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SUMMARY
Cells need to constantly monitor their environment in order to adapt their metabolic
operation to the available nutrients. The nutrient supply can either be sensed by specific
nutrient receptors or -as recently suggested- by metabolic fluxes. In this thesis we
investigate two different aspects of flux-sensing. I the first part, we elucidate how
hexokinase 2 (Hxk2) could participate in flux sensing and flux-dependent regulation of
glucose repression. In the second part we investigate the effects of the glycolytic flux on
different cellular levels to support the principle concept of metabolic flux sensing and
flux-dependent regulation.
The glycolytic enzyme hexokinase 2 (Hxk2) has frequently been suggested to play a
role in flux-dependent regulation of glucose repression. Since Hxk2 can be present in at
least 16 different forms (due to phosphorylation at serine 14 and serine 157, formation
of dimers, and nuclear and cytosolic localization; further referred to as “Hxk2
modifications”) it is unclear, which form of Hxk2 and how Hxk2 participates in flux
signaling. In CHAPTER 2 we therefore aimed at clarifying how Hxk2 could participate
in flux signalling. To control the glycolytic flux we employed yeast strains with
different glucose uptake rates, which realize different glycolytic fluxes at an otherwise
identical environment. In these strains, we quantified the different Hxk2 modifications,
the Hxk2 abundance and the level of glucose repression at different glycolytic fluxes.
Using these data in a mathematical modelling approach together with perturbing the
system of Hxk2 modifications by deleting the kinase Tda1, which is necessary for the
serine 14 phosphorylation of Hxk2, we could derive a hypothesis of how the Hxk2
modifications are influenced by the glycolytic flux: At high glycolytic flux Tda1
activity is inhibited leading to a high proportion of Hxk2, which is not phosphorylated
at serine 14. Such unphosphorylated Hxk2 molecules then forms dimers due to the
favourable dimerization of the unphosphorylated Hxk2 forms. Eventually because of a
lower nuclear transport efficiency of the dimers, the proportion of nuclear Hxk2 is
subsequently lower at higher glycolytic fluxes which we additionally found to influence
the level of glucose repression. Our hypothesis also indicates that Tda1 could be the
sensor of the glycolytic flux regulating the flux-dependent level of glucose repression
and the metabolic mode by influencing the flux-dependent Hxk2 modifications.
In CHAPTER 3 we addressed the question whether the flux-dependent Hxk2
modifications, the level of glucose repression and fermentation depend on the flux
through glycolysis or through Hxk2. Furthermore, we wanted to know whether the
relationships between the different Hxk2 modifications and the importance of Hxk2
localization for glucose repression, which we identified in CHAPTER 2, can also be
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found when yeast grows on carbon sources other than glucose, whose metabolism does
not require the enzymatic activity of Hxk2. We found, that there is a flux through Hxk2
even on these non-glucose carbon sources. Furthermore, we quantified the Hxk2
modifications and analyzed the relationship between the flux (either through glycolysis
or Hxk2) and the three Hxk2 modifications. We found that the modifications are not
exclusively flux-dependent (neither through glycolysis nor through Hxk2) but also
influenced by substrate-specific signals. Furthermore, the level of glucose repression
and fermentation correlate with the Hxk2 localization supporting the finding of
CHAPTER 2 that the Hxk2 localization is likely involved in the regulation of glucose
repression and the metabolic mode.
To support the concept of metabolite-based flux sensing, we measured in CHAPTER 4
the cellular fluxes, metabolite and protein levels using state-of-the-art omics
technologies in the yeast strains already used in CHAPTER 2. To check which of the
observed phenotypic characteristics were specific for glucose, we also characterized the
phenotype of the wildtype strain during growth on three other carbon sources. We found
several metabolites to strongly correlate with the flux through the reaction producing
the respective metabolite (e.g. fructose-1,6-bisphosphate, phosphoenolpyruvate and
pyruvate) which potentially could transmit the flux signal downstream to the regulatory
machinery of the cell. We also found that 63% of the measured metabolic proteins
correlate with the glycolytic flux, and identified a number of transcription factors (e.g.
the Hap complex, Msn2, Msn4 and Cat8) likely responsible for the flux-dependent
expression pattern. The correlations we found were independent from the nature of the
used carbon source and seem to exclusively depend on the cellular fluxes through
glycolysis, the pentose-phosphate pathway or the tricarboxylic acid cycle. Our findings
indicate that the glycolytic flux is a signal for global regulation of the cellular
phenotype and support the existence of flux sensing in yeast which is very likely based
on the flux-dependent levels of several metabolites.
In CHAPTER 2 and CHAPTER 3 we used the green fluorescent protein (GFP) to
determine the cellular localization of Hxk2 and obtained different results when using to
different variants of GFP. In CHAPTER 5, we therefore investigated possible reasons
why the use of different variants of a fluorescent protein could lead to different
outcomes in quantitative localization studies. While we could not find a final
explanation for the different outcomes our study clearly demonstrates the importance to
carefully choose the fluorescent protein for quantitative localization studies.
This thesis confirms that glycolytic flux-dependent regulation in yeast exists (for
example by modifying the activity of cellular enzymes such as Tda1 or Hxk2 or
2
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different transcription factors) and could be mediated by flux-dependent metabolite
levels. Further, this thesis reveals that flux-dependent regulation of particular cellular
processes can be disturbed by substrate-specific signals.
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ZUSAMMENFASSUNG
Zellen müssen ihre Umgebung ununterbrochen überwachen um ihren Stoffwechsel an
die verfügbaren Nährstoffe anzupassen. Nährstoffe in der Umgebung können entweder
über spezifische Rezeptoren oder – wie kürzlich vorgeschlagen- über metabolische
Flüsse detektiert werden. In der vorliegenden Arbeit untersuchen wir zwei verschiedene
Aspekte der Detektion von metabolischen Flüssen. Im ersten Teil der Arbeit
untersuchen wir, wie Hexokinase 2 (Hxk2) an der Fluss-Detektion und der
flussabhängigen Regulation der Glukose-Repression beteiligt sein könnte. Der zweite
Teil der Arbeit befasst sich mit der Auswirkung des glykolytischen Flusses auf
verschiedene zelluläre Ebenen, um das Konzept der Detektion metabolischer Flüsse und
flussabhängiger Regulation in der Zelle zu stützen.
Es wurde schon oft diskutiert, dass das Enzym Hexokinase 2 (Hxk2), das den ersten
Schritt in der Glykolyse katalysiert, an der flussabhängigen Regulation der GlukoseRepression beteiligt ist. Da dieses Enzym aber in 16 verschiedenen Formen in der Zelle
vorkommen kann (aufgrund der Phosphorylierung an Serin 14 und Serin 157, der
Bildung von Dimeren und der Lokalisierung von Hxk2 im Zellkern und im Zytoplasma;
im Folgenden werden diese als „Hxk2-Modifikationen“ bezeichnet), ist es noch immer
unklar, wie Hxk2 auf molekularer Ebene als Sensor oder Übermittler des Flusssignals
funktioniert. In KAPITEL 2 wollten wir daher aufklären, welche Form von Hxk2 und
wie Hxk2 an der Übermittlung des Fluss-Signals beteiligt ist. Um verschiedene
glykolytische Flüsse bei ansonsten identischen Umweltbedingungen zu erhalten wurden
Hefestämme mit verschiedenen Glukoseaufnahmeraten verwendet. In diesen Stämmen
quantifizierten wir die verschiedenen Hxk2-Modifikationen, die zelluläre Hxk2Abundanz und den Grad der Glukose-Repression bei verschiedenen glykolytischen
Flüssen. Um die sich gegenseitig beeinflussenden Hxk2-Modifikationen zu
perturbieren, wurde das Gen für die Kinase Tda1, welche für die Phosphorylierung des
Serin 14 von Hxk2 benötigt wird, ausgeknockt. Diese gewonnenen experimentellen
Daten wurden dann in einem mathematischen Modell genutzt, mit welchen wir eine
Hypothese aufstellen konnten, wie die verschiedenen Hxk2-Modifikationen durch den
glykolytischen Fluss beeinflusst werden: ein hoher glykolytischer Fluss hemmt die
Aktivität der Kinase Tda1, was zu einem hohen Anteil an Hxk2 führt, die am Serin 14
nicht phosphoryliert ist. Diese unphosphorylierten Hxk2-Moleküle bilden daraufhin
Dimere, da unphosphorylierte Hxk2-Formen bevorzugt Dimere bilden. Aufgrund eines
weniger effizienten Transports der Dimere in den Kern führt dies bei hohem
glykolytischen Fluss möglicherweise zu einem geringeren Anteil von nukleärer Hxk2.
Zusätzlich zeigen unsere Ergebnisse, dass der Anteil der nukleären Hxk2 den Grad der
Glukoserepression beeinflusst. Unsere Hypothese weist auch darauf hin, dass die
5
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Kinase Tda1 der Sensor des glykolytischen Flusses sein könnte, welcher den
flussabhängigen Grad der Glukoserepression und den metabolischen Mode reguliert,
indem sie die flussabhängigen Hxk2-Modifikationen beeinflusst.
In KAPITEL 3 befassten wir uns mit der Frage, ob die flussabhängigen Hxk2Modifikationen, der Grad der Glukose-Repression und der Fermentation vom Fluss
durch die Glykolyse oder durch Hxk2 abhängen. In diesem Zusammenhang prüften wir,
ob die zuvor in KAPITEL 2 gemessenen Wechselbeziehungen zwischen den Hxk2Modifikationen und die Bedeutung von Hxk2 für die Glukose-Repression auch gelten,
wenn Hefe auf anderen Substraten als Glukose wächst, deren Stoffwechsel keine Hxk2Aktivität benötigt. Dabei stellten wir fest, dass selbst auf diesen Nicht-GlukoseSubstraten ein Fluss durch Hxk2 fliesst. Zudem quantifizierten wir die Hxk2Modifikationen und analysierten den Zusammenhang zwischen dem Fluss (entweder
durch die Glykolyse oder durch Hxk2) und den drei Hxk2-Modifikationen. Wir stellten
fest, dass diese Modifikationen nicht ausschliesslich flussabhängig sind, sondern auch
von substratspezifischen Signalen beeinflusst werden. Außerdem korrelieren der Grad
der Glukose-Repression und der Fermentation mit der Lokalisation von Hxk2, was das
Ergebnis aus KAPITEL 2 stützt, dass die Hxk2-Lokalisierung höchstwahrscheinlich an
der Regulation der Glukose-Repression und des metabolischen Modes beteiligt ist.
Um zu zeigen, dass eine Hefezelle metabolische Flüsse basierend auf zellulären
Metabolitkonzentrationen messen kann, bestimmten wir in KAPITEL 4 mit den
neuesten
Omics-Technologien
die
zellulären
Flüsse,
Metabolitund
Proteinkonzentrationen in den Hefestämmen, die schon in KAPITEL 2 genutzt wurden.
Um glukosespezifische Effekte auf den Phänotyp zu identifizieren, kultivierten wir den
Wildtyp nicht nur auf Glukose, sondern auch auf drei weiteren Substraten. Wir fanden
zahlreiche Metabolite, die mit dem Fluss, der den entsprechenden Metabolit bildet,
korreliert (zum Beispiel Fruktose-1,6-bisphosphat, Phosphoenolpyruvat und Pyruvat).
Diese Metabolite könnten das Flusssignal zu nachfolgenden regulatorischen Molekülen
übermitteln. Zusätzlich fanden wir, dass die Level von 63% der gemessenen
metabolischen Proteine mit dem glykolytischen Fluss korrelieren, und identifizierten
einige Transkriptionsfaktoren (zum Beispiel den Hap-Komplex, Msn2, Msn4, Cat8), die
für die flussabhängige Proteinexpression verantwortlich sein könnten. Die
identifizierten Korrelationen waren unabhängig davon, auf welchen Substraten die
Hefezellen wuchsen, und hängen daher höchstwahrscheinlich ausschließlich vom Fluss
durch die Glykolyse, den Pentosephosphatweg beziehungsweise durch den
Tricarbonsäurezyklus ab. Unsere Ergebnisse deuten darauf hin, dass der glykolytische
Fluss den globalen Phänotyp in Hefe reguliert, und stützen die Annahme, dass
6
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metabolische Flüsse als Signal für die Nährstoffversorgung dienen und über zelluläre
Metabolitkonzentrationen gemessen werden können.
In KAPITEL 2 und KAPITEL 3 nutzten wir das grüne fluoreszierende Protein (GFP)
um die zelluläre Lokalisation von Hxk2 zu bestimmen. Dabei erzielten wir je nach
genutzter GFP-Variante unterschiedliche Ergebnisse. In KAPITEL 5 suchten wir
deswegen nach möglichen Gründen, warum die Auswahl der Fluoreszenzproteine das
Ergebnis quantitativer Lokalisationsstudien beeinflusst. Obwohl wir keine
abschließende Erklärung für unsere Beobachtungen finden konnten, zeigt unsere Studie,
dass Fluoreszenzproteine für quantitative Lokalisationsstudien sorgfältig ausgewählt
werden müssen.
Die vorliegende Arbeit bestätigt, dass flussabhängige Regulation in Hefe vorkommt
(zum Beispiel durch Modifikation der Aktivität von Enzymen wie Tda1 und Hxk2 oder
verschiedener Transkriptionsfaktoren), und dass diese Regulation durch flussabhängige
Metabolitkonzentrationen stattfinden kann. Ausserdem zeigt diese Arbeit, dass die
flussabhängige Regulation zellulärer Prozesse durch substratspezifische Signale
beeinflusst werden kann.
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CHAPTER 1
Introduction
Cells need to constantly monitor their environment in order to adapt their metabolic
operation to the available nutrients. For adaptation to the available nutrients such as
glucose, nitrogen or phosphate, different, highly interconnected nutrient signalling
pathways are in place in the cell. Depending on the nutrient, Saccharomyces cerevisiae
applies different mechanisms to sense the nutrient supply and to regulate the activity of
the respective signalling pathway accordingly.
Nutrients can be sensed either outside or inside the cell. Extracellular nutrient sensing is
accomplished by nutrient-specific transmembrane receptors. Binding of the extracellular
nutrient to the receptor activates an intracellular signalling cascade leading to the
appropriate cellular (Forsberg and Ljungdahl 2001). Alternatively, a nutrient is taken up
into the cell where it can bind to an intracellular nutrient sensor such as a transcription
factor to regulate the cellular response (Sellick and Reece 2005). Recently, sensing of a
metabolic flux was proposed as a possibility of intracellular nutrient sensing (Kotte,
Zaugg et al. 2010; Kochanowski, Volkmer et al. 2013). Metabolic flux sensing offers
the advantage that nutrient-specific sensors are not needed, that it is potentially a much
more robust method for metabolic regulation and that information of multiple nutrients
can easily be integrated on the metabolic level. Yeast cells apparently do not show a
preference for any of the two sensing mechanisms, intracellular or extracellular nutrient
sensing: as described below, the signaling pathways for adaptation of the cellular
metabolism to the supply of the macronutrients nitrogen, phosphate and glucose rely on
both, extracellular and intracellular nutrient sensing (Mouillon and Persson 2006;
Zaman, Lippman et al. 2008; Ljungdahl and Daignan-Fornier 2012; Dechant and Peter
2008; Broach 2012).
Nitrogen signaling occurs at least partly via the signaling through the TORC1 complex
since inhibition of TORC1 signaling by addition of the chemical rapamycin causes a
very similar cellular response as nitrogen starvation (Zaman, Lippman et al. 2008). This
signaling pathway reacts to the quality and amount of available nitrogen by sensing the
intracellular amino acid levels most likely via the cellular glutamine levels (Magasanik
and Kaiser 2002; Crespo, Powers et al. 2002; Dubouloz, Deloche et al. 2005) and
regulates cellular growth accordingly by regulating protein synthesis and cellular
metabolism (Dechant and Peter 2008). While the sensing of the intracellular amino acid
levels may occur via the Ego protein complex (Binda, Peli-Gulli et al. 2009), the
mechanism, how the intracellular amino acid levels are detected, is so far unknown.
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The increased expression of high-affinity phosphate transporters and the secreted
phosphatases at low phosphate levels to increase phosphate uptake is mediated by the
PHO signaling pathway (Mouillon and Persson 2006; Persson, Lagerstedt et al. 2003;
Ljungdahl and Daignan-Fornier 2012). The cellular response to the available phosphate
seems to rely on both, extracellular and intracellular phosphate levels (Mouillon and
Persson 2006; Ljungdahl and Daignan-Fornier 2012). The phosphate transporter Pho84
seems to be involved in sensing of the extracellular phosphate levels (Mouillon and
Persson 2006; Ljungdahl and Daignan-Fornier 2012), but the precise sensing
mechanisms still need to be elucidated.
Glucose is the preferred carbon and energy source of yeast and glucose signaling. A
complex network of three signaling pathways regulates the cellular response to glucose
availability which either sense the extracellular or intracellular glucose supply. Most of
the glucose-induced transcriptional changes are mediated by the Ras/protein kinase A
(PKA) signaling pathway (Zaman, Lippman et al. 2009) which is involved in the
regulation of the stress response (Smith, Ward et al. 1998; Jacquet, Renault et al. 2003),
ribosome biogenesis (Neuman-Silberberg, Bhattacharya et al. 1995) and entry into
stationary phase in response to glucose availability (Zaman, Lippman et al. 2008). In
this signaling pathway, glucose-induced PKA activation is induced via several steps
through the activation of a G protein: Either a so far unknown, intracellular glucosederived signal activates the small G protein Ras (Toda, Uno et al. 1985; Jacquet 1997;
Colombo, Ma et al. 1998; Colombo, Ronchetti et al. 2004; Wang, Pierce et al. 2004) or
extracellular glucose binds to the plasma membrane receptor Gpr1, thereby activating
Gpa2, which is homologous to the Gα subunit of heterotrimeric G proteins (Colombo,
Ma et al. 1998; Kraakman, Lemaire et al. 1999; Colombo, Ronchetti et al. 2004; Wang,
Pierce et al. 2004).
Adaptation of glucose uptake into the cell to the available extracellular glucose
concentration is regulated by the Snf3-Rgt2 signaling pathway. Binding of extracellular
glucose to the receptors Snf3 and Rgt2 in the plasma membrane triggers a signaling
cascade which adapts the expression of the hexose transporters to the available glucose
concentration ensuring the most efficient glucose transport into the cell (Ozcan and
Johnston 1999; Horak 2013; Kim, Roy et al. 2013).
Yeast preferably grows on glucose. Thus, when glucose is available, genes for the usage
of non-preferred carbon sources such as galactose, sucrose or ethanol are repressed and
glucose is exclusively used as a carbon source (Carlson 1999; Hedbacker and Carlson
2008; Zaman, Lippman et al. 2008; Broach 2012). The regulation of this so-called
glucose repression, which is accompanied by the decision to ferment or respire, is
10
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regulated by the activity of the kinase Snf1 (Carlson 1999). In the absence of glucose,
Snf1 phosphorylates different transcription factors including the Mig1, Cat8 and Sip4
which regulate the genes necessary for the metabolism of different non-glucose
substrates (Schuller 2003; Turcotte, Liang et al. 2010). It is known that glucose has to
be taken up and phosphorylated by hexokinase for inactivation of Snf1 (Ozcan 2002;
Rose, Albig et al. 1991) the precise nature of this intracellular, glucose-derived signal
remains unknown.
There are several findings that the glycolytic flux may control the activity of Snf1 to
regulate the level of glucose repression and the metabolic mode –fermentation or
respiration- and in the cell: By expressing variants of a single glucose transporter
showing different glucose transport capacities it was shown that with decreasing
glycolytic flux the respiration increased and glucose repression decreased (Ye,
Kruckeberg et al. 1999). In a glucose-limited chemostat mutants with decreased or
increased mitochondrial NAD levels switched from respiration to respirofermentation at
the same glycolytic flux as the wild-type (Agrimi, Brambilla et al. 2011) indicating that
the decision between respiration and (respiro)fermentation is controlled by the
glycolytic flux realized in the cell. Moreover, the rate of ethanol secretion was shown to
be a function of the glycolytic flux independent from the yeast strains or growth
conditions (Elbing, Larsson et al. 2004; Christen and Sauer 2011; Huberts, Niebel et al.
2012). Yet, it was also questioned if flux-sensing could be possible at all (Gamo,
Lafuente et al. 1994; Rodriguez and Flores 2000; Youk and van Oudenaarden 2009).
But by having shown that the substrate uptake rate and the level of catabolite repression
correlate, two of these studies in fact provide evidence that the glycolytic flux could
lead to flux-dependent gene expression (Gamo, Lafuente et al. 1994; Rodriguez and
Flores 2000). Nevertheless, the authors argue against flux-sensing stating that “flux as
such cannot be a regulator, since flux is a kinetic, dynamic value and regulation systems
can respond only to changes in the concentration of some molecule” (Gamo, Lafuente et
al. 1994). The flux, however, could be a regulator of the metabolic mode if there is a
mechanism in place that translates the flux information into the concentration of an
intracellular molecule. And in fact, the metabolites fructose-1,6-biphosphate (FBP) and
dihydroxyacetone phosphate correlate with the rate of glycolysis (Christen and Sauer
2011) indicating that the glycolytic flux signal may be translated into the levels of these
metabolites.
So how could the level of a flux-dependent metabolite lead to a cellular response for
adapting the metabolic operation to the nutrient availability? First, allosteric regulation
is a well-known mechanism to regulate enzyme activity. FBP is an allosteric regulator
11
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of pyruvate kinase, (Murcott, Gutfreund et al. 1992), activates fructose-biphosphatase
(Otto, Przybylski et al. 1986; Susan-Resiga and Nowak 2003) and has effects on the
fructose 2,6-bisphosphate and AMP-mediated activation of phosphofructokinase
activity (Przybylski, Otto et al. 1985). Thus, FBP levels could translate the flux signal
into the activity of metabolic enzymes. Furthermore, FBP inhibits cellular respiration
most likely by acting on the mitochondrial complexes III and IV (Diaz-Ruiz, Averet et
al. 2008) possibly providing a direct regulatory link between the glycolytic flux and the
metabolic mode. The second possibility to translate the flux signal into a cellular
response is the activation or inactivation of transcription factors by binding of a fluxdependent metabolite. The interaction of metabolites and transcription factors is wellstudied in E. coli (Martinez-Antonio, Janga et al. 2006; Janga, Salgado et al. 2007).
Recently, metabolite-based flux-sensing was demonstrated in E. coli where the
glycolytic flux is translated into characteristic concentrations of FBP. FBP in turn
interacts with a transcription factor consequently leading to a flux-dependent regulation
(Kochanowski, Volkmer et al. 2013). Although less is known about the interaction
between small molecules and transcription factors in yeast, there is evidence that such
binding of small molecules to transcription factors may also occur (Sellick and Reece
2005). For instance, the transcription factors Put3 needed for proline utilization and
Gal3 needed for galactose utilization are activated upon binding of proline and
galactose, respectively (Sellick and Reece 2005). Alternatively to binding a
transcription factor it is also conceivable that metabolites bind to regulatory enzymes
(i.e. kinases, phosphatases and proteases) to induce a flux-dependent cellular response.
In yeast, for instance, FBP seems to interact with the small G protein Ras (Johan
Thevelein, pers. communication) offering a promising connection between the
glycolytic flux and glucose signalling/regulation. Lastly, binding of metabolites to RNA
molecules to control gene expression is well-studied in prokaryotes. So far, however,
only one example for such a riboswitch could be found in eukaryotes (Wachter 2010;
Serganov and Nudler 2013). Still, this example shows that metabolite-binding RNA
motifs are present in eukaryotes providing an additional possibility to couple fluxdependent metabolite levels to the regulatory machinery.
Alternatively to flux-sensing via a flux-dependent metabolite it is also conceivable that
the flux through a metabolic enzyme is converted into the modification of this enzyme.
In order to serve as a flux sensor and flux-dependent regulator, this enzyme must not
only have a catalytic but also a regulatory function to lead to a cellular flux-dependent
response. It has been frequently proposed that Hxk2, which catalyzes the first step in
glycolysis, plays a role in the regulation of metabolism, including glucose repression
(Entian 1980; Ma, Bloom et al. 1989; De Winde, Crauwels et al. 1996; Herrero,
12
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Martinez-Campa et al. 1998; Randez-Gil, Sanz et al. 1998; Diderich, Raamsdonk et al.
2001). An argument frequently brought forward for this is, that in certain yeast strains
the deletion of Hxk2 led to a respiratory phenotype and to a relief of glucose repression
(Diderich, Raamsdonk et al. 2001; Rossell, Lindenbergh et al. 2008; Kummel, Ewald et
al. 2010) although the detected changes could also be simply due to a lower glycolytic
flux. However, several more findings suggest that Hxk2 is indeed involved in the fluxdependent regulation of the metabolic mode. First, the presence of Hxk2 in the nucleus
suggests its involvement in regulation of gene expression (Herrero, Martinez-Campa et
al. 1998; de la Cera, Herrero et al. 2002; Ahuatzi, Herrero et al. 2004). This is also
supported by the fact that Hxk2 forms a nuclear complex with Med8 which was shown
to bind DNA and to be necessary for glucose repression (de la Cera, Herrero et al.
2002). Hxk2 also participates in glucose repression via the Snf1/Mig1 glucose
signalling pathway by binding the SUC2 promoter in complex with Mig1 (Ahuatzi,
Herrero et al. 2004). Additionally, the interaction with Mig1 retains Hxk2 in the nucleus
(Ahuatzi, Herrero et al. 2004) and regulates Mig1 activity as a transcriptional repressor
(Ahuatzi, Riera et al. 2007). Lastly, it was shown that the Hxk2 enzyme consists of a
regulatory and an enzymatic domain, which function independently from each other,
and that the regulatory domain is necessary for Hxk2 to enter the nucleus and mediate
glucose repression (Pelaez, Herrero et al. 2010).
While it seems clear that Hxk2 has both a catalytic and regulatory function, we still do
not know whether and if yes, how the Hxk2 regulatory function is steered by the
glycolytic flux. A complicating factor in the quest to unravel the role of Hxk2 in fluxdependent regulation is that next to its nuclear and cytoplasmic localization, Hxk2 can
also form monomers and dimers (Golbik, Naumann et al. 2001) and can be
phosphorylated at two sites (Vojtek and Fraenkel 1990; Behlke, Heidrich et al. 1998;
Randez-Gil, Sanz et al. 1998). These modifications could in fact be changed in a fluxdependent manner and were in turn found to partly influence each other: While serine
14 phosphorylation influences the monomer-dimer equilibrium of Hxk2 (Randez-Gil,
Sanz et al. 1998; Golbik, Naumann et al. 2001), and the monomer-dimer ratio may
affect the catalytic activity of the enzyme (Furman and Neet 1983; Golbik, Naumann et
al. 2001), the serine 157 autophosphorylation was shown in vitro to inactivate the
enzyme (Fernandez, Herrero et al. 1988; Heidrich, Otto et al. 1997; Golbik, Naumann et
al. 2001), which overall generates a single-protein network of mutually affecting subforms. In the past, primarily genetic approaches were used to study this single-protein
network (Ma, Bloom et al. 1989; Behlke, Heidrich et al. 1998; Herrero, MartinezCampa et al. 1998; Randez-Gil, Herrero et al. 1998; Golbik, Naumann et al. 2001; de la
Cera, Herrero et al. 2002; Ahuatzi, Herrero et al. 2004; Ahuatzi, Riera et al. 2007).
13
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However, if the enzymatic function of the hexokinase is in one way or the other coupled
with its regulatory function, then genetic modifications of the enzyme are likely to
generate misleading or even contradictory results, which indeed exist, for instance, for
the role of the phosphorylation at serine 14 (Herrero, Martinez-Campa et al. 1998;
Randez-Gil, Sanz et al. 1998; Mayordomo and Sanz 2001). Thus, it is still not clear if
Hxk2 functions as a flux sensor to regulate the metabolic mode. Alternatively, the
kinase Tda1, which was recently shown to affect the phosphorylation and monomer
formation of Hxk2 (Kettner, Krause et al. 2012), could act as a sensor of the glycolytic
flux. By acting upstream of Hxk2 the activity of Tda1 could be regulated by the
glycolytic flux and convert the flux signal into the phosphorylation of Hxk2. However,
very little is known about Tda1 and further studies will be needed to substantiate this
possibility.
In summary, there are many indications that the regulation of the metabolic mode in
yeast is regulated by a glycolytic flux-dependent mechanism. How this is done in detail,
however, is still elusive. In literature indications for both concepts -flux-sensing based
on flux-dependent metabolite levels and enzyme modifications- can be found. Since
metabolism is a complex network of interconnected reactions and feedback regulation,
the flux-dependent regulation of the metabolic mode is rather accomplished by a whole
system of molecules than by a single molecule. Thus, it is also possible that different
flux-dependent mechanisms – i.e. mechanisms based on metabolite levels and enzyme
modifications - are active in the cell to precisely adapt the metabolic operation of the
cell to the available nutrients.
In this thesis we intended to provide more evidence for the existence of these fluxdependent regulatory mechanisms in yeast and to show that flux-sensing can be based
on metabolite levels and enzyme modifications.
Specifically we aimed at
1. Elucidating the molecular functioning of Hxk2 in flux sensing without perturbing the
catalytic and regulatory function of Hxk2
2. Characterization of the effect of the glycolytic flux on all cellular levels –fluxes,
metabolite and protein levels- to further support the existence of flux sensing in yeast
and
the concept of metabolite-based flux sensing which works with more than a single
metabolite
In CHAPTER 2 we aimed at elucidating how Hxk2 could participate in transmitting the
flux signal downstream to regulate glucose repression. We identified correlations
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between the glycolytic flux, the different modifications of Hxk2 and the downstream
regulation. Furthermore, by means of a model-based analysis we also found a certain
Hxk2 form whose abundance correlates with the glycolytic flux and the downstream
regulation. Perturbing the system by deleting the kinase Tda1, which is necessary for
Hxk2 phosphorylation, we could derive a hypothesis on how the glycolytic flux could
influence the flux-dependent Hxk2 modifications to transmit the flux signal
downstream.
Since under the growth conditions applied in CHAPTER 2, the glycolytic flux largely
also correlates with the flux through Hxk2 it remains unclear if the correlations we
detected are due to the glycolytic flux or the flux through Hxk2. In CHAPTER 3 we
therefore address the question whether the flux-dependent Hxk2 modifications and the
downstream response (level of glucose repression and fermentation) depend on the flux
through glycolysis or through Hxk2. We found, that none of the three Hxk2
modifications is exclusively flux-dependent but that the modifications are also
influenced by substrate-specific signals. Furthermore, the downstream response seems
to be regulated by the Hxk2 localization.
In CHAPTER 4 we quantified the effect of different glycolytic fluxes on the flux
distribution, metabolite and protein levels in mutant yeast strains which accomplish
different glucose uptake rates during growth on glucose in an otherwise identical
environment.To check which of the observed phenotypic characteristics were specific
for glucose, we also characterized the phenotype of the wildtype strain during growth
on three other carbon sources. By measuring the main intracellular fluxes, the levels of
32 metabolites and 192 proteins we showed that the glycolytic flux influences all levels
of the cell. Additionally, we identified transcription factors which change their activity
in a flux-dependent manner and are potential candidates to transmit the flux signal to
the gene expression machinery.
In CHAPTER 2 and CHAPTER 3 we used the green fluorescent protein (GFP) to
determine the cellular localization of Hxk2 and obtained different results when using to
different variants of GFP. In CHAPTER 5 we therefore discussed possible reasons why
the use of use of different variants of a fluorescent protein (i.e. GFP) could lead to
different outcomes in quantitative localization studies. While we could not find a final
explanation for this observation our study clearly demonstrates the importance to
carefully choose the fluorescent protein for quantitative localization studies.
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ABSTRACT
The glycolytic enzyme hexokinase 2 (Hxk2) has frequently been suggested to play a
role in flux-dependent regulation of glucose repression. Yet, likely due to the fact that
this enzyme can be present in 16 different forms (phosphorylation at two different
serines, formation of dimers, and nuclear and cytosolic localization) its exact molecular
functioning as a flux-sensor or flux-signal transmitter remains elusive. Here, we aim at
dissecting this one-protein network in response to the rate of glycolysis. To control the
glycolytic flux in an otherwise identical environment, we employed yeast strains with
different glucose uptake rates and determined the respective glycolytic fluxes by 13C
flux analysis. Using strains with GFP-tagged Hxk2, we determined the glycolytic fluxdependent Hxk2 expression levels by flow cytometry. By fluorescence microscopy, we
found that the nuclear-to-cytoplasmic Hxk2 localization decreased with increasing
glycolytic flux, while the degree of dimerization showed an opposite trend as
discovered by Western blotting. Quantification of the glycolytic flux-dependent
phosphorylation fractions at the serines 14 and 157 performed by targeted massspectrometric analysis showed that serine 14 phosphorylation decreased with increasing
glycolytic flux, while serine 157 was never phosphorylated. Further, we showed that the
level of glucose repression, quantified as invertase activity, correlates with the
glycolytic flux. We analysed the data on the Hxk2 modifications with an ordinarydifferential equation model and perturbed the system by deleting the kinase Tda1, which
is necessary for Hxk2 phosphorylation. Using the results of the model and of the Tda1
knock-out, we could derive a hypothesis of how the three Hxk2 modifications could
influence each other and how an increasing glycolytic flux could result in a decreasing
N/C ratio, which in turn seems to influence the level of glucose repression.
INTRODUCTION
When grown on glucose, the yeast Saccharomyces cerevisiae can show two different
metabolic phenotypes. Under aerobic conditions, yeast can either use respiration or
aerobic fermentation for energy generation. The latter is accompanied by the induction
and repression of numerous genes - processes referred to as glucose induction and
glucose repression, respectively. The signal regulating the metabolic phenotype is
reported to depend on glucose import and glucose phosphorylation (Rolland,
Winderickx et al. 2002; Otterstedt, Larsson et al. 2004; Santangelo 2006; Zaman,
Lippman et al. 2008). While the precise identity of the glucose-derived signal is not
known, recent evidence suggests that the glycolytic flux is the controlling parameter
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(Blank and Sauer 2004; Elbing, Larsson et al. 2004; Elbing, Stahlberg et al. 2004;
Huberts, Niebel et al. 2012). For this to be the case, a molecular system needs to be in
place that “senses” glycolytic flux and transmits this flux signal to the regulatory
machinery to ultimately achieve the respective metabolic phenotype.
It has been frequently proposed that Hxk2, which catalyzes the first step in glycolysis,
plays a role in the regulation of the metabolic phenotype (Entian 1980; Ma, Bloom et al.
1989; De Winde, Crauwels et al. 1996; Herrero, Martinez-Campa et al. 1998; RandezGil, Sanz et al. 1998; Diderich, Raamsdonk et al. 2001; Bisson and Kunathigan 2003).
Also the presence of Hxk2 in the nucleus suggested its involvement in regulation of
gene expression (Herrero, Martinez-Campa et al. 1998; de la Cera, Herrero et al. 2002;
Ahuatzi, Herrero et al. 2004). Furthermore, it was shown that the Hxk2 contains a
regulatory and an enzymatic domain and that the regulatory domain is necessary for
Hxk2 to enter the nucleus and to mediate glucose repression (Pelaez, Herrero et al.
2010).
Despite these recent advances, however, we still do not know how the Hxk2 regulatory
function is steered by the glycolytic flux. A complicating factor in this quest is that next
to its nuclear and cytoplasmic localization, Hxk2 can also form monomers and dimers
(Golbik, Naumann et al. 2001) and can be phosphorylated at serine 14 and 157 (Vojtek
and Fraenkel 1990; Behlke, Heidrich et al. 1998; Randez-Gil, Sanz et al. 1998). These
modifications were in turn found to influence each other: Serine 14 phosphorylation
was found to influence the monomer-dimer equilibrium of Hxk2 (Randez-Gil, Sanz et
al. 1998; Golbik, Naumann et al. 2001), the monomer-dimer ratio has shown to affect
the catalytic activity of the enzyme (Furman and Neet 1983; Golbik, Naumann et al.
2001) and serine 157 autophosphorylation was shown in vitro to inactivate the catalytic
activity of Hxk2 (Fernandez, Herrero et al. 1988; Heidrich, Otto et al. 1997; Golbik,
Naumann et al. 2001). Overall, the different, mutually influencing forms of Hxk2
constitute a single-protein network, which needs to be resolved towards identifying the
possibly flux-dependent regulatory function of Hxk2.
In the past, primarily genetic approaches were used to study this network (Ma, Bloom et
al. 1989; Behlke, Heidrich et al. 1998; Herrero, Martinez-Campa et al. 1998; RandezGil, Herrero et al. 1998; Golbik, Naumann et al. 2001; de la Cera, Herrero et al. 2002;
Ahuatzi, Herrero et al. 2004; Ahuatzi, Riera et al. 2007). However, if the enzymatic
function of Hxk2 is in one way or the other coupled with its regulatory function, then
genetic modifications of the enzyme are likely to generate misleading or even
contradictory results. Such contradiction indeed exists in the literature, for example with
regard to the role of the phosphorylation at serine 14 (Herrero, Martinez-Campa et al.
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1998; Randez-Gil, Sanz et al. 1998; Mayordomo and Sanz 2001). Another complicating
factor is that abundances of the 16 different Hxk2 forms cannot be resolved
experimentally, because current measurement techniques always average over a number
of different forms. Nevertheless, knowing the abundances of all possible individual
forms of Hxk2 may provide key information on the role of Hxk2 in glycolytic fluxdependent regulation.
Here, addressing the mentioned issues, we use a model-based experimental analysis
approach to shed light on this one-protein network of Hxk2 in a flux-dependent manner
and to identify correlations with glycolytic flux and downstream regulation. We
quantified the Hxk2 expression levels, nuclear-to-cytosolic (N/C) ratios, degrees of
dimerization and phosphorylation at serine 14 and serine 157 by flow cytometry,
fluorescence microscopy, Western blotting and mass spectrometry, respectively. By
perturbing the system through deletion of Tda1 - a kinase which is needed for Hxk2
phosphorylation (Kettner, Krause et al. 2012) - and analysing these data with an
ordinary differential equation model, we could derive a hypothesis of how the Hxk2
modifications influence each other and how increasing glycolytic flux results in
decreasing N/C ratios. Further, we showed that the invertase activity seems to be a
function of the N/C ratio. While many questions are still open, our acquired glycolytic
flux-dependent data on the Hxk2 modifications will be an important step forward in
unravelling the function of this one-protein network.

