unknown. In this work we study the long-term behavior of the
Snfl/Migl pathway upon glucose starvation with a micro uidics and non-linear mixed
effect modeling approach. We show a negative feedback mechanism, involving Snfl
and Reg1l, which reduces SUC2 expression after the initial strong activation. Snfl kinase
activity plays a key role in this feedback mechanism. Our systems biology approach
proposes a negative feedback mechanism that works through the SNF1 complex and is
controlled by energy levels. We further show that Reg1l likely is involved in the negative
feedback mechanism.
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1. INTRODUCTION

Nutrients play a key role in cell survival and well-being by serving as energy sources,
cellular building blocks and as triggers for a multitude of signaling pathways. A number of
nutrient-controlled signaling pathways has been extensively studied and the crosstalk between
them has been elucidated (Shashkova et al., 2015). In the budding yeast, Saccharomyces cerevisiae,
nutrient controlled pathways distinguish between preferred and alternative nitrogen and carbon
sources, and alters the homeostasis to adjust to the extracellular conditions. The Snfl protein
kinase, the yeast orthologue of the mammalian AMP-activated protein kinase (AMPK), regulates
energy balance and plays the main role in yeast adaptation to glucose limitation (Carlson et al.,
1981; Celenza and Carlson, 1986) via controlling genes required for utilization of non-glucose
carbon sources (Treitel et al., 1998). It works in a complex, named SNF1, which is composed of the
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catalytic subunit Snf4 and one of the three alternativeitaflgy  dephosphorylates Migl in a glucose-dependent manner,
subunits Gal83, Sipl, or Sip2igng and Carlson, 1996; Schmidthowever, another glucose-independent mechanism has been
and McCartney, 2000 Under glucose depleted conditions, reported to participate in Migl dephopshorylatiostfashkova
AMPK/Snfl is activated by three upstream kinases, Tos3, Elngt al., 201). When dephopshorylated, Migl relocates to the
and Sakl Klong et al., 2003; Nath et al., 2003; Elbing et al.nucleus {reitel and Carlson, 1995; Wu and Trumbly, 1998
2006; Rubenstein et al., 20P@hich leads to phosphorylation where it recruits the Ssn6-Tupl global co-repressor complex to
of various transcription factors to facilitate cellular resge repress gened (it yya et al., 1998; Smith et al., 1999; Ahuatzi
(Ghillebert et al., 2001 Glucose presence makes the Snfktal., 200).
activation loop accessible for protein phosphatasasbgnstein Despite the fact the Snf1/Migl pathwdyigure 1) has been
et al., 2008 The Glc7-Regl phosphatase is the main negativextensively studied, little is known about how its response t
regulator of Snfl, with a contribution of Sit4 and Ptclglucose starvation is maintained over time. Thus, it is still
phosphatasesRubenstein et al., 2008; Ruiz et al.,, 201& unclear how the gene expression response to altered energy
the same time, the assembly and functionality of the Glc7iRedevels is ne-tuned, for example, the dynamic regulation of th
phosphatases depends on Snfl during poor glucose conditiorgathway target genes in the long run. Also, the majority of
active Snfl phosphorylates Regl which prevents its associatimork on the Snfl/Migl pathway has been performed on cell
with the Glc7 subunit to form a functional phosphatasea(iz  cultures representing the average behavior of the population.
et al., 2000 The activation of the SNF1 complex has been showhkVhen the aim is a cellular level mechanistic understanding
to correlate with a high ADP/ATP ratioubenstein et al., 2008; of a pathway, such as the Snfl/Migl pathway, a single-
Chandrashekarappa et al., 2)JRBurthermore, ADP binds to the cell level model is advantageous compared to a population
regulatory subunit of the SNF1 complex resulting in protectio average model. This is due to the fact that population based
of Thr210 from dephosphorylation{ayer et al., 200)1Overall, models do not account for intrinsic heterogeneity within the
this suggests that the SNF1 complex is regulated by inttdaell population Shashkova and Leake, 2).1Hence, a population
energy levels. based model might overlook dynamic single-cell featuresh suc
Genes essential for metabolism of maltoB8A(L), galactose as oscillationsGohen-Saidon et al., 2009
(GAL), and sucroseSUC2 are regulated by the transcriptional ~ Systems biology approaches exploiting single-cell techniques
repressor Migl, wherBUCZs one of the most studied_(it yya  to study the cellular mechanism of the Snfl/Migl pathway
et al.,, 1998; Carlson, 199%xpression of Migl target genes (Bendrioua et al., 2014; Almquist et al., 2015; Welkenhuysen
is released upon glucose limitation, when Migl becomestal., 201yhave previously been employed. However, these have
phosphorylated by Snfl and relocates to the cytoplasm. Ifocused on the short-term localization of Migl as measureimen
glucose-rich extracellular conditions, the Reg1-Glc7 phatgde for the Snfl/Migl pathway activity. Long time-lapse obseprati

FIGURE 1 | Schematic representation of the Snfl/Migl pathway. Snfl is @nstitutively phosphorylated by the upstream kinases. Whepreferred carbon-sources are
limited Snfl phosphorylates Mig1, which results in the cytalasmic localization of Migl. When preferred carbon sourceare available Snfl and Mig1 are
dephosphorylated through an unknown mechanism originatig from glycolysis. Mig1 localizes to the nucleus and there fepresses genes which are required for the
utilization of non-fermentable carbon-sources. Dashed @ows represent signals that are transmitted via unknown meganisms.
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