RESULTS AND DISCUSSION
In contrast to most prior studies on the sensing/regulatory function of Hxk2 (Ma, Bloom
et al. 1989; De Winde, Crauwels et al. 1996; Randez-Gil, Sanz et al. 1998; Diderich,
Raamsdonk et al. 2001), here we opted not to genetically perturb the hexokinase
sequence but to externally perturb the glycolytic flux in a manner, in which the
extracellular glucose concentration is kept unaltered. For this, we used a set of yeast
strains, which express different hexose transporters (further referred to as “flux
mutants”) (Elbing, Larsson et al. 2004; Otterstedt, Larsson et al. 2004). These strains
realize different intracellular fluxes at identical extracellular conditions so that the
recorded responses can solely be attributed to their different glycolytic fluxes.
Taken up glucose molecules are distributed between glycolysis, where they pass Hxk2,
the pentose phosphate pathway and storage biosynthesis. To determine the actual flux
through glycolysis in each strain we used 13C metabolic flux analysis, where we found
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that the glucose uptake rate in the different strains linearly correlated with the flux
through glycolysis (Fig. 1).
Figure 1: The glycolytic flux as a function of the
glucose uptake rate. The flux from fructose-6phosphate to triose-3-phosphate used as a measure for
the glycolytic flux was determined by using the split
ratio between glycolysis and the pentose phosphate
pathway together with the substrate uptake rates and
considering flux into biomass. Mean values and SD for
the fluxes were determined in at least two independent
flux analysis experiments. For the glucose consumption
rate mean and SD of at least four independent
experiments are shown. WT, Hxt1P, Hxt7P, TM2P and
TM6*P are the strain names, with WT (wild type)
having the highest glucose uptake rate and TM6*P
having the lowest. ΔTda1 indicates strains which have
the kinase Tda1 deleted.

Glycolytic flux-dependent quantification of the Hxk2 modifications
Next, we determined the Hxk2 expression level, localization, dimerization and
phosphorylation in the different strains. To measure the expression level and
localization of Hxk2, we tagged Hxk2 to GFP. Identical physiology (i.e. glucose uptake,
ethanol secretion and growth rate) and identical glucose repression (measured as
invertase activity) in the tagged and the parental strain affirmed that Hxk2 function is
not impaired by GFP-tagging (see Supplementary Information I). For estimation of the
Hxk2 expression level, we performed a flow cytometry analysis and used these data
together with a total Hxk2 abundance value from the literature (Ghaemmaghami, Huh et
al. 2003) to translate the measured fluorescence intensities into copy numbers, and with
measured cell volume - determined by microscopy - into concentrations. We found that
the Hxk2 concentration does not correlate with the glycolytic flux but rather peaks at
intermediate fluxes (Fig. 2A). This data, which is in accordance with targeted mass
spectrometry data we generated (cf. Supplementary Information III of CHAPTER 5),
suggests that the Hxk2 abundance alone cannot be responsible for flux-dependent
regulation.
Next, we determined the flux-dependent N/C localization ratio of Hxk2-GFP. To
facilitate localization of the nuclear region, we additionally tagged the histone protein
Hta1 with mRFP1 (Fig. 2B). After having validated the use of a wide-field microscope
for this quantification (see Supplementary Information II), we determined the N/C ratios
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in the different strains, where we found that the N/C ratio linearly decreases with
increasing glycolytic flux (Fig. 2C). This finding is in contrast to the notion
corroborated in earlier studies, after which Hxk2 would be imported into the nucleus on
glucose (i.e. high flux conditions) and exported from the nucleus on during growth on
low glucose or ethanol (i.e. low flux conditions) (Randez-Gil, Herrero et al. 1998 ;
Moreno, Ahuatzi et al. 2005; Pelaez, Herrero et al. 2009; Pelaez, Fernandez-Garcia et
al. 2012). Here, it has to be noted that these studies were not quantitative as our analyses
and also the authors used plasmid-based expression of Hxk2-GFP, which eventually
also could have led to these different findings.
In a next step we determined the degree of dimerization of Hxk2 at the different
glycolytic fluxes by native polyacrylamide gel electrophoresis and Western blotting.
Co-analysis of a Hxk2 deletion strain showed that our antibody does not bind the
similar Hxk1 and is thus specific for Hxk2 (Fig. 2D, lane ∆hxk2). To ascertain that the
two identified bands are indeed Hxk2 monomers and dimers, we used the earlier made
finding, after which dimerization is prevented by phosphorylation at serine 14 (Behlke,
Heidrich et al. 1998; Randez-Gil, Sanz et al. 1998): after a phosphatase digest we only
detected a single (dimer) band (see Supplementary Information III). Using the Hxk2specific antibody, we found that the degree of dimerization increases with increasing
glycolytic flux (Fig. 2D, E). This observation agrees with previous findings reporting a
higher fraction of phosphorylated monomers on the poor carbon sources galactose,
raffinose, and ethanol (Randez-Gil, Sanz et al. 1998), predominantly monomers under
glucose- limited conditions and equal amounts of monomers and dimers when glucose
is not limited (Golbik, Naumann et al. 2001).
Lastly, we determined the glycolytic-flux dependent degree of phosphorylation at the
two phospho-sites of Hxk2 (Vojtek and Fraenkel 1990; Behlke, Heidrich et al. 1998;
Randez-Gil, Sanz et al. 1998) by targeted mass spectrometry. In none of the strains, we
could detect phosphorylation at serine 157, although a positive control experiment, in
which we cultivated the wild type on glucose and in presence of 4% xylose (an inducer
of the serine 157 phosphorylation (Heidrich, Otto et al. 1997), demonstrated that our
analytical method indeed would have been able to detect phosphorylation at this site
(see Supplementary Information IV). Serine 14 phosphorylation, in contrast, was
present and found to decrease with increasing glycolytic flux (Fig. 2F). This finding is
consistent with an earlier – less quantitative - report stating that serine 14 is
dephosphorylated during growth on glucose and becomes phosphorylated when entering
the de-repressed state (Randez-Gil, Sanz et al. 1998).
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Figure 2: The concentration, localization, dimerization and phosphorylation of Hxk2 as a function of the glycolytic
flux. (A) Hxk2 concentration as a function of the glycolytic flux. For calculation of the Hxk2 concentration the expression
of Hxk2-GFP (determined by flow cytometry) and the cellular volume (determined with the cell area as determined by
microscopy) were used together with published data on the number of Hxk2 molecules per cell during growth on glucose
(Ghaemmaghami, Huh et al. 2003). Mean and SD of the Hxk2 concentration are the result of at least three independent
flow cytometry and cell volume experiments (B) Representative microscopic images of the WT and TM6*P strains show the
overlay of the brightfield image with the RFP channel depicting the nuclear stain (left panel), and the GFP channel
showing the Hxk2 signal (right panel). (C) Nuclear-to-cytosolic ratio of Hxk2 as a function of glycolytic flux, determined
with widefield microscopy of strains with Hxk2-GFP and Hta2 tagged to mRFP1 for facilitated nuclear localization. Mean
and SD of at least three independent experiments (>700 cells measured in total) are shown. (D) A representative Western
Blot to quantify Hxk2 dimerization; the deletion ∆hxk2 was made in the FY4 strain background. (E) The fraction of dimers
as a function of the glycolytic flux, determined by native polyacrylamide gel electrophoresis followed by Western Blotting.
For calculation the density of the dimer band was divided by the sum of densities of the dimer and monomer bands. Mean
and SD of at least three independent experiments are shown. (F) The fraction of phosphorylated Hxk2 (at serine 14) as a
function of glycolytic flux. For calculation of the phosphorylated fraction, the mean of the phosphorylated peptide levels
was divided by the sum of the mean phosphorylated and non-phosphorylated peptide levels. Mean and SD of two
independent experiments are shown. The glycolytic flux from fructose-6-phosphate to triose-3-phosphate on the x axis (in
panels A, C, E, F) used as a measure for the glycolytic flux was determined by using the split ratio between glycolysis and
the pentose phosphate pathway together with the substrate uptake rates and considering the fluxes into biomass. Mean
values and SD were determined in at least two independent flux analysis experiments. WT, Hxt1P, Hxt7P, TM2P and
TM6*P are the strain names, with WT (wild type) having the highest glucose uptake rate and TM6*P having the lowest.
ΔTda1 indicates strains which have the kinase Tda1 deleted, cdw = cell dry weight, D=density of the dimer band of Hxk2,
GFP = green fluorescent protein, M=density of the monomer band of Hxk2, mRFP1 = monomeric red fluorescent protein
1, N/C = nuclear-to-cytosolic, P=level of phosphorylated serine 14 of Hxk2, UP= level of unphosphorylated serine 14 of
Hxk2.
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In summary, we found that the N/C ratio, the degree of dimerization and the degree of
phosphorylation of Hxk2 correlate with the glycolytic flux, while the expression level of
Hxk2 does not. Because we only perturbed the glycolytic flux in our experiments, we
conclude that these different modifications need to be a consequence of the glycolytic
flux. Further interpretation of these observed changes, however, are difficult because the
abundances and ratios are always averaged over the cytosol and the nucleus and
therefore we cannot deduce, which of the possible Hxk2 forms (i.e. unphosphorylated
cytosolic monomers) actually correlates with the glycolytic flux.
Perturbation of the Hxk2 network
Next, we aimed to perturb the Hxk2 network to investigate whether the different Hxk2
modifications are eventually interrelated. Specifically, we perturbed the Hxk2 network
by knocking out the Tda1 gene, which encodes a kinase of unknown function.
Previously, it was shown that deletion of this kinase resulted in complete Hxk2
dephosphorylation and dimerization (Kettner, Krause et al. 2012).
We found that deletion of the Tda1 did not alter the glycolytic flux in the wild type, but
increased the flux from 2.2 to 2.6 mmol g(cdw)-1 h-1 (p-value=0.01) in the TM6*P strain
(mutant with lowest glycolytic flux) (Fig. 1, red data points). The Hxk2 concentration is
not changed in the ∆tda strains (p-value ≥ 0.15 for both strains) (Fig. 2A, red data
points). Without Tda1, the serine 14 phosphorylation of Hxk2 is almost absent in both
strains (phosphorylation fraction: 0.15 in the WT ∆Tda1 and 0.17 in the TM6*P ∆Tda1
strain) (Fig. 1F, red data points). Further, consistent with previous findings (Kettner,
Krause et al. 2012), we only found Hxk2 dimers in the tda1 deletion mutants (Fig. 2D,
red data points). Together, these observations are in line with previous reports that
stated that phosphorylation at serine 14 prevents dimer formation (Randez-Gil, Sanz et
al. 1998) and that a mutation of the serine to glutamate leads to the dissociation of the
dimers (Behlke, Heidrich et al. 1998).
Further, because the glycolytic flux was basically unaltered in the mutants, these
findings suggest that serine 14 phosphorylation is not a direct function of the glycolytic
flux but rather a function of Tda1 activity, which in turn could be activated in a fluxdependent manner. Furthermore, dimerization is also very likely not a function of the
flux through Hxk2 but merely function of the phosphorylation state, because after
removing the phosphorylation by deleting Tda1, Hxk2 completely dimerized in both
strains. In fact, the dimer seems to be the “default” state of Hxk2, which it assumes
when it is not phosphorylated.
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Eventually as a consequence of the complete dimerization in the Tda1 knock-out, also
the localization of Hxk2 changed although the loss of Tda1 was recently reported to
have no effect on Hxk2 localization (Fernandez-Garcia, Pelaez et al. 2012).
Specifically, we observed the N/C ratio to decrease from 0.90 to 0.85 (p-value = 0.008)
in the TM6*P and from 0.79 to 0.77 (p-value = 0.007) in the wildtype (Fig. 1C), which
could possibly be attributed to lower nuclear transport efficiencies of the larger dimer.
Model-based inference of the abundances of individual Hxk2 forms
To further zoom in on the flux-dependent changes between the different Hxk2 forms,
we next developed a mathematical model that allowed us to computationally infer the
abundances of the individual Hxk2 forms on the basis of the acquired experimental
data. This mathematical model describes the interconversions between eight different
Hxk2 forms (Fig. 3). As we could not detect any phosphorylation at serine 157, we did
not consider these forms in the model. Furthermore, we did not include heterodimers
(i.e. dimers between a phosphorylated Hxk2 and a non-phosphorylated Hxk2). Further,
our model considers 16 reactions following mass action kinetics describing the
transitions between the different forms (Fig. 3). We allowed only the monomers to
become (de)phosphorylated and to be transported into or out of the nucleus.

Figure 3: The eight different Hxk2 forms and 16 transition reactions of the model. For the parameter estimations, rate
constants were allowed to assume physiologically feasible values: (de)phosphorylation constants between 10-5 and 107 µM
s-1; dimer association and dissociation constants between 10-6 and 10 µM s-1; nuclear/cytoplasmic transport between 0 and
105µM s-1. Because we observed that phosphorylation results in monomer formation (cf. data from the Tda1 deletion
mutant, Fig. 1E, F), we further constrained the values of the dimerization and monomerization rate constants of the
phosphorylated forms in such a way that the equilibrium between them always favours the monomer state, i.e. that kmon
must be larger than kdim. The equations of the model and a table with the respective ranges for the rate constants can be
found in Supplementary Information V.

We used this model to infer a range of feasible concentrations for some of the eight
Hxk2 forms. To this end, we ran dynamic simulations with random initial
concentrations and rate constants (from a broad physiological range; cf. caption of Fig.
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3) until a steady state was reached, and performed parameter estimations with the
MATLAB toolbox PottersWheel to match the simulated steady state conditions with the
experimentally measured ones – i.e. the ratios of Hxk2 localization, dimerization and
serine 14 phosphorylation. Steady state simulations that were consistent with the
experimentally determined measurements, i.e. where the difference between the
simulated ratios and the experimentally determines ratios was not higher than 1%, were
recorded. At least one thousand parameter estimations were run for each strain, of
which typically around 25 were recorded. While the simulated concentrations of the
cytosolic forms fell within narrow ranges, the concentrations of the nuclear forms were
found to be less certain (cf. Supplementary Figure 6 in Supplementary Information V).
Specifically, we found that the concentration of the unphosphorylated cytosolic Hxk2
correlates positively with the glycolytic flux (Fig. 4A).Furthermore, the ratio between
the unphosphorylated and phosphorylated cytosolic monomers, calculated individually
for each recorded simulation, showed an exponential correlation with the glycolytic flux
(Fig. 4B).
.

Figure 4: (A) The abundance of the cytosolic unphosphorylated monomer increases with the glycolytic flux as indicated by
the simulation of the model. Individual points represent a steady-state simulation result that is consistent with the measured
averaged data. (B) The ratio between the unphosphorylated and phosphorylated cytosolic monomers increases with the
glycolytic flux as indicated by the simulation of the model.(C) Schematic illustration how Tda1 activity could influence the
relationship between the flux-dependent modifications of Hxk2.
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These observations could be explained in the following manner: with increasing
glycolytic flux, Tda1 activity decreases, which leads to a shift from phosphorylated to
unphosphorylated monomers (Fig. 4B). These unphosphorylated monomers dimerize,
and as dimers are eventually more difficult to transport into the nucleus, this could lead
to a decreased N/C ratio at higher fluxes (Fig. 2A). Figure 4C illustrates this chain of
events, in the scenarios where the glycolytic fluxes are high and low, respectively
Glycolytic flux-dependent quantification of phenotypic effects potentially regulated by
Hxk2
Next we asked whether we could identify correlations between the different Hxk2
modifications and the downstream regulation. If we did, then this would suggest by
which Hxk2 modification a perceived flux-signal (sensed by the Hxk2 itself or by an
upstream sensor, e.g. Tda1) could be transmitted to the regulatory machinery. For this
purpose, we measured the activity of the enzyme invertase - a common readout for the
Hxk2-Snf1-mediated glucose repression (Herrero, Martinez-Campa et al. 1998; de la
Cera, Herrero et al. 2002; Ahuatzi, Herrero et al. 2004). Consistent with an earlier report
that indicated that invertase activity depends on the glucose uptake rate (Elbing,
Stahlberg et al. 2004), we found that the invertase activity inversely correlates with the
glycolytic flux (Fig. 5A). Further, Elbing et al. (2004) reported that the rate of ethanol
secretion and growth rate also increase with the rate of glycolysis. Thus, any of the
modifications that we identified to correlate with the glycolytic flux (i.e. the N/C ratio
(Fig. 2C), the degree of dimerization (Fig. 2E), the degree of phosphorylation (Fig. 2F))
could be the responsible signal for the downstream regulation.
Next, we again employed the deletion of Tda1 and its effects on the Hxk2 network (cf.
Fig. 4C) to test whether we can perturb the Hxk2 downstream regulation. While the
deletion of the tda1 gene did not affect the level of invertase activity in the wildtype, we
detected a decrease from 0.0048 to 0.0034 mmol g(protein)-1min-1 (p-value=0.12) in the
TM6*P strain. Similarly, when testing the metabolic phenotypes in response to the tda1
deletion, the wildtype was unaffected (Fig. 3B, C, D) while in the TM6*P strain, we
found a slight but significant increase in glucose uptake rate (Fig. 3B) and growth rate
(Fig. 3D) in response to the Tda1 deletion.
The observation, that upon tda1 deletion the changes in the downstream response only
occur in the TM6*P but not in the wildtype, is consistent with the finding that the tda1
deletion caused more dramatic changes in terms of phosphorylation, dimerization and
localization (Fig. 2C, E, F) in the TM6*P compared to the wildtype. These stronger
changes of the Hxk2 modifications in the TM6*P strain eventually are the reason for
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stronger changes in terms of invertase activity and metabolic phenotype in this strain.
The stronger glucose repression of the TM6*P ∆Tda1 (cf. Fig. 5A) eventually liberates
resources for a higher glucose uptake rate and faster growth (Fig. 5B, D).
Thus, we could perturb the forms of the Hxk2 network with the tda1deletion in such a
way, that ultimately a lower N/C was achieved, which also altered the downstream
regulation and metabolic phenotype. Concretely, decreasing phosphorylation (i.e. by
increasing flux or by deleting tda1) leads to decreasing N/C ratios and thereby to
increased repression. Thus, this suggests that the N/C ratio could be responsible for the
downstream regulation.

Figure 5: (A) Invertase activity as a function of the glycolytic flux. Mean and SD of six (TM6*P), five (WT) and three (all
other strains) independent experiments are shown. The dotted line indicates the trend line through the data points of the
flux mutants (black data points). (B) Effect of the Tda1 knockout on the glucose uptake rate, (C) on the ethanol secretion
rate, (D) on the growth rate. In each panel the mean and SD of three independent experiments performed on the same day
are shown. The stars indicate the significance levels (*** p-value < 0.001). n.d. = not detected.

CONCLUSION
Despite extensive research for more than two decades, even today, the precise role and
function of Hxk2 in regulation of the metabolic phenotype and glucose repression is
unclear. Furthermore, still significant ambiguity with regard to several findings exists
(Herrero, Martinez-Campa et al. 1998; Randez-Gil, Sanz et al. 1998; Mayordomo and
Sanz 2001). Since it was not possible to elucidate the regulatory function of Hxk2 with
the “classical” molecular biology techniques, we here pursued a novel approach
combining experimental with modelling efforts in mutant strains, in which only the
glycolytic fluxes, being the potential input signal for Hxk2-dependent regulation, are
varied. Here, we generated an unprecedented data set on the Hxk2 expression level,
dimerization, localization and phosphorylation -which has never been done together in a
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single study- as a function of glycolytic flux with otherwise identical environmental
conditions, such that the observed changes are a direct response to the different
glycolytic fluxes
Next to the acquisition of these data, we could also deduce by means of a model-based
analysis, that the abundance of the unphosphorylated cytosolic monomer increases with
glycolytic flux and that the ratio between unphosphorylated and phosphorylated
cytosolic monomers increases exponentially with flux, These findings together with the
quantitative observations made with the Tda1 deletion mutants, allowed us to derive a
novel hypothesis on part of the regulatory functioning of Hxk2 (cf. Fig. 4C): higher
glycolytic fluxes inhibit Tda1 activity, which consequently leads to lower Hxk2
phosphorylation. These unphosphorylated monomers then form dimers due to the
favourable dimerization of the unphosphorylated forms. Eventually because of a lower
nuclear transport efficiency of the dimers, the nuclear-to-cytosolic ratio of Hxk2 is
subsequently lower at higher glycolytic fluxes. Further, we found that the N/C ratio
anti-correlates with the level of glucose repression in terms of invertase activity.
While we are still far from having a complete picture on how Hxk2 exerts fluxdependent regulatory function, this work provided an important basis from which we
can move forward in investigating this one-protein network.

MATERIAL AND METHODS
Yeast strains
We used a set of five prototrophic CEN.PK2-1C-derived strains that were previously
shown to have different glucose uptake rates (Elbing, Larsson et al. 2004): CEN.PK
KOY.PK2-1C83 (WT in the text), KOY.Hxt1P (Hxt1), KOY.Hxt7P (Hxt7),
KOY.TM2P (TM2) and KOY.TM6P*. For each of these strains, the reporter variant
mutants were created: Hta2-mRFP1 Hxk2-GFP (hta2::hta2-mRFP1-natMX hxk2::hxk2GFP-kanMX4) and Hxk1(K21R) (hxk1::hxk1(K21R)-natMX). For the experiments
validating the microscopic approach as well as the functionality of Hxk2 tagged to GFP,
we used YSBN6-derived strains. The strain FY4 ∆hxk2 was taken from Kummel et al.
(Kummel, Ewald et al. 2010). The strains WT ∆Tda1 (tda1::kanMX4), WT ∆Tda1
mRFP1 Hxk2-GFP (tda1::kanMX4 hta2::hta2-mRFP1-natMX hxk2:hxk2-GFPkanMX4), WT ∆Tda1 Hxk1(K21R) (tda1::kanMX4 hxk1::hxk1(K21R)-natMX) and
TM6*P ∆Tda1 (tda1::kanMX4), TM6*P ∆Tda1 mRFP1 Hxk2-GFP (tda1::kanMX4
hta2::hta2-mRFP1-natMX hxk2:hxk2-GFP-kanMX4) TM6*P ∆Tda1 Hxk1(K21R)
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(tda1::kanMX4 hxk1::hxk1(K21R)-natMX) were created in this work to test the effect
of the Tda1 loss in the different Hxk2 modifications. A list of all strains used in this
study can be found in the Supplementary Information VI.
Medium and cultivation
Cells were grown in minimal defined medium (Verduyn, Postma et al. 1992) with 10
mM phthalate buffer to maintain the pH at a value of 5. For each experiment, cells were
taken from a fresh YPD plate (i.e. not older than a week) and grown for 8-10 h in 5 mL
pre-cultures containing 2% glucose. Then, 500 mL Erlenmeyer shake flasks with 50 mL
medium (unless indicated otherwise) with 1% glucose were inoculated with start ODs
always below 0.06. Cultivation was performed at 30°C with shaking at 300 rpm at a
shaking amplitude of 50 mm. At an OD600 of 1-1.1, cells were harvested for analysis.
For the positive control of the Hxk2 serine 157 phosphorylation, xylose was added to a
final concentration of 4% to WT cells growing exponentially on 1% glucose at OD
0.25. Three hours after xylose addition cells were harvested at OD 1. For conversion of
OD600 to cell dry weight in all experiments the OD values were multiplied with a
conversion factor of 0.52 which was previously determined in our lab for a CEN.PKderived strain grown on glucose.
Construction of yeast mutants
All mutants were obtained by constructing a PCR fragment with the adaptamermediated PCR method/overlap extension method (Pogulis, Vallejo et al. 1996). The
generated PCR fragments were transformed into the yeast strains by the LiAc/SS carrier
DNA/PEG method (Gietz and Schiestl 2007) for genomic integration.
For tagging Hxk2 with GFP and Hta2 with mRFP1 the upstream and downstream
regions (between 100 and 300 bp long) of the desired insertion site of the fluorescent
proteins (i.e. the regions in front and behind the stop codon of Hxk2 and Hta2,
respectively) were PCR-amplified with genomic DNA of WT and YSBN6, respectively,
as a template. mRFP1 was PCR-amplified from a plasmid and a pH-stable version of
GFP from a yeast strain carrying Mns2-GFP in its genome (provided by Sven Panke,
ETH Zurich). The selection markers kanMX4 and natMX were amplified by PCR from
pUG6 and pAG25 (both from Euroscarf), respectively. The downstream and upstream
regions, the fluorescent protein and the selection marker were fused by overlap
extension PCR. With this method, we tagged Hxk2 at its 3’ end with a pH-stable
version of GFP and kanMX4 in the CEN.PK-derived strains. Hta2 was tagged with
mRFP1 and natMX at its 3’end in the CEN.PK-derived strains and in the YSBN16
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strain. To obtain the strain YSBN6 hta2-mRFP1 hxk2-GFP we used the yeast GFP
fusion collection to subclone Hxk2-GFP into YSBN16 hta2-mRFP1. The correct
integration of the PCR fragments was verified by PCR. The part of Hxk2, which was
integrated via the PCR fragment, was checked by sequencing.
For the mass spetrometric based analysis of serine 14 phosphorylation we introduced a
K21R point mutation into Hxk1, which allowed us to discriminate between the serine
14-carrying peptide of Hxk1 and Hxk2. To introduce this point mutation, we amplified
the part of the Hxk1 coding region (288 bp upstream of the Hxk1 start codon and 71 bp
downstream of the start codon) from YSBN6 genomic DNA using a reverse primer
carrying the K21R point mutation. A second PCR gave us the sequence of Hxk1 from
base pair 53 to the stop codon. The two fragments were fused by overlap extension
PCR. The resulting complete Hxk1 gene with the K21R mutation also contained a
BamHI restriction site at its 5’ end and an AscI site at its 3‘ end. To fuse this fragment
at its 3‘ end to the natMX gene, the Hxk1 coding region (with the K21R mutation) was
inserted into the plasmid pAG35 (Euroscarf) via the BamHI and AscI restriction sites
generating the plasmid pAG35-Hxk1. The fragment with the Hxk1 coding region and
natMX were PCR-amplified from pAG35-Hxk1 and fused at the 3’ end by overlap
extension PCR to a PCR-amplified downstream sequence of Hxk1 located directly
behind the stop codon. After transformation of this fragment into the yeast strains the
Hxk1 coding region of several clones was sequenced to find a clone with the desired
point mutation.
To generate the strains lacking the Tda1 gene, the strain with the Tda1 knock-out was
taken from the Yeast Knock-Out Collection (Giaever, Chu et al. 2002) and its DNA
used as a PCR template to amplify the kanMX coding sequence including the 320 bp
upstream and 300 bp downstream sequences of the TDA gene. The obtained fragment
was transformed into the WT and TM6*P derived strains. The correct insertion of the
fragment in the strains was checked by PCR.
To create YSBN6 Hta2-mRFP1 Hxk2-GFP, YSBN6 Hta2-mRFP1 Hxk2-GFP ∆hxk1,
YSBN6 ∆hxk1 and YSBN6 ∆hxk2 ∆hxk1 strain we amplified the upstream and
downstream regions of the hxk1 and hxk2 coding regions by PCR. These regions were
then fused to the natMX and kanMX4 gene, respectively, by overlap extension PCR.
The resulting fragment for the Hxk1 knock-out was transformed into the YSBN6 and
YSBN6 hta2-mRFP1 hxk2-GFP strain. The correct integration of the PCR fragments
was verified by PCR. Subsequently, the PCR fragment for the Hxk2 knock-out was
transformed into the YSBN6 ∆hxk1 strain and the correct integration of the PCR
fragment confirmed by PCR.
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Determination of extracellular physiology
The samples to generate physiological data were taken from the same cultures that were
also used for 13C flux analysis. The OD was measured at 600 nm (Pharmacia Novaspec
II) for growth rate determination. For the determination of the glucose uptake rate and
the secretion rates of the main by-products (ethanol, glycerol, pyruvate, acetate,
succinate) an aliquot of at least 100 µL of the cell culture was spun down at 16.100 g
and the supernatant analyzed by HPLC-DAD-RI (HP1100, Agilent Technologies)
equipped with a polymer column (Aminex HPX-87, BioRad). The eluent was 5 mM
H2SO4 and the column was heated to 60°C. The elution rate was 0.6 mL/min. The
compounds were detected and quantified with a refractive index (RI) detector and an
UV/Vis-detector (DAD). For quantification, calibration curves with external standards
were used. Growth rates, glucose uptake rate and the secretion rate for the by-products
were determined by linear regression using Microsoft Excel. Data were obtained from at
least four replicates.
13

C metabolic flux analysis

Cells were grown in the main culture in 25 mL minimal medium containing C1-labelled
glucose (Sigma Aldrich, 13C enrichment ≥ 99%). The cells were harvested, centrifuged
for 3 min at 4°C and 3750 g, and frozen at -40°C. Further sample preparation and GCMS analysis were performed according to Zamboni et. al (Zamboni, Fendt et al. 2009).
For calculation of the glycolytic flux, the split ratio between glycolysis and the PP
pathway was used together with the substrate uptake rates and fluxes into biomass.
Fluxes into biomass were calculated using the FiatFlux software (Zamboni, Fischer et
al. 2005). Error propagation was considered for the calculation of mean flux ratios of at
least two replicates.
Analysis of Hxk2 localization
For the determination of the Hxk2 localization, we used strains with Hxk2 tagged to
GFP and the histone protein Hta2 tagged with mRFP1 in order to localize the nucleus.
Microscopic analyses were done with a Nikon Ti‐E microscope with a Hamamatsu
ORCA C4742‐95‐12ER camera. Cells were imaged using the 100x objective (CFI
Planapochromat 100x VC Oil) with DIC settings. GFP fluorescence was measured with
LED of 465nm together with excitation and emission filters for 470/20 nm and 525/50
nm, respectively. To determine RFP fluorescence LED of 565nm was used together
with emission and excitation filters for 572/35nm and 632/60 nm, respectively.10µl
sample from the culture was placed onto a glass cover slide and covered with a 2% agar
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pad (approx. 5mm thick). Prior to use, the agar pads were incubated in growth medium
for >12h. Cells were imaged as rapidly as possible in order to keep them in steady-state.
The obtained multichannel images were analyzed with an automated Matlab script using
CellProfiler (Lamprecht, Sabatini et al. 2007), which used the GFP fluorescence
channel for cell segmentation The N/C ratio was calculated with the mean GFP intensity
of the nucleus and of the mean GFP intensity of the 20% brightest pixels (to avoid the
vacuole) of the cytoplasm after the background signal (i.e. an image area without any
cells) was subtracted from the GFP intensities. The mean autofluorescence of cells in
the GFP channel in all strains was below 10% of the GFP signal after subtracting the
background fluorescence. Thus, the GFP signal of the cells was not corrected for
autofluorescence since its impact on the N/C ratios was considered negligible.
Analysis of the Hxk2 abundance
To determine the condition-specific cellular Hxk2 concentration, we performed a flow
cytometric analysis with an Accuri C6 flow cytometer using the FL1 533 / 30 nm filter
for GFP detection. In order correct for the autofluorescence in the GFP channel we grew
non-tagged cells of the strain together with the corresponding strain expressing Hxk2GFP and Hta2-mRFP1 in the same shake flask. In the analysis, the autofluorescence of
the non-tagged cells was subtracted from the GFP intensity.
To translate the measured GFP intensity to intracellular Hxk2 concentrations, we
determined the cell volumes in the following manner: From the segmented cell area
obtained in the microscopic analysis of Hxk2 localization we calculated the cell radius
(assuming a circular cell) and from the determined radius calculated the cell volume
(assuming a spherical cell). The cell volume was multiplied with the measured GFP
intensity (as a measure for Hxk2 concentration). The obtained value for the WT was
scaled with the total Hxk2 copy number obtained from the literature (Ghaemmaghami,
Huh et al. 2003) to calculate then the Hxk2 copy number in each strain. The Hxk2 copy
number was used with the cell volume to calculate the Hxk2 concentration in each
strain.
Targeted mass-spectrometric analysis of Hxk2 phosphorylation
50 mL of the yeast culture (cells carrying the Hxk1 K21R mutation) were rapidly mixed
with 200 mL methanol pre-cooled to -80°C. The cells were then centrifuged (3750 g at 9°C for 4 min). The supernatant was removed, the cell pellet frozen in liquid nitrogen
and stored at -80°C until further processing.
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Cell pellets were resuspended in 1.85M sodium hydroxide containing 7.4 % βmercapto-ethanol (100 µL per 1x108 cells) and incubated for 10 minutes on ice. An
equal volume of trichloro acetic acid was added and after 10 minutes incubation on ice,
the precipitated proteins were collected by centrifugation (20.000g, 10 minutes at 4 ˚C).
The pellet was washed with two volumes cold acetone (30 minutes at -20 ˚C and
subsequent collection by centrifugation).
For digestion and clean-up the extracted proteins were resuspended in 8M urea
containing 100 mM ammonium bicarbonate at a concentration of 0.5x108 cells per 100
µL. The total protein concentration of the extracted proteins was determined with Micro
BCA Protein Assay Kit (Thermo Scientific Pierce). The proteins were reduced with 12
mM dithiothreitol (30 min at 35 ˚C) and alkylated with 40 mM iodoacetamide (45 min
at 20 ˚C, in the dark). Samples were diluted with 100 mM ammonium bicarbonate to a
final concentration of 1.5M urea prior to overnight digestion with trypsin (1:100,
sequencing grade modified trypsin V5111, Promega) at 37 ˚C. The synthetic peptides
(see Supplementary Information VII) were added to the digested yeast sample (33 fmol
of each peptide per microgram total protein). Since methionines in the peptides showed
variable levels of oxidation, H2O2 was added at a final concentration of 1% v/v to shift
all methionines to the fully- oxidized form (Pesavento, Garcia et al. 2007). For clean-up
samples were diluted 1:1 in 5% NH4OH. The cleanup was done on a mixed-anion
exchange column (Oasis MAX, Waters) which was conditioned with 1 mL methanol
and re-equilibrated with 1 mL H2O before addition of the samples. Subsequently, the
bound material was washed with 3x0.5 mL NH4OH and 2x0.5 mL methanol and the
peptides of interest were eluted with 2x0.5 mL 10% formic acid in methanol. The eluted
fractions were dried under vacuum and resuspended in 0.1% formic acid (FA) to a final
concentration of 0.5-1 µg/µL total protein. The synthetic peptides (Aqua peptides,
Thermo Scientific) labeled with 13C15N–lysines at the C-terminus used for
quantification are summarized in Supplementary Information VII. The GSMADVPK
and KGSMADVPK-peptides are not unique for Hxk2, since they are also found in
Hxk1. Therefore, the strains used in this study carried a mutation in the hxk1 gene
(K21R) which made the two Hxk1-derived peptides distinguishable from the Hxk2derived peptides. All peptides were screened with the transitions listed in the
Supplementary Information VII. Both the non-oxidized and oxidized methionine form
of the peptides was measured to confirm that all peptides were completely oxidized.
Targeted analyses were performed on a triple quadrupole mass spectrometer with a
nano-electrospray ion source (TSQ Vantage, Thermo Scientific). Chromatographic
separation of the peptides was performed by liquid chromatography on a nano-UHPLC
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system (Ultimate UHPLC, Dionex) using a nano column (Acclaim PepMap100 C18, 75
µmx150mm 3µm, 100 Å Dionex). 1 µg total protein was injected using the µL-pickup
system using 0.1% v/v formic acid as a transport liquid from a cooled autosampler (5
˚C) and loaded onto a trap column (µPrecolumn cartridge, Acclaim PepMap100 C18, 5
µm, 100 Å, 300 µm id, 5 mm Dionex). Peptides were separated on the nano-LC column
using a linear gradient from 3-45 % v/v acetonitril plus 0.1% v/v FA in 30 minutes at a
flowrate of 300 nL/min. The mass spectrometer was operated in the positive mode at a
spray voltage of 1500V, a capillary temperature of 270 ˚C, a half maximum peak width
of 0.7 for Q1 and Q3, a collision gas pressure of 1.2 mTorr and a cycle time of 1.2 ms.
The measurements were scheduled in windows of 6 minutes around the pre-determined
retention time.
For data analysis the MS traces were manually curated using the Skyline software
(MacLean, Tomazela et al. 2010). Transition peaks with shoulders or inconsistent
relative transition peak intensities were removed. The sum of all transition peak areas
for the endogenous and standard (13C15N lysine-labeled) peptides was used to calculate
the level of endogenous peptides. The level of the phosphorylated peptides was divided
by the sum of the phosphorylated and non-phosphorylated peptide levels to calculate the
degree of phosphorylation in each of the samples. The non-oxidized serine 14-peptides
and the GSMADVPKELMQQIENFEK-peptides were not considered in these
calculations as they were not observed in the endogenous samples.
Determination of invertase activity
25 mL of a culture sample was spun down for 3 min with 3750 g at 4°C. The cell pellet
was washed with 50 mL ice-cold HEPES buffer (20 mM HEPES, 2 mM ETDA, pH 7.5)
and then resuspended in 4 mL HEPES buffer and stored at -80°C. The cells were
thawed on ice, spun down with 16.100 g for 3 min at 0°C. The pellet was washed with 4
mL 0.1 M sodium citrate buffer (pH 5) and then resuspended in 1.6 mL of sodium
citrate buffer containing 1 mM DTT. The cell suspension was transferred into a
microcentrifuge tube containing acid-washed glass beads of 0.212-0.300 mm and
disrupted with a bead beater in 7 cycles of 1 min duration at 4°C. Between the cycles
the suspension was cooled on ice for 1 min. The suspension was centrifuged with
16.100 g for 20 min at 4°C. The protein concentration of the samples was determined by
a BCA assay (Microplate BCA Protein Assay Kit - Reducing Agent Compatible,
Thermo Scientific Pierce). For the invertase reaction, 125µl supernatant was added to
825 µl of a 11.5% (w/v) sucrose solution and incubated at 30°C. After 210 min the
reaction was stopped by heat-inactivation at 95°C for 7 min. In order to correct residual
glucose present in the supernatant before the invertase reaction, we also prepared a
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control sample which was immediately heat-inactivated at 95°C for 7 min after addition
of the supernatant to the sucrose solution. After heat-inactivation the glucose
concentration in the samples was determined with the D-glucose assay in the GOPOD
format (Megazyme). The invertase activity was calculated as the amount of glucose
produced per mg of cell protein per minute.
Analysis of multimerization through native polyacrylamide gel electrophoresis
(PAGE) and Western Blotting
Cells were harvested during exponential growth on glucose after at least 15 hrs and
centrifuged for 3 min at 4°C and 3750 g. The pellet was washed once with lysis buffer
(50 mM imidazole/HCl, pH 7.0, 50 mM NaCl, 5 mM ε-aminocaproic acid, 1 mM 4-(2aminoethyl)-benzenesulfonyl fluoride (AEBSF), 1× proteinase inhibitor cocktail
(EDTA-free; Roche), phosphatase inhibitor cocktails 2 + 3 (1:100; Sigma–Aldrich)).
The cells were resuspended in 0.15 mL lysis buffer and transferred into a
microcentrifuge tube with 0.33 g acid-washed glass beads of 0.212-0.300 mm (SigmaAldrich). Crude cell extracts were prepared at 0°C by shaking eight times for 5 min with
a vortex mixer (VWR) at 2500 min-1. Between each shaking cycle, cells were cooled on
ice for 1 min. The cell extract was centrifuged with 16.100 g for 20 min at 4°C and the
protein concentration in the supernatant determined by BCA protein assay (Thermo
Scientific Pierce). The proteins (100 µg) were separated by native PAGE using a precast
4-15% Criterion TGX gel (BioRad) in Tris-Glycine buffer (25 mM Tris, 192 mM
glycine) and transferred onto an Immun-Blot PVDF Membrane (Biorad). Hxk2 was
detected with polyclonal anti-Hxk2 (custom-made by Thermo Scientific) and HRPconjugated anti-rabbit IgG antibodies. Band quantification was performed with the gel
analysis plug-in of ImageJ and the ratio of dimers to monomers calculated considering
the background correction as specified in the documentation of the plug-in.
To validate that the bands are indeed monomers and dimers, respectively, we performed
a λ-phosphatase digest of the protein sample. For this the protein samples were prepared
as for the native blots in a buffer containing 50 mM potassium phosphate (pH 7.4) with
1 mM AEBSF and 1× proteinase inhibitor cocktail (EDTA-free, Roche. The samples
(100 μg protein) were incubated with 1000 U λ-phosphatase (New England Biolabs)
with or without phosphatase inhibitors (5 mM EDTA, phosphatase inhibitor cocktails I
and II (Sigma–Aldrich)) in a final volume of 20 μL.
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Modelling, simulation and parameter estimation
The ODE-model was developed in Potterswheel (Maiwald and Timmer 2008). Dynamic
simulations spanned up to 300 seconds using random initial concentrations for the
different Hxk2 forms, and with random initial guesses for the rate constants. These rate
constants were constrained within physiologically reasonable boundaries (see
Supplementary Information V). Parameter estimation was then performed to make the
ratios between quasi-steady state concentrations of the different Hxk2 forms (i.e. the
simulated concentrations after 300 seconds) approximate the ratios that were determined
experimentally. If the ratios between simulated concentrations deviated at most 1%
from the experimentally measured ratios, the simulation was considered to be consistent
with the data, and the concentrations of each individual Hxk2 form were recorded. At
least one thousand parameter estimations were run for each of the investigated strains,
with at least 19 consistent simulations recorded per strain.
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Supplementary Information I: Validation of a functional of Hxk2 tagged to GFP

Supplementary Figure 1: The GFP tag does not affect Hxk2 function. The WT and strains with Hxk2 tagged to GFP and
Hta2 to mRFP1 in the genetic backgrounds of CEN.PK KOY.PK2-1C83 and YSBN6 were grown in minimal medium with
2% glucose (CEN.PK KOY.PK-82) or 1% glucose (YSBN6). The physiological parameters (A) growth rate, (B) glucose
uptake rate and (C) ethanol secretion were determined in three independent experiments. (D) The YSBN6 strain and the
indicated mutants in the YSBN6 background were grown in minimal medium with 1% glucose. The measured invertase
activity of the mutants was normalized to the invertase activity measured in the WT.
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Supplementary Information II: Validation of the chosen microscopy approach

Supplementary Figure 2: Widefield microscopy can be used for localization studies of Hxk2. The YSBN6 hta2-mRFP1
hxk2-GFP strain was grown on minimal medium with 1% glucose (dark bar) or ethanol (gray bar). The mean N/C ratio
and SD of Hxk2 was determined with images obtained by confocal, spinning disk and widefield microscopy.
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Supplementary Information III: Validation of native PAGE und Western Blotting
for dimer detection

Supplementary Figure 3: Native PAGE together with Western Blotting can be used to distinguish Hxk2 monomers and
dimers. The strain KOY.WT was grown on 1% glucose. The lysate was incubated with phosphatase either in the presence
or absence of phosphatase inhibitors or only with phosphatase inhibitors. The oligomeric state of Hxk2 was determined by
native Western Blotting.
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Supplementary Information IV: Quantification of the Serine157 phosphorylation
of Hxk2

No Serine157 phosphorylation was detected in the flux mutants and the ∆Tda1 strains. A
representative image of the WT is shown in Supplementary Figure 4A. In the other strains Hxt1P,
Hxt7P, TM2P, TM6*P, WT ∆TDA1 and TM6*P ∆TDA1 no peak was detected for Serine157
phosphorylation, either. The positive control (WT growing on 4% xylose) proves, however, that our
approach is able to detect the Serine157 phosphorylation (Supplementary Figure 4B).

Supplementary Figure 4: Detection of S157 phosphorylation of Hxk2 by targeted mass spectrometry. (A) Serine157
phosphorylation of Hxk2 in the WT strain grown on 1% glucose. (B) Serine157 phosphorylation of Hxk2 in the WT strain
grown on 4% xylose (positive control). The blue and red peaks indicate the signal of the synthetic and endogenous peptide
(peptide sequence see Supplementary information VII), respectively.
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Supplementary Information V: Model components, equations, parameter ranges
and simulation results

Supplementary Figure 5: Hxk2 forms and reactions incorporated in the model

The incorporated Hxk2 forms and reactions are shown in Supplementary Figure 5. The
conservation reactions for all eight forms of Hxk2 are the following:
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All rate equations are defined using mass balance kinetics. They are as follows:
r1=k1 x [cmHxk2]
r2=k2 x [nmHxk2]
r3=k3 x [cmPS14-Hxk2]
r4=k4 x [nmPS14-Hxk2]
r5 = k5 x [cmPS14-Hxk2]2
r6 = k6 x [cmHxk2]2
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r7 = k7 x [nmPS14-Hxk2]2
r8 = k8 x [nmHxk2]2
r9 = k9 x [cdPS14-Hxk2]
r10 = k10 x [cd-Hxk2]
r11 = k11 x [ndPS14-Hxk2]
r12 = k12 x [ndHxk2]
r13 = k13 x [cmPS14-Hxk2]
r14 = k14 x [cmHxk2]
r15 = k15 x [nmPS14-Hxk2]
r16 = k16 x [nmHxk2]

The rate constants – k1 through k16 – were constrained to retain values within
physiologically feasible ranges. Furthermore, we constrained the balance between
phosphorylated Hxk2 monomers and dimers to always favour the monomer state.
Finally, we impose dimer association and dissociation rate constants for
unphosphorylated Hxk2 to have the same value in the nucleus as in the cytosol (k6 = k8;
k10 = k12), and the same for phosphorylated Hxk2 (k5 = k7; k9 = k11). The boundaries for
each rate constant k are the following:
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Rate Constant
k1
k2
k3
k4
k5
k6
k7
k8
k9
k10
k11
k12
k13
k14
k15
k16

Lower Bound (µM/s)
Upper Bound (µM/s)
-5
10
107
-5
10
107
10-5
107
-5
10
107
10-6
10-2
10-4
10
Equal to k5
Equal to k6
10-2
10
-6
10
10
Equal to k9
Equal to k10
0
105
0
105
0
105
0
105

Supplementary Table 1: Boundaries for the rate constants used in the model. The rate constants for dimerization and
dimer dissociation were approximated using standard textbooks. The maximal rates of nuclear import and export were
estimated using the number of nuclear pore complexes (NPCs) per cell), and the maximal transport rate per NPC (Winey,
Yarar et al. 1997; Ghaemmaghami, Huh et al. 2003). No information on the boundaries for phosphorylation and
dephosphorylation was found and thus the boundaries were set very widely

Making PottersWheel estimate parameter values such that the ratios between concentrations of
simulated Hxk2 forms deviate as little as possible from the experimentally determined ratios 1000
times, at least 19 simulations per strain were found to deviate less than 1%. Their concentrations are
plotted against each respective strain’s glycolytic flux in Supplementary Figure 6 below.
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Supplementary Figure 6: Simulated concentrations of the single Hxk2 forms plotted against the glycolytic flux. ND-PS14 = nuclear, serine 14
–phosphorylated dimer; CD-PS14=cytosolic serine 14- phosphorylated dimer; NM-PS14 = nuclear, serine-14 phosphorylated monomer, CMPS14 =cytosolic, serine 14-phosphorylated monomer, ND= nuclear, unphosphorylated dimer, CD= cytosolic, unphosphorylated dimer,
NM=nuclear, unphosphorylated monomer, CM=cytosolic, unphosphorylated monomer
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Supplementary Information VI: List of strains
Strain

Relevant genotype

CEN.PK
KOY.PK2- MATa MAL2-8c SUC2
1C83
(named
KOY.WT in this study)
KOY.Hxt1P
Hxt1P)

KOY.Hxt7P
Hxt7P)
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Source or reference

Otterstedt, Larsson et al. 2004

Elbing, Stahlberg et al. 2004
(named KOY.VW 100P (prototrophic
hxt null strain from (Elbing,
Larsson et al. 2004) and
(Elbing, Stahlberg et al. 2004);
integrated of HXT7promHXT7-HXT7term, ura352::URA3
(named KOY.VW 100P with integrated Elbing, Stahlberg et al. 2004
HXT7prom-HXT7-HXT7term
ura3-52::URA3

KOY.TM2P
TM2P)

(named KOY.VW
100P
with Elbing, Stahlberg et al. 2004
integration of HXT7promTM27-HXT7term
ura352::URA3

KOY.TM6*P
TM6*P)

(named KOY.VW 100P with integrated Otterstedt, Larsson et al. 2004
HXT7prom-TM6*-HXT7term
ura3-52::URA3

FY4 ∆hxk2

FY4 hxk2::kanMX4

Kummel, Ewald et al. 2010

YSBN6

MATa FY3 ho::HphMX4

S. Oliver, Cambridge, UK

YSBN16

YSBN6 his3∆1

S. Oliver, Cambridge, UK

YSBN6 ∆hxk1

YSBN6 hxk1::kanMX4

This study

YSBN6 ∆hxk1 ∆hxk2

YSBN6
hxk1::kanMX4 This study
hxk2::kanMX4

YSBN6 hta2-mRFP1 YSBN16 hta2::hta2-mRFP1hxk2-GFP
natMX hxk2::hxk2-GFP-HIS3

This study

YSBN6 hta2-mRFP1 YSBN16 hta2::hta2-mRFP1hxk2-GFP ∆hxk1
natMX hxk2::hxk2-GFP-HIS3
hxk1::kanMX4

This study

WT Hxk1(K21R)

CEN.PK KOY.PK2-1C83
hxk1::hxk1(K21R)-natMX

This study

Hxt1P Hxk1(K21R)

KOY.Hxt1P
hxk1::hxk1(K21R)-natMX

This study

Hxt7P Hxk1(K21R)

KOY.Hxt7P
hxk1::hxk1(K21R)-natMX

This study
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TM2P Hxk1(K21R)

KOY.TM2P
hxk1::hxk1(K21R)-natMX

This study

TM6*P Hxk1(K21R)

KOY. TM6*P
hxk1::hxk1(K21R)-natMX

This study

WT hta2-mRFP1 hxk2GFP

CEN.PK KOY.PK2-1C83
hta2::hta2-mRFP1-natMX
hxk2::hxk2-GFP-kanMX4

This study

Hxt1P hta2-mRFP1
hxk2-GFP

KOY.Hxt1P hta2::hta2mRFP1-natMX hxk2::hxk2GFP-kanMX4

This study

Hxt7P hta2-mRFP1
hxk2-GFP

KOY.Hxt7P hta2::hta2mRFP1-natMX hxk2::hxk2GFP-kanMX4

This study

TM2P hta2-mRFP1
hxk2-GFP

KOY.TM2P hta2::hta2mRFP1-natMX hxk2::hxk2GFP-kanMX4

This study

TM6*P hta2-mRFP1
hxk2-GFP

KOY. TM6* hta2::hta2mRFP1-natMX hxk2::hxk2GFP-kanMX4

This study

WT ∆TDA1

CEN.PK KOY.PK2-1C83
tda1::kanMX4

This study

WT ∆TDA1 hta2mRFP1 hxk2-GFP

CEN.PK KOY.PK2-1C83
tda1::kanMX4 hta2::hta2mRFP1-natMX hxk2::hxk2GFP-kanMX4

This study

WT ∆TDA1
Hxk1(K21R)

CEN.PK KOY.PK2-1C83
tda1::kanMX4
hxk1::hxk1(K21R)-natMX

This study

TM6*P ∆TDA1

KOY.TM6*P tda1::kanMX4

This study

TM6*P ∆TDA1 hta2mRFP1 hxk2-GFP

KOY.TM6*P tda1::kanMX4
hta2::hta2-mRFP1-natMX
hxk2::hxk2-GFP-kanMX4

This study

WT ∆TDA1
Hxk1(K21R)

KOY.TM6*P tda1::kanMX4
hxk1::hxk1(K21R)-natMX

This study

Supplementary table 3: List of strains used in this study
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Supplementary Information VII: Synthetic peptides used for quantification of
serine 14 and serine 157 phosphorylation of Hxk2

Target

Peptide

Modifications
comments

S14

GSMADVPK

13 15

KGSMADVPK

13 15

C N‐Lys, ox‐Met,
missed cleavage

KGSMADVPK*

13 15

C N‐Lys,
cleavage

GSMADVPKELMQQIENFEK

13 15

C N‐Lys,
cleavage

GSMADVPK

KGSMADVPK

GSMADVPKELMQQIENFEK

S157

Charge
state
precursor

Measured transitions

1+

y4+, y3+, b4+, b5+, b6+

1

2+

y8+, y3+, b5+, b6+

1

missed

2+

y8+, y3+, b5+, b6+

1

missed

3+

y6+, y5+, y132+, b6+, b9+

13 15

1+

y4+, y3+, [b4‐98]+, [b6‐
98]+

13 15

C N‐Lys, phos‐Serine, 1
missed cleavage

2+

y3+, b6+, [b6‐98]+, b7+,
[b7‐98]+

13 15

C N‐Lys, phos‐Serine, 1
missed cleavage

3+

y6+, y5+, y132+, [b5‐
98]+, [b6‐98]+

AFIDEQFPQGISEPIPLGFTFSFPASQNK

13 15

3+

y7+, y6+, y142+, b7+,
b11+

AFIDEQFPQGISEPIPLGFTFSFPASQNK

13 15

3+

y6+, y4+, y142+, b7+,
[b23‐98]+

C N‐Lys

C N‐Lys, phos‐Serine

C N‐Lys

C N‐Lys, phos‐Serine

Supplementary table 4: Synthetic peptides screened in this study.
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during growth on substrates other than glucose
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ABSTRACT
The glycolytic enzyme hexokinase 2 of Saccharomyces cerevisiae has frequently been
suggested to be the sensor of the glycolytic flux regulating the level of glucose
repression and fermentation. Here, we address the question whether the flux-dependent
Hxk2 modifications, the level of glucose repression and the metabolic phenotype
depend on the flux through glycolysis or through Hxk2. Furthermore, we wanted to
know whether the earlier identified relationship between different Hxk2 modifications
(cf. CHAPTER 2) also hold, when the system is perturbed differently, and how Hxk2
could participate in transmitting the flux signal downstream to regulate glucose
repression and the level of fermentation. For this we grew yeast on different nonglucose substrates, which are either phosphorylated by Hxk2, enter glycolysis
downstream of Hxk2 or require glyconeogenic operation. We measured the glycolytic
flux by 13C stationary flux analysis, estimated the flux through Hxk2 by instationary 13C
flux analysis and showed that there is a flux through Hxk2 even on substrates whose
metabolism does not require glucose phosphorylation. We then quantified the nuclearto-cytosolic ratio of Hxk2 by fluorescence microscopy, the degree of dimerization by
Western Blotting and the degree of phosphorylation by targeted mass spectrometry.
When analyzing the relationship between the flux (either through glycolysis or Hxk2)
and the three Hxk2 modifications we found that most likely the modifications are not
exclusively flux-dependent but also influenced by substrate-specific signals.
Furthermore, the levels of glucose repression and fermentation correlate with the
nuclear-to-cytosolic ratio of Hxk2 indicating that Hxk2 localization is involved in
transmitting the flux signal downstream to the regulatory machinery.

INTRODUCTION
Yeast can realize two main metabolic phenotypes for energy generation – respiration or
fermentation. In order to adjust the metabolic phenotype to the growth conditions, a
number of signaling pathways sense the nutrient supply and transmit a signal to the
regulatory machinery. Glucose - the preferred carbon source of yeast - is sensed by
three different signaling pathways: the Snf3/Rgt2, PKA and the Snf1-Mig1 signaling
pathways (Zaman, Lippman et al. 2008; Broach 2012). While the sensors of the first
two pathways are known, the identity of the sensor in the Snf1-Mig1 pathway remains
unclear. In order to adjust the metabolic phenotype and glucose repression to the
available glucose, different input signals, which are modulated by glucose, have been
discussed for the Snf1-Mig1 pathway; e.g. the AMP:ATP ratio (Wilson, Hawley et al.
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1996), metabolite levels (Mayer, Heath et al. 2011), the glucose uptake rate or the
glycolytic flux (Elbing, Larsson et al. 2004; Otterstedt, Larsson et al. 2004; Henricsson,
de Jesus Ferreira et al. 2005). Until now, none of these possible input signals could be
definitely confirmed.
The protein hexokinase 2 (Hxk2), which catalyzes the first step of glycolysis, has also
frequently been suggested to be involved in the sensing of the glucose-derived signal in
the Snf1-Mig1 signaling pathway (Entian 1980; Ma, Bloom et al. 1989; De Winde,
Crauwels et al. 1996; Herrero, Martinez-Campa et al. 1998; Randez-Gil, Sanz et al.
1998; Diderich, Raamsdonk et al. 2001; Bisson and Kunathigan 2003). Hxk2 can be
found in the nucleus and the cytoplasm (Herrero, Martinez-Campa et al. 1998; de la
Cera, Herrero et al. 2002; Ahuatzi, Herrero et al. 2004), can phosphorylated at serine 14
(Vojtek and Fraenkel 1990; Behlke, Heidrich et al. 1998; Randez-Gil, Sanz et al. 1998)
and forms monomers and dimers (Golbik, Naumann et al. 2001). In CHAPTER 2 we
showed in strains with different glucose uptake rates grown on glucose (further referred
to as “flux mutants”) that the nuclear-to-cytosolic (N/C) ratio, the degree of
dimerization and the degree of serine 14 phosphorylation correlate with the glycolytic
flux. Additionally, the level of invertase activity (as a measure for glucose repression)
(CHAPTER 2, Elbing, Stahlberg et al. 2004) and the level of ethanol secretion (as a
measure for the metabolic phenotype) also correlate with the flux through glycolysis
(Elbing, Larsson et al. 2004). Based on these results we concluded that the
phosphorylation determines the dimerization of Hxk2 which in turn influences the N/C
ratio of Hxk2. Additionally, we showed that the level of glucose repression is a function
of the N/C ratio. Since in the flux mutants during growth on glucose the glycolytic flux
largely also correlates with the flux through Hxk2 it remains unclear, however, if the
identified Hxk2 modifications, the level of glucose repression and the metabolic
phenotype are determined indeed by the flux through Hxk2 or rather by the glycolytic
flux.
Here, we address the question whether the flux-dependent Hxk2 modifications, the level
of glucose repression and the metabolic phenotype depend on the flux through
glycolysis or through Hxk2. Furthermore, we wanted to know whether the earlier
identified relationship between the different Hxk2 forms (cf. CHAPTER 2) also hold,
when the system is perturbed differently, and how Hxk2 could participate in
transmitting the flux signal downstream to regulate glucose repression and the level of
fermentation. To address these questions, we grew yeast on different non-glucose
substrates, which are either phosphorylated by Hxk2, enter glycolysis downstream of
Hxk2 or require glyconeogenic operation. We first show that unexpectedly there is also
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a flux through Hxk2 even during growth on substrates which do not require glucose
phosphorylation. When analyzing the relationship between the flux (either through
glycolysis or Hxk2) and the Hxk2 localization, dimerization and serine 14
phosphorylation (further referred to as “Hxk2 modifications”) we found that the
modifications are not solely affected by the glycolytic and/or Hxk2 flux, but also by
substrate-dependent signals. We also found that the level of glucose repression
measured as invertase activity and the level of fermentation measured as ethanol
secretion correlate with both, the flux through glycolysis and the flux through Hxk2.
Furthermore, the level of glucose repression and fermentation correlate with the N/C
ratio of Hxk2, indicating that Hxk2 localization might be involved in transmitting the
flux signal downstream to the regulatory machinery.

RESULTS AND DISCUSSION
Here, we perturbed the system of the different Hxk2 modifications and the fluxdependent regulation of glucose repression by growing yeast on three non-glucose
substrates and compared the Hxk2 forms, the level of glucose repression and the level
of fermentation with conditions when yeast is grown on glucose at various glucose
uptake rates. As a glycolytic substrate entering glycolysis at the level of glucose-6phosphate (i.e. downstream of Hxk2) we chose galactose. Pyruvate was used as a
substrate for glyconeogenic growth and mannose as an alternative to glucose, which is
also phosphorylated by Hxk2 (Lobo and Maitra 1977).
Quantification of the glycolytic flux and the flux through Hxk2 during growth on
non-glucose substrates
As a first step towards identifying whether the Hxk2 modifications, the level of glucose
repression and the level of fermentation correlate with the glycolytic flux or rather the
flux through Hxk2, we determined the flux through glycolysis during growth on
mannose and galactose on the basis of the measured split ratio between glycolysis and
the pentose phosphate pathway in 13C-labelling experiments together with determined
substrate uptake rates and biomass formation rates. The glycolytic flux during growth
on pyruvate was calculated using the pyruvate uptake rate and biomass formation rates.
The three substrates realize either a gluconeogenic (pyruvate), a low (galactose) or
intermediate (mannose) glycolytic flux compared to growth on glucose (Fig. 1A, cf. xaxis).
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Next, we aimed to quantify the flux through specifically Hxk2 on mannose and to
identify whether there is any flux through Hxk2 on pyruvate and galactose at all, which
are substrates that do not require any glucose phosphorylating activity. On mannose,
Hxk1 is expressed (Herrero, Galindez et al. 1995; Supplementary Information III of
CHAPTER 4) and was reported to also phosphorylate mannose (Lobo and Maitra
1977). Because the quantified glucose-phosphorylating flux could therefore be a sum of
the flux through Hxk1 and Hxk2, we generated an hxk1 knock-out strain which
metabolizes mannose only through Hxk2 and included this strain in our analysis. Here,
however, since the flux through glycolysis did not change significantly (8.82 ± 1.15
mmol g(cdw-)1 h-1 in the ∆hxk1 strain vs. 8.32 ± 0.30 mmol g(cdw)-1 h-1 in the parental
wild-type strain; p-value > 0.6), we conclude that that Hxk1 does not play a role during
growth on mannose.
For a flux through the Hxk2 to occur on galactose and pyruvate, first Hxk2 needs to be
expressed and second the substrate of Hxk2 needs to be present intracellularly under
these conditions. Since it was previously reported that Hxk2 is only expressed on
fermentable carbon sources (Bisson and Fraenkel 1983; De Winde, Crauwels et al.
1996), we first measured the Hxk2 concentration during growth on galactose and
pyruvate. Here, we found that Hxk2 is expressed also on these substrates (Fig. 1A). A
comparison of the Hxk2 concentrations during growth on mannose, galactose and
pyruvate with the previously determined Hxk2 concentration in the flux mutants on
glucose (cf. CHAPTER 2) shows that the Hxk2 expression during growth on the three
non-glucose substrates is even higher than when cells realize a high glycolytic flux. The
Hxk2 expression during growth on mannose, galactose and pyruvate is the first
requirement for a flux through Hxk2 to occur during growth on galactose and pyruvate.
As a second prerequisite for a flux through Hxk2 we tested if we can find intracellular
glucose on galactose and pyruvate. Our results show indeed that glucose is present in
the cells growing on non-glucose substrates (Fig. 1B). The concentrations of
intracellular glucose we found are in the range of the previously published concentration
of 1.5 mM during growth on glucose (Teusink, Diderich et al. 1998). With reported Km
values of Hxk2 for glucose of 0.12 mM (Fernandez, Herrero et al. 1985), 0.18 mM
(Lobo and Maitra 1977) and 0.47 mM (Miller, Ross-Inta et al. 2007) it is likely that
Hxk2 is able to phosphorylate the glucose generated during growth on non-glucosesubstrates provided that Hxk2 is not inhibited e.g. by trehalose-6-phosphate (Blazquez,
Lagunas et al. 1993).
To check whether the continuous production and degradation cycle of the storage
carbohydrates (Fig. 1C) indeed exists and consequently a flux through Hxk2 would be
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present during growth on mannose, galactose and pyruvate, we applied instationary 13C
flux analysis during growth on galactose. Here, we found that glucose is produced
during growth on galactose and that there is indeed a flux from glucose to glucose-6phosphate (90 μmol g(cdw)-1 h-1) denoting a flux through Hxk2. This flux amounts to
approx. 9% of the galactose uptake rate (Supplementary Information I, Supplementary
Information II).

Figure 1: (A) The concentration of Hxk2 as a function of the glycolytic flux. For calculation of the Hxk2 concentration the
expression of Hxk2-GFP (determined by flow cytometry) and the cellular volume (determined with the cell area as
measured by microscopy) were used together with published data on the number of Hxk2 molecules per cell during growth
on glucose (Ghaemmaghami, Huh et al. 2003). The mean and SD of Hxk2 concentration are the result of the three
independent flow cytometry and cell volume experiments. The flux from fructose-6-phosphate to triose-3-phosphate on the x
axis used as a measure for the glycolytic flux was determined by using the split ratio between glycolysis and the pentose
phosphate pathway together with the substrate uptake rates and considering the fluxes into biomass. Mean and SD were
determined with data obtained in at least two independent flux experiments. The cells were grown either on mannose
(mann), galactose (gal) or pyruvate (pyr). Additionally to the wildtype strain, a strain lacking the hxk1 gene was grown on
mannose (∆hxk1 mann). The data points of the flux mutants and substrates are given in black and red, respectively. (B) The
intracellular glucose concentration during growth on different non-glucose carbon sources. Cells were grown on the
carbon sources indicated and the glucose concentration per sample determined by enzymatic assays. The intracellular
glucose concentration was calculated assuming a cell number of 3x107cells/OD and the substrate-specific cellular volume
as determined for the analysis of the Hxk2 concentration. Mean and SD of two (mannose, galactose) and three (pyruvate)
biological replicates, respectively, are shown. (C) Potential simultaneous synthesis and breakdown of storage
carbohydrates glycogen and/or trehalose (grey arrows) during growth on non-glucose substrates could cause the presence
of intracellular glucose. The generated glucose can then be phosphorylated by Hxk2 creating a flux through Hxk2 even on
the substrates galactose and pyruvate. cdw = cell dry weight, G6P = glucose-6-phosphate, gal = galactose, F6P =
fructose-6-phosphate, mann = mannose, pyr = pyruvate.

Based on the determined flux through Hxk2 during growth on galactose (9% of the
galactose uptake rate) we estimated the flux through Hxk2 during growth on mannose
and pyruvate as specified in the Methods section. Generally, for pyruvate the eventual
flux though Hxk2 (estimated to be around 0.25 mmol g(cdw)-1 h-1) and the (negative)
glycolytic flux (-0.28 mmol g(cdw)-1 h-1) are very low and thus compared to the fluxes
accomplished by the other substrates practically almost zero. On mannose, the estimated
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flux through Hxk2 (around 10 mmol g(cdw-)-1 h-1) is clearly higher than the glycolytic
flux (8.82 ± 1.15 mmol g(cdw)-1 h-1). The largest difference between the glycolytic flux
(2.86 ±0.3 mmol g(cdw)-1 h-1) and the Hxk2 flux (0.29 ± 0.03 mmol g(cdw)-1 h-1),
however, is present for galactose and therefore this condition will be the most
informative towards identifying the right correlating flux.
Quantification of the Hxk2 modifications during growth on non-glucose substrates
Towards testing whether Hxk2 localization, dimerization and phosphorylation correlate
with the flux through glycolysis or the flux through Hxk2, we measured the N/C ratio of
Hxk2 tagged to GFP by microscopy, the degree of Hxk2 dimerization by Western
Blotting, and serine 14 phosphorylation of Hxk2 by targeted mass spectrometry as it
was performed in CHAPTER 2 for the flux mutants on glucose.
Previously, when analyzing the flux mutants on glucose, we found that the Hxk2
localization (N/C ratio), dimerization and phosphorylation correlated with the glycolytic
flux. Furthermore, on the basis of our earlier generated data we had hypothesized that
Hxk2 phosphorylation (e.g. by Tda1) would result in a shift from dimers to monomers,
which in turn would cause higher N/C ratios (cf. CHAPTER 2).
Here, looking only at the different substrates, however, we found that the dimerization
still correlates significantly with the glycolytic flux but since the degree of dimerization
is generally higher on the non-glucose substrates than in the flux mutants the
dimerization is not exclusively determined by the glycolytic flux (R=0.51, p-value=0.16
(flux mutants and substrates), R=0.90, p=0.04 (flux mutants only), R=0.99, p=0.01
(substrates only); Fig. 2C; all correlations in this study were determined with the
corrcoef function in Matlab using only the mean values without considering the
standard deviations). In contrast, the degree of phosphorylation does not correlate with
the glycolytic flux but shows a completely inverse behavior than in the flux mutants
(R=0.13, p-value=0.73 (flux mutants and substrates), R=-0.92, p-value=0.03 (flux
mutants only), R=0.94, p-value=0.23 (substrates only); Fig. 2E). The correlation
coefficients of the dimerization and phosphorylation with the Hxk2 flux were basically
identical. Thus, the dimerization and the phosphorylation are neither dependent on the
glycolytic flux nor on the flux through the Hxk2, but have likely some substratedependency. Only the N/C ratio may correlate with the glycolytic flux or the Hxk2 flux
(Pearson correlation coefficient for flux mutants and substrates together R=-0.88, pvalue=0.002 (glycolytic flux) and R=-0.79, p-value=0.01 (Hxk2 flux)) although
visually, the N/C ratios on pyruvate and mannose clearly do not fall into the correlations
determined in the flux mutants (Fig. 2A, B).
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Figure 2: The Hxk2 localization, dimerization and phosphorylation as a function of the glycolytic flux or the estimated
flux through Hxk2. (A, B) The nuclear-to-cytosolic ratio of Hxk2 was determined with widefield microscopy using a strain
with Hxk2-GFP and Hta2 tagged to mRFP1 for facilitated nuclear localization. Mean and SD of at least three independent
experiments (>475 cells measured in total) are shown. (C, D) The degree of Hxk2 dimerization was determined by native
polyacrylamide gel electrophoresis followed by Western Blotting. For calculation of the dimer fraction the density of the
dimer band was divided by the sum of densities of the dimer and monomer bands. Mean and SD of at least three
independent experiments are shown. (E, F) The degree of serine 14 phosphorylation of Hxk2 was determined by mass
spectrometry. For calculation of the phosphorylated fraction, the mean of the phosphorylated peptide levels was divided by
the sum of the mean phosphorylated and non-phosphorylated peptide levels. Mean and SD of two independent experiments
are shown. The flux from fructose-6-phosphate to triose-3-phosphate on the x axis of the upper three panels (A, B, C) used
as a measure for the glycolytic flux was determined by using the split ratio between glycolysis and the pentose phosphate
pathway together with the substrate uptake rates and considering the fluxes into biomass. Mean values and SD were
determined from at least two independent flux experiments. The flux through Hxk2 was estimated using the results from
instationary flux analysis during growth on galactose and the substrate uptake rates (cf. Methods). mann = mannose, gal =
galactose, pyr = pyruvate, ∆hxk1 mann = strain lacking the hxk1 gene grown on mannose. The data points of the flux
mutants and substrates are given in black and red, respectively. The grey line indicates the regression line through the data
of the flux mutants. cdw = cell dry weight, D= density if the dimer band, GFP = green fluorescent protein, M = density of
the monomer band, mRFP1= monomeric red fluorescent protein 1, N/C = nuclear-to-cytosolic, P=level of phosphorylated
serine 14 of Hxk2, UP= level of unphosphorylated serine 14 of Hxk2

While we did not find large differences in the correlations of the Hxk2 modifications
with either the flux through glycolysis or the flux through Hxk2, it has to be noted that
the flux through Hxk2 on mannose and pyruvate is only an estimation based on results
obtained on galactose. Thus the correlations between the Hxk2 modifications and the
62

Chapter 3

Hxk2 flux (at least on mannose and pyruvate) may not reflect the real situation in the
cell.
Previously, when we studied the flux mutants on glucose, we had hypothesized that the
kinase Tda1 controls the degree of Hxk2 dimerization via phosphorylation of serine 14,
which in turn could affect the N/C ratio of Hxk2 (cf. CHAPTER 2). Thus, the substratedependency of Hxk2 dimerization and phosphorylation (and possibly also of the N/C
ratio) could eventually act via the kinase Tda1. By acting only on Tda1, the substratespecific signals would only disturb the correlation of the different Hxk2 modifications
and the glycolytic flux but not the correlations between the modifications. However,
while in the flux mutants the phosphorylation and dimerization correlate both with the
N/C ratio (and R=0.82, p-value=0.09 and R=-0.76, p-value=0.13 respectively) and with
each other (R=-0.93, p-value=0.02), these interrelationships are all disturbed during
growth on mannose, galactose and pyruvate (Pearson correlation coefficient for flux
mutants and substrates together R= -0.19, p-value = 0.62 (phosphorylation and N/C
ratio); R= -0.19, p-value = 0.62 (dimerization and N/C ratio); R=0.23; p-value=0.06
(phosphorylation and dimerization; Fig. 3). Thus, the substrate-specific signals
generated during growth on non-glucose substrates seem to disturb the relationship
between the different Hxk2 modifications not (only) by acting on Tda1, but (also) on all
Hxk2 modifications.

Figure 3: The interrelationship between the different Hxk2 modifications. (A) The degree of Hxk2 phosphorylation as a
function of the N/C ratio of Hxk2. (B) The degree of Hxk2 dimerization as a function of the N/C ratio of Hxk2 (C) The
degree of phosphorylation as a function of the degree of Hxk2 dimerization. Data used are the same as in Fig.2. mann =
mannose, gal = galactose, pyr = pyruvate, ∆hxk1 mann = strain lacking the hxk1 gene grown on mannose. The data points
of the flux mutants and substrates are given in black and red, respectively. The grey line indicates the regression line
through the data of the flux mutants. D= density if the dimer band, GFP = green fluorescent protein, M = density of the
monomer band, N/C = nuclear-to-cytosolic, P=level of phosphorylated serine 14 of Hxk2, UP= level of unphosphorylated
serine 14 of Hxk2
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Quantification of glucose repression and fermentation during growth on non-glucose
substrates
Although the flux does not seem to exclusively influence the different Hxk2
modifications during growth on substrates other than glucose, a certain Hxk2
modification could still be a “regulator” of glucose repression or the level of
fermentation by integrating flux-dependent and substrate-specific signals and
transmitting this integrated signal to the downstream regulatory machinery. Therefore,
we quantified the level of glucose repression and tested, if their levels correlate with
either the glycolytic flux or the Hxk2 flux or with any of the Hxk2 modifications.
Using the ethanol secretion rate as a read-out we found that the level of fermentation
correlates with both, the flux through glycolysis and the flux through Hxk2 (R=0.98, pvalue=0.02 (glycolytic flux); R=0.98, P-value=0.00 (Hxk2 flux) Fig.4 A, B) Next, we
quantified the level of the invertase activity – a frequently used measure for glucose
repression (Herrero, Martinez-Campa et al. 1998; de la Cera, Herrero et al. 2002;
Ahuatzi, Herrero et al. 2004) – which we found in CHAPTER 2 to correlate either with
the flux through glycolysis or with the flux through Hxk2 during growth on glucose.
Figure 4C and D show the levels of the invertase activity during growth on mannose,
galactose and pyruvate and in the flux mutants as a function of the flux through
glycolysis and Hxk2, respectively. Consistent with a previous report which found that
invertase activity is increased during growth on mannose as compared to growth on
glucose and fructose (Dynesen, Smits et al. 1998), we also found that the level of
invertase activity during growth on mannose is higher than it would be expected from
the realized glycolytic flux or from the flux through Hxk2. Overall, the flux (either
through glycolysis or Hxk2) correlates with the invertase activity except during growth
on mannose (Pearson correlation coefficient for flux mutants and substrates R=-0.57, Pvalue=0.11 (glycolytic flux) and R=-0.40, p-value=0.29 (Hxk2 flux); for flux mutants,
galactose and pyruvate: R=0.-0.83, p-value=0.04 (glycolytic flux), R=-0.74, pvalue=0.05 (Hxk2 flux), Fig. 4C, D).
Although it seems that the level of glucose repression does not exclusively depend on
the flux (neither through glycolysis nor through Hxk2) due to the increased invertase
activity on mannose, it could be possible that a certain Hxk2 modification is involved in
transmitting an integrated flux- and substrate-specific signal downstream to finally
determine the level of glucose repression. In fact, when we plotted the N/C ratios
against the ethanol secretion rate or the level of invertase activity in the different flux
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Figure 4: (A) The ethanol secretion rate as a function of the glycolytic flux. (B) The ethanol secretion rate as a function of
the flux through Hxk2. Mean and SD of the ethanol secretion rate were determined in least four independent experiments.
(C) Invertase activity as a function of the glycolytic flux. (D) Invertase activity as a function of the flux through Hxk2. Mean
and SD of at least three independent invertase experiments are shown. The flux from fructose-6-phosphate to triose-3phosphate used as a measure for the glycolytic flux in A and C was determined by using the split ratio between glycolysis
and the pentose phosphate pathway together with the substrate uptake rates and considering the fluxes into biomass. Mean
and SD were determined using data obtained in at least two independent flux experiments. The flux through Hxk2 in B and
D was estimated using the results from instationary flux analysis during growth on galactose and the correspondent
substrate uptake rates. The cells were grown either on mannose (mann), galactose (gal) or pyruvate (pyr). Additionally to
the wildtype strain, a strain lacking the hxk1 gene was grown on mannose (∆hxk1 mann). The data points of the flux
mutants and substrates are given in black and red, respectively. The grey line indicates the regression line through the data
of the flux mutants. cdw = cell dry weight
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decreasing the N/C ratio of Hxk2 by knocking-out the kinase Tda1 was accompanied
with a decreased level of invertase activity. In contrast to the N/C ratio, the degree of
serine 14 phosphorylation and the degree of dimerization, do not show a significant
relationship with the ethanol secretion (R=0.17, p-value=0.66 and R=0.59, pvalue=0.09, respectively) or the invertase activity (R=0.15, p-value=0.69 and R=0.21,
p-value=0.59, respectively).

Figure 5: (A) The ethanol secretion rate (data of Fig. 3 A, B) was plotted against the N/C ratio of Hxk2-GFP (data of Fig.
2 A, B). (B) The invertase activity (data of Fig. 3C, D) was plotted against the N/C ratio of Hxk2 (data from Fig. 2 A, B).
Cells were grown either on mannose (mann), galactose (gal) or pyruvate (pyr). Additionally to the wildtype strain, a strain
lacking the hxk1 gene was grown on mannose (∆hxk1 mann). The data points of the flux mutants and substrates are given
in black and red, respectively. The grey line shows the regression line between all data points (flux mutants and
substrates).

Next, we tested, if the ethanol secretion and glucose repression could be determined by
the glycolytic flux via the N/C ratio also during growth on non-glucose substrates. As it
can be seen in Fig. 6, the glycolytic flux, the N/C ratio and the downstream response
measured as ethanol secretion and invertase activity correlate significantly in the flux
mutants. When adding the data from the additional three substrates, the correlation
coefficients between the glycolytic flux and the N/C ratio and between the N/C ratio
and the invertase activity dropped, but were still significant. In contrast, the correlation
between the glycolytic flux and the invertase activity is low and not significant (cf. Fig.
6, red box). Surprised about this obvious contradiction in the correlations we wondered
about possible reasons.
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First, one of the rather high correlation coefficients between glycolytic flux (I) and N/C
ratio (II) and between N/C ratio (II) and invertase activity (III) could be a false positive,
meaning that there is by chance a high correlation, but that this correlation has no
biological relevance. Alternatively, one could also envision scenarios when there is
correlation between (I) and (II) and between (II) and (III), but not between (I) and (III).
A visual inspection of the data suggests that mannose is an outlier and distorts the
determined correlations. Concretely, as can be seen in Fig. 4C, invertase activity on
mannose is clearly higher during growth on mannose than during conditions with
comparable glycolytic fluxes on glucose. Further, the N/C ratio during growth on
mannose is also higher than at comparable fluxes (Fig. 2A). Therefore, we analyzed the
data without the mannose data and found the correlations to clearly improve (cf. Fig. 6).
Thus, it seems that during growth on substrates others than mannose, the glycolytic flux
determines the N/C ratio which in turn determines the invertase activity. On mannose,
however, these correlations are disturbed possibly due to mannose-specific signals.
In contrast to invertase activity, we found an excellent correlation between the
glycolytic flux and the ethanol secretion during growth on all substrates (including
mannose). Because visually the N/C ratio on mannose does not correlate with the
glycolytic flux (but ethanol secretion correlates well with the glycolytic flux) we
suggest that ethanol secretion is not determined by the N/C ratio of Hxk2, but rather
directly by the glycolytic flux.

Figure 6: The correlations between the glycolytic flux, the N/C ratio of Hxk2 and the downstream regulation. The
numbers indicate the Pearson correlation coefficient R (upper number) and the p-value (lower number) for the strains with
different glucose uptake rates (“flux mutants”) and for the flux mutants and the measurements during growth on the
substrates mannose, galactose and pyruvate together (“all”). Red and green arrows indicate negative and positive
correlations, respectively. The grey numbers indicate the values for the correlation analysis without the mannose
conditions (flux mutants, galactose, and pyruvate).
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CONCLUSIONS
In this study, we analyzed the relationship between the flux (either through glycolysis or
Hxk2) and the Hxk2 localization, dimerization and serine 14 phosphorylation.
Furthermore, we also investigated the relationship between these fluxes, the Hxk2
modifications and the downstream response in terms of glucose repression and the level
of fermentation. We found that during growth on non-glucose substrates, the Hxk2
modifications are most likely also determined by substrate-specific signals and not
exclusively by the flux either through glycolysis or Hxk2. Moreover, invertase activity
during growth on substrates other than mannose is dependent on the glycolytic flux or
the flux through Hxk2. Our data indicate that this flux signal may be converted into the
N/C ratio of Hxk2 which might determine the level of glucose repression. Furthermore,
ethanol secretion is clearly a function of the flux through glycolysis or Hxk2 during
growth in glucose and non-glucose substrates and not affected by substrate-specific
signals.
The relevance of Hxk2 localization for glucose repression, which we found in this
study, is also supported by several reports stating that the nuclear localization of Hxk2
is necessary to repress invertase (Herrero, Martinez-Campa et al. 1998; de la Cera,
Herrero et al. 2002; Ahuatzi, Herrero et al. 2004). These studies, however, were not
quantitative and did not show, for instance, a correlation between the abundance of
Hxk2 in the nucleus and the level of glucose repression. In our study, we always found
Hxk2 in the nucleus no matter if the cells were glucose-repressed or -derepressed.
Therefore, it is not the mere presence or absence of Hxk2 in the nucleus which
determines the level of glucose repression. While it seems logical that the actual
concentration of a specific Hxk2 form could be decisive, i.e. the concentration of a form
would determine the occupancy of the respective regulatory DNA elements or of
another transcriptional regulator, our results suggest that a concentration ratio between
the nuclear and cytoplasmic Hxk2 is pivotal for the regulation of glucose repression.
However, it remains unclear how this ratio is translated into a regulatory action in the
nucleus.
We showed in CHAPTER 2, that the activity of Tda1 may determine the degree of
dimerization via serine 14 phosphorylation thereby indirectly influencing the N/C ratio
of Hxk2. It was previously shown that Snf1 binds Hxk2 and mediates serine 14
phosphorylation and that expression of Reg1-Glc7 is necessary for serine 14
dephosphorylation (Fernandez-Garcia, Pelaez et al. 2012). Therefore, Tda1 may not act
directly on Hxk2 but via the regulation of Snf1 and/or Reg1-Glc7 activity. While Tda1,
which could act upstream of Snf1 and Reg1-Glc7, may even be the sensor of the
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glycolytic flux in the Snf1-Mig1 glucose signalling pathway, its effects on the Hxk2
modifications are clearly disturbed by substrate-specific signals since the correlations
between the different Hxk2 modifications with each other or with the flux (either
through glycolysis or Hxk2) are abolished (Fig. 2, Fig. 3). The possible interrelationship
between Tda1 activity, the Hxk2 modifications and the downstream response are
depicted in Fig. 7 together with the different input signals.

Figure 7: Schematic illustration how Tda1 activity and substrate-specific signals could influence the relationship between
the glycolytic flux, the modifications of Hxk2 and the downstream response.

How could the flux-dependent and substrate-specific signals act on the Hxk2
modifications and thereby determine glucose repression? Possibly, the levels of certain
metabolites integrate the flux-derived and substrate-specific signals and act on
regulators of the Hxk2 modifications. For example, the transport proteins Kap60 and
XpoI, previously reported to be responsible for the transport of Hxk2 in and out of the
nucleus (Pelaez, Herrero et al. 2009; Fernandez-Garcia, Pelaez et al. 2012; Pelaez,
Fernandez-Garcia et al. 2012) or the kinases Tda1 and Snf1, which act on Hxk2, could
be regulated by binding of such metabolites. Further, binding of certain metabolites to
Hxk2 could eventually result in conformational changes which in turn could prevent the
dimerization of unphosphorylated Hxk2 monomers thereby also indirectly affecting
Hxk2 localization. Indirect substrate-specific signals on the dimerization could also be
the Hxk2 concentration or the intracellular concentrations of glucose and glucose-6phosphate. Specifically, it was found in vitro that the dimer/monomer ratio can be
influenced by these parameters (Golbik, Naumann et al. 2001). Indeed, the
concentration of glucose-6-phosphate is lower on the alternative substrates compared to
glucose (cf. Supplementary Information II of CHAPTER 5). Furthermore along these
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lines, one could also envision that the binding of mannose to Hxk2 leads to
conformational changes other than on glucose which could have different effects on
dimerization. Interestingly, it has indeed been found that mannose has a significantly
higher binding affinity to Hxk2 than glucose (Blume, Fitzen et al. 2009) with reported
Km values of 0.1 mM for mannose and 0.19 mM for glucose (Lobo and Maitra 1977).
Overall, while we showed that substrate-specific signals interfere with the network of
flux-dependent Hxk2 modifications, it is completely unknown how this is done.
However, we feel that by showing, that the N/C ratio integrates flux-dependent and
substrate-specific signals and determines glucose repression, our study has brought
forward the research on the role of Hxk2 in glucose repression, which guides research
towards new directions.

MATERIAL AND METHODS
Yeast strains
The CEN.PK KOY.PK2-1C83 strain (Elbing, Larsson et al. 2004) was used in this
study. The following reporter variant mutants were created in this background: WT
Hta2-mRFP1 Hxk2-GFP (hta2::hta2-mRFP1-natMX hxk2::hxk2-GFP-kanMX4), WT
Hxk1(K21R) (hxk1::hxk1(K21R)-natMX), WT ∆hxk1 (hxk1::hxk2::kanMX4) and WT
Hta2-mRFP1 Hxk2-GFP ∆hxk1 (hta2::hta2-mRFP1-natMX hxk2::hxk2-GFP-ble
hxk1::hxk1::kanMX4). For determination of the ethanol secretion rate we additionally
used the KOY.Hxt1P, KOY.Hxt7P, KOY.TM2P and KOY.TM6P* (called flux
mutants) (Elbing, Larsson et al. 2004). A list of all strains used in this study can be
found in the Supplementary Information IV.
Medium and cultivation
Cells were grown in minimal defined medium (Verduyn, Postma et al. 1992) with 10
mM phthalate buffer to maintain the pH at a value of 5. For each experiment, cells were
taken from a fresh YPD plate (i.e. not older than a week) and grown for 8-10 h in 5 mL
pre-cultures containing 2% glucose. Then, 500 ml Erlenmeyer shake flasks with 50 mL
medium (unless indicated otherwise) with 1% glucose, mannose, galactose or pyruvate
were inoculated with start ODs always below 0.06. Cultivation was performed at 30°C
with shaking at 300 rpm at shaking amplitude of 50 mm. At an OD600 of 1-1.1, cells
were harvested for analysis except for Western Blot analysis for which the cells were
harvested approx. 16-20hr after inoculation while ensuring that cells were still growing
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exponentially on glucose, galactose, mannose and pyruvate, respectively. For
conversion of OD600 to cell dry weight in all experiments the OD values were multiplied
with a conversion factor of 0.52 was used which was previously determined in our lab
for a CEN.PK-derived strain grown on glucose.
Construction of yeast mutants
All mutants were obtained by constructing a PCR fragment with the adaptamermediated PCR method/overlap extension method (Pogulis, Vallejo et al. 1996). The
generated PCR fragments were transformed into the yeast strains by the LiAc/SS carrier
DNA/PEG method (Gietz and Schiestl 2007) for genomic integration.
The generation of the WT Hta2-mRFP1 Hxk2-GFP strain and WT Hxk1(K21R) is
described in CHAPTER 2 of this thesis. For generating the strain WT Hta2-mRFP1
Hxk2-GFP ∆hxk1 the kanMX4 gene already present in the parental strain WT Hta2mRFP1 Hxk2-GFP had to be removed. This was done by amplifying the ble-gene from
the plasmid pSH65 (from Euroscarf) by PCR. The resulting fragment was transformed
into WT Hta2-mRFP1 Hxk2-GFP and clones having replaced the kanMX4 gene by the
ble gene were identified by replica plating. In the obtained strain WT Hta2-mRFP1
Hxk2-GFP “no kanMX4” strain (HTA2-mRFP1-natMX HXK2-GFP-ble) and in the WT
strain a knock-out of the hxk1 gene was generated. For this, the DNA of the YSBN6
∆hxk1 strain used in CHAPTER 2 of this thesis was taken as a PCR-template to obtain
the kanMX4 gene flanked by approximately 500bp of the upstream and downstream
regions of the hxk1 gene. This fragment was transformed into the WT Hta2-mRFP1
Hxk2-GFP “no kanMX4” strain giving the WT Hta2-mRFP1 Hxk2-GFP ∆hxk1 strain
and into the WT strain giving the WT ∆hxk1 strain. The correct integration of the PCR
fragment was confirmed by PCR.
Determination of extracellular physiology
The samples to generate physiological data were taken from the same cultures that were
also used for 13C flux analysis. The OD was measured at 600 nm (Pharmacia Novaspec
II) for growth rate determination. For the determination of the substrate uptake rate and
the secretion rates of the main by-products (ethanol, glycerol, pyruvate, acetate,
succinate) an aliquot of at least 100 µL of the cell culture was spun down at 16.100 g
and the supernatant analyzed by HPLC-DAD-RI (HP1100, Agilent Technologies)
equipped with a polymer column (Aminex HPX-87, BioRad). The eluent was 5 mM
H2SO4 and the column heated to 60°C. The elution rate was 0.6 mL/min. The
compounds were detected and quantified with a refractive index (RI) detector and an
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UV/Vis-detector (DAD). For quantification, calibration curves with external standards
were used. Growth rates, glucose uptake rate and the secretion rate for the by-products
were determined by linear regression using Microsoft Excel. Data were obtained from at
least four replicates.
13

C metabolic flux analysis

Cells were grown in the main culture in 25 mL minimal medium containing either 20%
uniformly-labelled or 100% C1-labelled galactose (Sigma Aldrich, 13C enrichment ≥
99%) and mannose (Omicron Biochemicals, 13C enrichment ≥ 99%). The cells were
harvested, centrifuged for 3 min at 4°C and 3750 g, and frozen at -40°C. Further sample
preparation and GC-MS analysis were performed according to Zamboni et al.
(Zamboni, Fendt et al. 2009). For calculation of the glycolytic flux, the split ratio
between glycolysis and the PP pathway was used together with the substrate uptake
rates and the fluxes into biomass. Error propagation was considered for the calculation
of mean flux ratios of at least two replicates. The glycolytic flux during growth on
pyruvate was determined using the pyruvate uptake rate and fluxes into biomass.Fluxes
into biomass were determined using the software FiatFlux (Zamboni, Fischer et al.
2005).
Analysis of Hxk2 localization
For the determination of the Hxk2 localization, we used strains with Hxk2 tagged to
GFP and the histone protein Hta2 tagged with mRFP1 in order to localize the nucleus.
Microscopic analyses were done with a Nikon Ti‐E microscope with a Hamamatsu
ORCA C4742‐95‐12ER camera. Cells were imaged using the 100x objective (CFI
Planapochromat 100x VC Oil) with DIC settings. GFP fluorescence was measured with
LED of 465nm together with excitation and emission filters for 470/20 nm and 525/50
nm, respectively. To determine RFP fluorescence LED of 565nm was used together
with emission and excitation filters for 572/35nm and 632/60 nm, respectively.10µl
sample from the culture was placed onto a glass cover slide and covered with a 2% agar
pad (approx. 5mm thick). Prior to use, the agar pads were incubated in growth medium
for >12h. Cells were imaged as rapidly as possible in order to keep them in steady-state.
The obtained multichannel images were analyzed with an automated Matlab script using
CellProfiler (Lamprecht, Sabatini et al. 2007), which used the GFP fluorescence
channel for cell segmentation The N/C ratio was calculated with the mean GFP intensity
of the nucleus and of the mean GFP intensity of the 20% brightest pixels (to avoid the
vacuole) of the cytoplasm after the background signal (i.e. an image area without any
cells) was subtracted from the GFP intensities. The mean autofluorescence of cells in
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the GFP channel in all strains was below 10% of the GFP signal after subtracting the
background fluorescence. Thus, the GFP signal of the cells was not corrected for
autofluorescence since its impact on the N/C ratios was considered negligible.
Analysis of the Hxk2 concentration
To determine the condition-specific cellular Hxk2 concentration, we performed a flow
cytometric analysis with an Accuri C6 flow cytometer using the FL1 533 / 30 nm filter
for GFP detection. In order correct for the autofluorescence in the GFP channel we grew
non-tagged cells of the strain together with the corresponding strain expressing Hxk2GFP and Hta2-mRFP1 in the same shake flask. In the analysis, the autofluorescence of
the non-tagged cells was subtracted from the GFP intensity.
To translate the measured GFP intensity to intracellular Hxk2 concentrations, we
determined the cell volumes in the following manner: From the segmented cell area
obtained in the microscopic analysis of Hxk2 localization we calculated the cell radius
(assuming a circular cell) and from the determined radius calculated the cell volume
(assuming a spherical cell). The cell volume was multiplied with the measured GFP
intensity (as a measure for Hxk2 concentration). The obtained value for the WT grown
on glucose (cf. CHAPTER 2) was scaled with the total Hxk2 copy number obtained
from the literature (Ghaemmaghami, Huh et al. 2003) to calculate then the Hxk2 copy
number in each strain. The Hxk2 copy number was used with the cell volume to
calculate the Hxk2 concentration in each strain.
SRM-based mass-spectrometric analysis of Hxk2 phosphorylation
50 mL of the yeast culture (cells carrying the Hxk1 K21R mutation) were rapidly given
into 200 mL methanol pre-cooled to -80°C. The cells were then spun down at 3750 g at
-9°C for 4 min. The supernatant was removed, the cell pellet frozen in liquid nitrogen
and stored at -80°C until further processing.
Cell pellets were resuspended in 1.85M sodium hydroxide containing 7.4 % βmercapto-ethanol (100 µL per 1x108 cells) and incubated for 10 minutes on ice. An
equal volume of trichloric acid was added and after 10 minutes incubation on ice, the
precipitated proteins were collected by centrifugation (20.000g, 10 minutes at 4 ˚C).
The pellet was washed with two volumes cold acetone (30 minutes at -20 ˚C and
subsequent collection by centrifugation).
For digestion and clean-up the extracted proteins were resuspended in 8M urea
containing 100 mM ammonium bicarbonate at a concentration of 0.5108 cells per 100
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µL. The total protein concentration of the extracted proteins was determined with Micro
BCA Protein Assay Kit (Thermo Scientific Pierce). The proteins were reduced with 12
mM dithiothreitol (30 min at 35 ˚C) and alkylated with 40 mM iodoacetamide (45 min
at 20 ˚C, in the dark). Samples were diluted with 100 mM ammonium bicarbonate to a
final concentration of 1.5M urea prior to overnight digestion with trypsin (1:100,
sequencing grade modified trypsin V5111, Promega) at 37 ˚C. The synthetic peptides
(see Supplementary Information V) were added to the digested yeast sample (33 fmol of
each peptide per microgram total protein). Since methionines in the peptides showed
variable levels of oxidation, 1% H2O2 then was added at a final concentration of 1%
vv to shift all methionines to the fully- oxidized form (Pesavento, Garcia et al.
2007).For clean-up samples were diluted 1:1 in 5% NH4OH. The cleanup was done on a
mixed-anion exchange column (Waters) which was conditioned with 1 mL methanol
and re-equilibrated with 1 mL milliQ H2O before addition of the samples. Subsequently,
the bound material was washed with 3x0.5 mL NH4OH and 2x0.5 mL methanol and the
peptides of interest were eluted with 2x0.5 mL 10% formic acid in methanol. The eluted
fractions were dried under vacuum and resuspended in 0.1% 10% formic acid to a final
concentration of 0.5-1 µg/µL total protein. The synthetic peptides (Aqua peptides,
Thermo Scientific) labeled with heavy (13C15N) C-terminal lysines used for
quantification are summarized in Supplementary Information VII. The GSMADVPK
and KGSMADVPK-peptides are not unique for Hxk2, since they are also found in
Hxk1. Therefore, the strains used in this study carried a mutation in the hxk1 gene
(K21R) which made the two Hxk1-derived peptides distinguishable from the Hxk2derived peptides. All peptides were screened with the transitions listed in the
Supplementary Information V. The transitions were chosen such that the position of the
phosphorylation could be confirmed with the combination of transitions. Both the nonoxidized and oxidized methionine form of the peptides was measured to confirm that all
peptides were completely oxidized.
Selected reaction monitoring (SRM) analyses were performed on a triple quadrupole
mass spectrometer with a nano-electrospray ion source (TSQ Vantage, Thermo
Scientific). Chromatographic separation of the peptides was performed by liquid
chromatography on a nano-UHPLC system (Ultimate UHPLC focused, Dionex) using a
nano column (Acclaim PepMap100 C18, 75 µmx150mm 3µm, 100 Å). Samples were
injected at a concentration of 1 µg using the µL-pickup system using 0.1% v/v formic
acid as a transport liquid from a cooled autosampler (5 ˚C) and loaded onto a trap
column (µPrecolumn cartridge, Acclaim PepMap100 C18, 5 µm, 100 Å, 300 µm id, 5
mm Dionex). Peptides were separated on the nano-LC column using a linear gradient
from 3-45 % vv ACN plus 0.1% vv FA in 30 minutes at a flowrate of 300 nL/min. The
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mass spectrometer was operated in the positive mode at a spray voltage of 1500V, a
capillary temperature of 270 ˚C, a half maximum peak width of 0.7 for Q1 and Q3, a
collision gas pressure of 1.2 mTorr and a cycle time of 1.2ms. The measurements were
scheduled in windows of 6 minutes around the pre-determined retention time.
For data analysis the MS traces were manually curated using the Skyline software
(MacLean, Tomazela et al. 2010). Transitions with shoulders or changed relative
intensities of the transitions were removed. The sum of all transition peak areas for the
endogenous and standard (13C15N lysine-labeled) peptides was used to calculate the ratio
between the endogenous and standard peptides. The level of the phosphorylated
peptide(s) was divided by the sum of the phosphorylated and non-phosphorylated
peptide levels to calculate the degree of phosphorylation in each of the samples. The
non-oxidized S14-peptides and the GSMADVPKELMQQIENFEK-peptides were not
considered in these calculations as they were not observed in the endogenous samples.
Analysis of multimerization through native polyacrylamide gel electrophoresis
(PAGE) and Western Blotting
Here, cells were harvested during exponential growth on glucose after at least 15 hrs
and centrifuged for 3 min at 4°C and 3750 g. The pellet was washed once with lysis
buffer (50 mM imidazole/HCl, pH 7.0, 50 mM NaCl, 5 mM ε-aminocaproic acid, 1 mM
4-(2-aminoethyl)-benzenesulfonyl fluoride (AEBSF), 1× proteinase inhibitor cocktail
(EDTA-free; Roche), phosphatase inhibitor cocktails 2 + 3 (1:100; Sigma–Aldrich)).
The cells were resuspended in 0.15 mL lysis buffer and transferred into a
microcentrifuge tube with 0.33 g acid-washed glass beads of 0.212-0.300 mm (SigmaAldrich). Crude cell extracts were prepared at 0°C by shaking eight times for 5 min with
a vortex mixer (VWR) at 2500 min-1. Between each shaking cycle, cells were cooled on
ice for 1 min. The cell extract was centrifuged with 16.100 g for 20 min at 4°C and the
protein concentration in the supernatant determined by BCA protein assay (Thermo
Scientific Pierce). The proteins (100 µg) were separated by native PAGE using a precast
4-15% Criterion TGX gel (BioRad) in Tris-Glycine buffer (25 mM Tris, 192 mM
glycine) and transferred onto an Immuno-Blot PVDF Membrane (Biorad). Hxk2 was
detected with polyclonal anti-Hxk2 (custom-made by Thermo Scientific) and HRPconjugated anti-rabbit IgG antibodies. Band quantification was performed with the gel
analysis plug-in of ImageJ and the ratio of dimers to monomers calculated considering
the background correction as specified in the documentation of the plug-in.
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Determination of intracellular glucose concentration
For rapid quenching of metabolism a 1ml-aliquot of the cell culture was rapidly
transferred into 60% methanol containing 13mM ammonium acetate (pH 7.5) and
cooled to -40°C. Cells were pelleted by a 3min centrifugation at 4500g at -9°C. The
supernatant was removed and the pellets stored at -80°C. The extraction was conducted
at 80°C in 75% ethanol containing 10mM ammonium acetate (pH 7.5). The extracts
were dried using a vacuum centrifuge (Christ-RVC 2–33 CD plus, Kuehner AG,
Birsfelden, Switzerland). The dried extract was resuspended in 10ul ddH2O. The
glucose in the pyruvate samples was determined using the D-glucose assay in the
GOPOD format (Megazyme) after resuspending three aliquots (technical replicates)
which were quenched from the same culture in 21ul ddH2O to obtain enough volume.
The glucose in the pyruvate samples was determined using the D-glucose assay in the
GOPOD format (Megazyme). For the analysis of the galactose and mannose samples,
four aliquots (technical replicates) quenched from the same cell culture were pooled to
have enough volume for the measurements. Since the glucose oxidase in the D-glucose
assay in the GOPOD format also uses mannose and galactose as a substrate, the DEnzytec D-glucose kit (R-Biopharm),which also detects glucose-6-phosphate, was used
for glucose determination in the mannose and galactose samples,. Cross-reactivity of the
kit with fructose, mannose, galactose, glucose-1-phosphate, fructose-1-phophate and
glucosamine was excluded in a test experiment. Therefore it is unlikely that intracellular
metabolites derived from those tested sugars influence our results. To consider the
glucose-6-phosphate present in the cell extracts, we determined the intracellular
glucose-6-phosphate with the High-Sensitivity Glucose-6-Phopshate Assay Kit
(Abcam). To obtain the intracellular glucose concentration per cell, we used the mean
concentration of the glucose and glucose-6-phosphate concentration (as determined with
the D-Enzytec D-glucose kit) and subtracted the mean glucose-6-phosphate
concentration (as determined with High-Sensitivity Glucose-6-Phopshate Assay Kit).
With the obtained mean glucose concentration the cellular glucose concentration was
calculated assuming a cell number of 3x107cells/OD and the substrate-specific cellular
volume as determined for the analysis of the Hxk2 abundance. Error propagation was
considered.
Estimation of the flux through Hxk2 through instationary metabolic flux analysis
For cell cultivation the pre-culture was grown as described in the “Medium and
cultivation” paragraph and taken to inoculate 100 ml of minimal defined medium with
10g/L galactose. The culture was inoculated with a start OD of 0.08 and divided into
two 50ml main cultures (one for metabolite concentration measurements and one for the
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isotopomer measurements). The cultures were then grown for 22 h until an OD of 1.6
was reached. For the isotopomer measurement samples at time point 0 (T=0) 0.375g
uniformly-labelled 13C galactose (resuspended in 3ml of sterile ddH2O) was added to
the culture obtaining approx. a 1:1 ratio of labeled and non-labelled galactose. The same
amount of non-labelled galactose was added to the sample for the metabolite
measurement samples. Samples for determination of the metabolite concentration
measurements were taken every hour starting directly after adding the galactose for 4
hours (=5 samples). Samples for the isotopomer measurements were taken directly
before and directly after adding the labeled galactose. Further samples were taken after
5min, 12 min, 20 min, 40 min, 60 min, 90 min, 120 min, 180 min, 210 min and 240 min
after adding the labeled galactose. For both cultures cellular physiology (growth rate,
galactose uptake and by-product secretion rates) was determined. Using HPLC the
glucose peak cannot be distinguished from the galactose peak. Therefore, to determine
the glucose secretion rate the glucose concentration in the supernatant was measured
using the D-Enzytec D-glucose kit.
Samples for metabolite concentration measurements were taken before addition of the
labelled substrate. 3 mL of broth were withdrawn and quenched in 12ml cold methanol
(-40° C). To remove the extracellular space, the samples were centrifuged (-9°C, 3750
g, 4min) and washed twice with 5ml pre-cooled methanol. After washing an internal
standard produced from cell extract (S. cerevisiae) grown on fully 13C labelled medium
was added to the cell pellet to improve the measurement accuracy (Mashego, Wu et al.
2004; Wu, Mashego et al. 2005). Isotopomer measurement samples were performed
accordingly, except no internal 13C standard was added. Cells pellets were frozen in
liquid nitrogen and stored at -80°C until further extraction.
For metabolite extraction the boiling ethanol method as described in Canelas et al.
(Cipollina, ten Pierick et al. 2009) was applied. Briefly, 3ml 75% boiling ethanol (95°C)
was added to the cell pellets, the samples were immediately vortexed and incubated for
3min at 95°C and cooled back to -40°C. Samples were stored at -80C until further
processing. To remove the liquid, a RapidVap was used and the pellet was resuspended
in 500 uL MiliQ water. Remaining cell debris was removed by centrifugation (15,000 g
for 5min at 1°C)). The supernatant was transferred to a 0.2μm Durapore PVDF
centrifuge filter, centrifuged (15,000 g, for 5min at 1°C) and the filtrate used for further
analysis. Mass isotopomer samples were analyzed by LC/MS (van Winden, van Dam et
al. 2005) and GC/MS (Cipollina, ten Pierick et al. 2009). For the analysis with GC-MS,
100 uL of sample are freeze-dried and then derivatized with 50 uL pyridine (HPLC
grade 99.9%, Sigma-Aldrich, Buchs, Switzerland) containing 20 g/L O-Methoxyamine77
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hydrochloride (MOX, purum, Sigma-Aldrich, Buchs, Switzerland) for 50 min at 70˚C.
Then 80 uL of N-methyl-N-trimethylsilyltrifuoroacteamide (MSTFA, Thermo
scientific, Bellafonte, PA, USA) are added and incubated at 70˚C for another 50 min.
Details of the injection and oven program can be found in (Cipollina, ten Pierick et al.
2009). The measured peak area data was then processed using the mass correction tool
(Wahl, Dauner et al. 2004) to correct for the influence of derivatization agents and noncarbon atoms. Intracellular metabolite concentrations were calculated based on the
IDMS method of Mashego et al. (Mashego, Wu et al. 2004) and Wu et al. (Wu,
Mashego et al. 2005).
For the instationary 13C flux analysis intracellular metabolic fluxes were determined
from the transient labelling enrichments and metabolite measurements using 13C
instationary modelling (Nöh and Wiechert 2006). Briefly, each possible labelling state
of metabolites is balanced based on the stoichiometric and atom transition network (see
Supplementary Information III). Using MatLab (R2012b, The Mathworks) the atom
transition network was translated into an isotopomer balance model in gPROMS (3.7,
PSE, UK) for simulation. Integration of these balances results in simulated isotopomer
transients which are the basis to calculate mass isotopomer measurements at the
measured time points (see Supplementary Information I). Using an iterative parameter
optimization (SRQPD, an adapted sequential quadratic programming method
implemented in gPROMS) the fluxes can be estimated from the measurements (see
Supplementary Information II). According to the obtained results the flux through Hxk2
was estimated to be approx. 9% of the galactose uptake rate during growth on galactose.
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Supplementary Information I

Supplementary Figure 1: Dynamics of mass isotopomer distribution of metabolites in S. cerevisiae after switching to
13
C-labeled galactose. Experimental data points are represented as circles. The lines reflect the simulation using the best
flux estimation (Figure Supplementary Information III) from the 13C isotopomer model described in the Supplementary
Information III

79

Chapter 3

Supplementary Information II

Supplementary Figure 2: Metabolic flux distribution based on 13C flux analysis. The flux values are given in μmol
g(cdw) -1h-1. The upper value represents the net flux (in direction of the arrow), the lower value (on dark grey background)
reflects the backward flux (absolute). cdw = cell dry weight
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Supplementary Information III: Atom transition network used for non-stationary
metabolic flux analysis
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#abcdef
Glyco
#abcdef

>
>

+
+
+
+

Ery4P
#abcd
Rib5P
#abcde
Sed7P
#abcdefg

<>
#abcde
<>
#abcde
<>
<>
<>
>
>
>
>
>
>
>
>

sink
#abc
PG6
#abcdef
Xyl5P
Rib5P
GA3P
#CDE
Sed7P
#Ababcde
Ery4P
#defg
CO2
#a
CO2_ec
#a
Fru6P_bm
#ABCDEF
Ery4P_bm
#ABCD
Rib5P_bm
#ABCDE
GA3P_bm
#ABCD
Treh_bm
#abcdef
Glyco_bm
#abcdef

+
+
+
+
+
+
+

Fru6P
#ABabcd
GA3P
#CDE
Fru6P
#abcABC
Rul5P
#bcdef

Supplementary Table 1: Atom transition network in the notation used by Wiechert et al. (Wiechert and de Graaf 1997).
Unidirectional reactions are indicated by ‘>’, bidirectional reactions by ‘<>’
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Supplementary Information IV: List of strains
Strain

Relevant genotype

Source or reference

CEN.PK KOY.PK2-1C83

MATa MAL2-8c SUC2

Otterstedt, Larsson et al.
2004

WT Hxk1(K21R)

CEN.PK KOY.PK2-1C83
hxk1::hxk1(K21R)-natMX

WT hta2-mRFP1 hxk2-GFP

CEN.PK KOY.PK2-1C83 hta2::hta2mRFP1-natMX hxk2::hxk2-GFPkanMX4
CEN.PK KOY.PK2-1C83
hxk1::hxk2::kanMX4

WT ∆hxk1

CHAPTER 2
CHAPTER 2

This study

WT Hta2-mRFP1 Hxk2-GFP ∆hxk1

GFP-ble hxk1::hxk1::kanMX4

This study

KOY.Hxt1P (named Hxt1P)

KOY.VW 100P (prototrophic hxt null
strain from Elbing, Larsson et al.(
2004) and Elbing, Stahlberg et
al.(2004); integrated of HXT7promHXT7-HXT7term, ura3-52::URA3
KOY.VW 100P with integrated
HXT7prom-HXT7-HXT7term ura352::URA3

Elbing, Larsson et al. 2004

KOY.TM2P (named TM2P)

KOY.VW 100P with integration of
HXT7prom-TM27-HXT7term ura352::URA3

Elbing, Larsson et al. 2004

KOY.TM6*P (named TM6*P)

KOY.VW 100P with integrated
HXT7prom-TM6*-HXT7term ura352::URA3

Otterstedt, Larsson et al.

KOY.Hxt7P (named Hxt7P)

Elbing, Larsson et al. 2004

2004

Supplementary Table 2: List of strains used in the study
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Supplementary Information V: Synthetic peptides used for quantification of serine
14 phosphorylation of Hxk2

Peptide

Modifications
comments

Charge
state
precursor

Measured transitions

GSMADVPK

13 15

1+

y4+, y3+, b4+, b5+, b6+

KGSMADVPK*

13 15

C N‐Lys, ox‐Met,
missed cleavage

1

2+

y8+, y3+, b5+, b6+

KGSMADVPK*

13 15

C N‐Lys,
cleavage

1

missed

2+

y8+, y3+, b5+, b6+

GSMADVPKELMQQIENFEK

13 15

C N‐Lys,
cleavage

1

missed

3+

y6+, y5+, y132+, b6+, b9+

GSMADVPK

13 15

1+

y4+, y3+, [b4‐98]+, [b6‐
98]+

KGSMADVPK*

13 15

C N‐Lys, phos‐Serine, 1
missed cleavage

2+

y3+, b6+, [b6‐98]+, b7+,
[b7‐98]+

GSMADVPKELMQQIENFEK

13 15

C N‐Lys, phos‐Serine, 1
missed cleavage

3+

y6+, y5+, y132+, [v5‐
98]+, [b6‐98]+

AFIDEQFPQGISEPIPLGFTFSFPASQNK

13 15

3+

y7+, y6+, y142+, b7+,
b11+

AFIDEQFPQGISEPIPLGFTFSFPASQNK

13 15

3+

y6+, y4+, y142+, b7+,
[b23‐98]+

Target

S14

S157

C N‐Lys

C N‐Lys, phos‐Serine

C N‐Lys

C N‐Lys, phos‐Serine

Supplementary Table 3: Synthetic peptides screened in this study.
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ABSTRACT
Cells need to get informed about the nutrients available in their environment in order to
adapt their metabolic operation accordingly. One novel concept of sensing the nutrient
supply is the sensing of intracellular fluxes. To support this concept we measured the
cellular fluxes, metabolite and protein levels using state-of-the-art omics technologies in
mutant strains of Saccharomyces cerevisiae which accomplish different glucose uptake
rates during growth on glucose in an otherwise identical environment.To check which
of the observed phenotypic characteristics were specific for glucose, we also
characterized the phenotype of the wildtype strain during growth on three other carbon
sources. Our data demonstrate that yeast indeed shows completely different phenotypes
in response to different glucose uptake rates. Specifically, we found that fluxes through
the pentose phosphate pathway and the tricarboxylic acid cycle correlate with the
glycolytic flux. Within the quantitatively measured levels of 32 metabolites we found
several metabolites to strongly correlate with flux through the reaction producing the
respective metabolite (i.e. fructose-1,6-bisphosphate, dihydroxyacetone phosphate,
phosphoenolpyruvate, pyruvate, most intermediates of the pentose phosphate pathway
as well as α-ketoglutarate and malate). This finding indicates that not only a single, but
several metabolites could in theory lead to a flux-dependent regulation, i.e. through
interaction with transcriptions factors or with regulatory proteins. We also analyzed the
flux-dependent expression levels of 192 metabolic proteins, of which 63% correlated
with the glycolytic flux, and identified a number of transcription factors (i.e. the Hap
complex, Msn2, Msn4, Cat8, Rtg1, Rgt2, Gcr1) likely responsible for the fluxdependent expression pattern. The correlations we found between cellular fluxes and
metabolite levels as well as between the glycolytic flux and protein levels are
independent from the nature of the used carbon source and seem to exclusively depend
on the cellular fluxes. Our findings indicate that the glycolytic flux is a signal for global
regulation of the cellular phenotype and support the existence of flux sensing in yeast
which is very likely based on the flux-dependent level of several metabolites.

INTRODUCTION
Cells need to get informed about the nutrients available in their environment in order to
adapt their metabolic operation accordingly. Here, the classical perception is that
nutrients bind to extra- or intracellular nutrient receptors and trigger a signaling cascade
leading to the respective cellular response. Recently, however, the sensing of
intracellular fluxes was proposed as an alternative way of how cells can sense the
88

Chapter 4

available nutrients (Kotte, Zaugg et al. 2010; Kochanowski, Volkmer et al. 2013). In E.
coli, it was shown that the glycolytic flux is translated into characteristic concentrations
of the metabolite fructose-1,6-bisphosphate (FBP). FBP interacts with a transcription
factor consequently leading to a flux-dependent regulation (Kochanowski, Volkmer et
al. 2013). The concept of metabolic flux sensing offers the advantage that nutrientspecific sensors are not needed, that it is potentially a much more robust method for
metabolic regulation and that information of multiple nutrients can easily be integrated
on the metabolic level.
Also for yeast, metabolic flux sensing was suggested (Ye, Kruckeberg et al. 1999;
Bisson and Kunathigan 2003; Agrimi, Brambilla et al. 2011) even although it was also
stated that such functionality would not be possible (Gamo, Lafuente et al. 1994;
Rodriguez and Flores 2000; Youk and van Oudenaarden 2009). However, recent
evidence strongly argues that at least the rate of ethanol secretion is a function of the
sugar uptake rate and/or the glycolytic flux (Elbing, Larsson et al. 2004; Christen and
Sauer 2011; Huberts, Niebel et al. 2012). And interestingly, the metabolites FBP and
dihydroxyacetone phosphate (DHAP) correlate with the rate of glycolysis (Christen and
Sauer 2011). These findings suggest that - similarly to E. coli - yeast may also sense the
glycolytic flux and execute flux-dependent regulation.
Here, we used a set of mutant strains of Saccharomyces cerevisiae with each strain
expressing a single hexose transporter with different glucose transport characteristics.
These strains realize different glucose uptake rates during growth on glucose in an
otherwise identical environment (Elbing, Larsson et al. 2004; Otterstedt, Larsson et al.
2004). Applying state-of-the-art omics technologies we demonstrate in these strains that
yeast indeed shows completely different phenotypes on all levels in response to
different glucose uptake rates. To check which of the observed phenotypic
characteristics were specific for glucose, we also characterized the phenotype of the
wildtype strain during growth on mannose, galactose and pyruvate. Specifically, we
found that the flux through the pentose phosphate pathway (PPP) and the tricarboxylic
acid cycle (TCA) correlate with the glycolytic flux. Within the quantitatively measured
levels of 32 metabolites we found several metabolites to strongly correlate with the flux
which produces the respective metabolite. For example, the levels of the glycolytic
metabolites including pyruvate, phosphoenolpyruvate (PEP), DHAP and FBP, most
pentose phosphate pathway intermediates and the tricarboxylic acid cycle intermediates
malate (MAL) and α-ketoglutarate (α-KG) correlate with the flux through the pathway
producing the respective metabolite. These findings indicate that not only a single, but
several metabolites could in theory lead to a flux-dependent regulation, i.e. through
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interaction with transcriptions factors or with regulatory proteins. To substantiate this
we analyzed the flux-dependent expression levels of 192 metabolic proteins, of which
63% correlated with the glycolytic flux, and identified a number of transcription factors
likely responsible for the flux-dependent expression pattern independent from the nature
of the used carbon source.
Overall, the fact that there are changes on all levels –fluxes, metabolite and protein level
- in response to different carbon uptake rates in an otherwise identical environment
indicates that flux must be sensed and is used for global regulation. This flux sensing
could be based on flux-dependent metabolite levels. FBP, for example, is a known
allosteric regulator of several enzymes involved in glycolysis (Przybylski, Otto et al.
1985; Otto, Przybylski et al. 1986; Murcott, Gutfreund et al. 1992; Susan-Resiga and
Nowak 2003) and also seems to inhibit cellular respiration (Diaz-Ruiz, Averet et al.
2008) proposing a mechanism how FBP levels could translate the flux signal into the
activity of metabolic proteins or the level of respiration. Furthermore, flux-dependent
enzyme modifications could be used for flux sensing as it was postulated for the
enzyme hexokinase 2 (Bisson and Kunathigan 2003). We envision that our acquired
data will lay the basis for the future identification of the respective flux-sensing
mechanisms that cells exploit to change the cellular phenotypes in response to changed
fluxes.

RESULTS AND DISCUSSION
For the global characterization of the phenotypes at different glycolytic fluxes we used
yeast strains with different glucose uptake rates (further referred to as “flux mutants”)
(Elbing, Larsson et al. 2004). These strains accomplish different intracellular fluxes at
identical extracellular conditions so that the recorded flux-related responses can solely
be attributed to the change in flux and are not influenced by environmental changes
during growth on glucose. To check which of the observed phenotypic characteristics
were specific for glucose, we also characterized the phenotype of the wildtype strain
during growth on mannose, galactose and pyruvate. These three carbon sources (or
substrates) enter central carbon metabolism at different positions, and their usage
requires the activity of different enzymes: mannose is metabolized like glucose,
galactose enters glycolysis after conversion to glucose-6-phosphate (G6P) via the Leloir
pathway and pyruvate requires gluconeogenic activity.
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Flux distribution as a function of the carbon uptake rate
We first determined the distribution of intracellular metabolic fluxes with 13C flux
analysis (Zamboni, Fischer et al. 2005). Here, we found that with lower carbon uptake
rates the proportion of carbon atoms routed into the PPP and the TCA cycle increases
while less ethanol is secreted (Fig.1) An illustration of the major flux changes between
the wild-type strain with the highest glucose uptake rate and the mutant strain the lowest
glucose uptake rate (TM6*P) can be obtained from Figure 1. The other flux mutants and
conditions lay between these extremes (the complete flux data can be found in the
Supplementary Information I). Our findings are consistent with what is found in
chemostat cultures with different dilution rates (Canelas, Ras et al. 2011). However,
while in chemostat cultures the substrate uptake rate is usually controlled by limiting a
certain nutrient (e.g. glucose), our results show that the observed uptake rate-dependent
flux changes are truly only triggered by the carbon uptake rate and not differences in the
environment.

Figure 1: Intracellular flux distribution in the wildtype and TM6*P strain. All fluxes were normalized to the glucose
uptake rate. The widths of the arrows are scaled to the percentages of flux. Generally, the 95% confidence intervals were
between 5% and 10% for the major fluxes. For reactions with lower flux, the confidence intervals were larger. AcetylCoA= acetyl coenzyme A, 6-PG=6-phosphogluconate, F6P=fructose-6-phosphate, FBP =fructose-1,6-bisphosphate,
G3P= glyceraldehydes-3-phosphate, G6P=glucose-6-phosphate, α-KG=α-ketoglutarate, PEP= phosphoenolpyruvate,
P5P=pentose-5-phosphate, PPP=pentose phosphate pathway, TCA = tricarboxylic acid

Next, we wanted to know whether the glycolytic flux correlates with the other main
cellular fluxes. As expected, the substrate uptake rate normalized to c-mol strongly
correlates with the glycolytic flux (using the flux between fructose-6-phosphate to
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triose-3-phosphate as common proxy for glycolytic flux) (R=1) (Fig. 2) confirming that
the substrate uptake rate determines the glycolytic flux. This finding even applies to
pyruvate, which is a gluconeogenic carbon source. Thus, in the following we plotted all
other main fluxes in central carbon metabolism against the glycolytic flux. Here, we
found that the flux through the PPP increases with the glycolytic flux (Fig. 3A). With
the exception of the gluconeogenic carbon source pyruvate, we also found that the TCA
cycle activity decreases with increasing glycolytic flux (Fig. 3A). It was previously
reported that the flux through the TCA correlates with the glucose consumption rate
(Heyland, Fu et al. 2009). Our data confirm these findings but expand it from the
glucose consumption rate to the glycolytic flux and to other carbon sources. Since TCA
cycle activity is necessary for respiration we also tested if the degree of respiration
correlates with the glycolytic flux and found that the degree of respiration decreases
with the flux through glycolysis (Fig. 3B).
Figure 2: The carbon uptake rate as a function of the
glycolytic flux. The mean of at least two independent
experiments is shown. Error bars for the flux from F6P to T3P
indicate the 95% confidence interval. Error bars for the
carbon uptake rate indicate the SD. cdw=cell dry weight,
F6P=fructose-6-phosphate, gal=galactose, mann=mannose ,
pyr=pyruvate, T3P=triose-3-phosphate

We also tested if three main fluxes of central carbon metabolism and growth rate
correlate because central carbon metabolism provides important building blocks for
biomass formation and therefore growth. We found that with increasing growth rate the
flux through glycolysis and the PPP increase (Fig. 3C, D). The TCA cycle activity
decreases with the glycolytic flux, and since the glycolytic flux increases with growth
rate, the TCA cycle activity also decreases with growth rate (data not shown) as
previously shown (Heyland, Fu et al. 2009). Thus, the realized growth rate of a cell is
likely influenced by the glycolytic flux and the flux through the PPP, but not by the
TCA cycle activity, as reflected in the correlations we found.
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Next, we focused on the rates of by-product secretion. Here, we found that ethanol and
pyruvate secretion correlate with the glycolytic flux, whereas acetate, glycerol and
succinate do not (Fig. 3A). Here, it has to be noted that the concentrations of the noncorrelating compounds are rather low, and thus, an eventually existing glycolytic flux
correlation could simply also be masked by the noise in the data. Nevertheless, it was
suggested that glycerol and acetate secretion is rather affected by environmental
conditions than by the glucose uptake rate (Heyland, Fu et al. 2009).
In essence, we found that independent from the carbon sources used, the glycolytic flux
correlates with the flux through the PPP, through the TCA cycle and with the secretion
flux of ethanol and pyruvate. We hypothesize that the glycolytic flux indeed determines
these cellular fluxes and secretion rates.
Metabolite pools as a function of the fluxes in central carbon metabolism
To further investigate the influence of the glycolytic flux on the cellular phenotype, we
next quantified the intracellular metabolite levels. Specifically, we measured the levels
of 24 metabolites of central carbon metabolism and eight amino acids in the flux
mutants and during growth on galactose, mannose and pyruvate (a list of the measured
metabolite concentrations can be found in the Supplementary Information II).
We found a number of metabolite levels to correlate or inversely correlate with fluxes
(Fig. 4A). These patterns are again independent of the exact nature of the carbon source:
removing the pyruvate condition and all three non-glucose carbon sources from the
analysis in most cases did not substantially change the correlation between the
metabolite and the three analyzed fluxes (Fig. 4A). Globally, because the flux through
the PPP correlates with the flux through glycolysis, the correlation patterns for these
two pathways are basically identical (Fig. 4A). The metabolites that most prominently
positively correlate with the glycolytic flux are pyruvate, FBP and DHAP (Fig. 4B and
C). Also metabolites with negative correlations with the flux through the respective
pathway can be found (e.g. PEP with glycolysis, Fig. 4D). The PPP intermediates
(except sedoheptulose-7-phosphate (S7P)) as well as the TCA cycle intermediates MAL
and α-KG show a correlation with the flux through glycolysis and the PPP (Fig. 4A).
Among the energy cofactors only ATP levels correlate with the glycolytic flux and
interestingly not with the TCA cycle (Fig. 4A). The levels of the other cofactors remain
relatively constant. Overall, the fact that we found many metabolites to correlate with
flux independent of the exact growth substrate suggests that the enzyme activities,
which determine the metabolite levels, are regulated by an internal flux signal, which is
not perturbed by substrate-specific external cues.
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Figure 3 A
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Figure 3 A continued
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Figure 3: The main fluxes of the central carbon metabolism and secretion rates as a function of the glycolytic flux and
growth rate. (A) Main fluxes of the central carbon metabolism and secretion rates a function of the glycolytic flux. (B) The
degree of respiration as a function of the glycolytic flux. The degree of respiration was calculated as the flux MalOAA
normalized to the substrate uptake rate. (C) The flux through glycolysis as a function of the growth rate. (D) The flux
through the PPP as a function of the growth rate. The mean of at least two independent experiments is shown. Error bars
for the fluxes F6P→T3P, G6P→P5P, G6P→F6P, Mal→OAA and the degree of respiration indicate the 95% confidence
interval. Error bars for the secretion rates and the growth rate indicate the SD. Acetyl-CoA= acetyl coenzyme A, cdw =
cell dry weight, F6P=fructose-6-phosphate,gal=galactose, P5P=pentose-5-phosphate, PEP=phosphoenolpyruvate,
Mal=malate, mann=mannose, OAA=oxaloacetate, PP =pentose phosphate, pyr=pyruvate, T3P=triose-3-phosphate, TCA
= tricarboxylic acid

Next, we asked whether flux-correlating metabolites are predominantly allosteric
regulators of enzymes, because this would be a way how they could exert a fluxdependent regulatory function. FBP is an allosteric regulator of pyruvate kinase
(Murcott, Gutfreund et al. 1992) and of fructose-biphosphatase (Otto, Przybylski et al.
1986; Susan-Resiga and Nowak 2003), has effects on the fructose 2,6-bisphosphate and
AMP-mediated activation of phosphofructokinase activity (Przybylski, Otto et al. 1985)
and inhibits cellular respiration most likely by acting on the mitochondrial complex III
and mitochondrial complex IV (Diaz-Ruiz, Averet et al. 2008). The PPP intermediates
erythrose-4-phosphate, xylulose-5- phosphate, ribose-5-phosphate, ribulose-5-phosphate
and S7P are listed to inhibit glucose-6-phosphate isomerase (PGI) on BRENDA, a
database for enzyme data and metabolic reactions (Scheer, Grote et al. 2011;
Schomburg, Chang et al. 2013). Decreasing PGI activity increases the proportion of
G6P which can be routed into the PPP.
A metabolite acting as a flux-signaling metabolite needs to correlate with the flux
through a reaction producing this metabolite. Consequently, FBP, pyruvate and DHAP,
the glycolytic intermediates showing the best correlation with the flux through
glycolysis, are potential candidates for sensors of the glycolytic flux. In E. coli, FBP
levels were shown to correlate with the glycolytic flux and to mediate flux-dependent
transcriptional regulation via the activation of a transcription factor (Kotte, Zaugg et al.
2010; Kochanowski, Volkmer et al. 2013). Our data indicate that FBP may also serve
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this function in yeast. As mentioned above, FBP levels lead to a low respiratory rate of
the mitochondria (Diaz-Ruiz, Averet et al. 2008). In our measurements, we indeed
found an inverse correlation between FBP levels and TCA cycle activity (Fig. 4A)
supporting this finding. Hence, FBP levels could transmit the flux signal downstream
and adjust the rate of respiration and TCA cycle activity accordingly.
While almost all PPP intermediates correlate with the glycolytic and the PPP flux, it is
striking that S7P correlates with the flux through the TCA cycle thereby showing
completely different flux-dependent behaviour than the other PPP intermediates we
measured. S7P accumulates during carbon starvation which seems to be important for
the survival of starving yeast cells (Xu, Letisse et al. 2013). Additionally, S7P might be
involved in the oxidative stress response since in contrast to the other PPP intermediates
and to model predictions extremely high S7P levels were measured in H2O2-treated
yeast cells (Ralser, Wamelink et al. 2007). Thus, being involved in the oxidative stress
response S7P levels may correlate with the level of the TCA cycle activity (and level of
respiration) since the TCA cycle activity can be used as an indicator of the oxidative
stress in the cell. Also, while most TCA cycle intermediates increase with the flux
through the TCA cycle, the level of α-KG decreases with the flux through the TCA
cycle, but increases with the glycolytic flux. Being the precursor of glutamate and
glutamine, α-KG is the central nitrogen acceptor necessary for the synthesis of the
cellular amino acids. Thus, coupling α-KG levels to the glycolytic flux, for example,
could increase the flux through the glutamate dehydrogenase to synthesize sufficient
amounts glutamate to maintain optimal growth.
Overall, through our analyses we could find that the concentration levels of many but
not all metabolites of central carbon metabolism correlate or inversely correlate with
metabolic fluxes independent on the precise nature of the carbon source . With this
finding, we can expand a previous metabolomics study on single gene knock-out
mutants grown on glucose, galactose and ethanol, in which concentration levels of
metabolites of the upper glycolysis, the PPP and TCA cycle were previously found to be
determined by the environment (Ewald, Matt et al. 2013). While in this study the
relationship between flux and metabolite levels was not explored we can now state that
these metabolite changes are directly due to differences in metabolic fluxes and only
indirectly due to the specific carbon sources.
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Figure 4: Correlation between the fluxes and metabolites. (A) The heatmap shows the correlation factor R between the
metabolite and the representative fluxes for glycolysis (F6P  T3P), the PPP (G6P  P5P) and the TCA cycle (MAL
mOAA). The three columns in each block show from left to right the analysis using the metabolite levels and fluxes during
growth on glucose (flux mutants), mannose, galactose and pyruvate, the analysis without the pyruvate (glc, mann, gal) and
the analysis only during growth on glucose (glc). (B) The concentration of FBP as a function of the glycolytic flux. (C) The
concentration of DHAP as a function of the glycolytic flux. (D) The concentration of PEP as a function of the glycolytic
flux. Mean and SD of at least two (fluxes) and three (metabolites) independent experiments are used for the analyses. 6PG=6-phosphogluconate, ADP= adenosine diphosphate, α-KG=α-ketoglutarate, ALA=alanine, AMP=adenosine
monophosphate, ARG=arginine, ASP=aspartate, ATP=adenosine triphosphate, cdw = cell dry weight, CIT=citrate,
DHAP=dihydroxyacetone
phosphate,
F6P=fructose-6-phosphate,
FBP
=fructose-1,6-bisphosphate,
FUM=fumarate,G6P=glucose-6-phosphate, gal=galactose, GDP=guanosine diphosphate, glc=glucose, GLN=glutamine,
GLU=glutamate, GMP=guanosine monophosphate, GTP=guanosine triphosphate, ISOCIT=isocitrate, MAL=malate,
mann=mannose, PEP= phosphoenolpyruvate, PG=phosphoglycerate, PHE=phenylalanine, PYR=pyruvate, R5P=ribose5-phosphate, Ribu5P=ribulose-5-phsophate, S7P=sedoheptulose-7-phosphate, SUCC=succinate,T3P= triose-3-phosphate,
TRP=tryptophan, TYR=tyrosine, X5P=xylulose-5-phosphate
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Protein levels as a function of the fluxes in central carbon metabolism
In a next step, we investigated to what extent the glycolytic flux changes the proteome.
Here, using selected reaction monitoring-based targeted proteomics we focused on the
metabolic subproteome encompassing 192 metabolic proteins involved in carbon, lipid
and amino acid metabolism and quantified their levels in the flux mutants and when
grown on the three different carbon sources (a list of the measured protein levels can be
found in the Supplementary Information III).
Of the analysed 192 proteins, we found that 68 proteins are constitutively expressed
across the mutants and conditions (i.e. all proteins which did not show a log2(foldchange) >1 between the maximal and minimal measured expression level and a p-value
below 0.1). For 21 proteins, we could not determine if they are constitutively expressed
since we only had one measurement in the strains or conditions with maximal and/or
minimal expression level and could therefore not determine the p-value. On the
remaining 104 differently expressed proteins, we performed a hierarchical cluster
analysis asking whether the differently expressed proteome would reflect the glycolytic
flux. Strikingly, we found that the strains and conditions clustered according to the
glycolytic flux generated under those conditions (Fig. 5A). Indeed, when performing a
correlation analysis on each protein, we found that 120 of all 192 proteins correlated
with the glycolytic flux (|R| > 0.6; Fig. 5B).When performing an enrichment analysis
using the DAVID Functional Analysis tool (Huang da, Sherman et al. 2009; Huang da,
Sherman et al. 2009) proteins not correlating with the glycolytic flux (|R| <0.6) are
highly enriched for proteins involved in the PPP, the cysteine, methionine, selenoamino
acid and sulphur metabolism (EASE score <0.05).
The two gene groups in the clustergram (Fig. 5A) represent the genes whose levels
either decrease with the glycolytic flux (labelled in dark grey in the dendrogram) or
increase with the glycolytic flux (light grey). The enrichment analysis showed that the
group of proteins whose levels decrease with the glycolytic flux are enriched for
proteins involved in the TCA cycle and in pyruvate, glyoxylate and dicarboxylate
metabolism (EASE score <0.05). When we combine the finding that proteins involved
in TCA cycle inversely correlate with the glycolytic flux with our earlier made
observation that the level of the TCA cycle activity decreases with increasing glycolytic
flux, we can hypothesize that the control of protein levels could play a role in regulation
of the flux through the TCA cycle. This fits well to a study reporting that transcriptional
control of central carbon metabolism is mostly present in the flux through the TCA
cycle (Fendt, Oliveira et al. 2010) although transcriptional control cannot account
completely for the regulation of the TCA cycle flux because no correlation of transcript
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levels of TCA cycle genes and in vivo fluxes could be detected in a previous chemostat
study (Daran-Lapujade, Jansen et al. 2004). Increasing the levels of proteins involved in
the pyruvate, the glyoxylate and dicarboxylate metabolism with decreasing glycolytic
flux could also be a useful measure in the light of decreasing glycolytic flux because the
secretion products pyruvate and dicarboxylates such as succinate can be used as
alternative carbon sources when glucose is exhausted. Similarly, the glyoxylate cycle is
needed for assimilation of the main secretion product ethanol. Thus, the cell seems to
gradually adapt its metabolic machinery to the realized glycolytic flux to guarantee a
sufficient supply with energy and precursors at all times.

Figure 5: (A) Hierarchical clustering of metabolic protein levels and the glycolytic flux. Hierarchical clustering was
performed on those 104 proteins, which are not constitutively expressed in the flux mutants and during growth on different
carbon sources. The two gene groups in the dendrogram indicate the genes whose levels decrease (dark grey) or increase
(light grey) with the flux. For clustering the mean protein levels of two independent experiments were used. Protein
expression increases from orange via white to blue. (B) Distribution of the correlation coefficient R between protein levels
and the glycolytic flux. The percentages indicate the proportion of all measured 192 proteins falling into the different
categories given on the x-axis. Gal= galactose, mann=mannose, pyr=pyruvate

Proteins, whose levels increase with the glycolytic flux in our analysis are enriched for
proteins involved in glycolysis and gluconeogenesis (EASE score <0.05). Since the flux
through glycolysis cannot be increased by overexpression of glycolytic enzymes
(Schaaff, Heinisch et al. 1989; Hauf, Zimmermann et al. 2000) or only under very
specific conditions (Peter Smits, Hauf et al. 2000) it is unlikely, however, that increased
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protein levels are solely responsible for an increased flux through glycolysis.
Additionally, we found proteins involved in the metabolism of the aromatic amino acid
highly enriched (EASE score <0.05).
One possible mechanism to control protein levels is the regulation of gene transcription.
In a next step we therefore investigated which transcription factors might have been
responsible for the observed changes in protein expression. For this we performed an
over-representation analysis considering the protein abundance differences between the
wild-type and each of the flux mutants as well as the growth conditions (mannose,
galactose, pyruvate). The analysis identified transcription factors, which very likely
were responsible for the observed protein expression differences between the two
compared conditions. Fig. 6 shows the most significant transcription factors revealed in
our analysis which appear in at least four flux mutants and/or conditions. We identified
the Hap complex, Msn2, Msn4, Rtg1, Rtg2, Gcr1 and Cat8 as changing their activity
when the glycolytic flux is lower than in the WT.
Compared to the WT, in all flux mutants and under all growth conditions the Hap
complex, which is known as a global regulator of respiration (Schuller 2003; Zaman,
Lippman et al. 2008), was identified as a transcription factor which might be involved
in flux-dependent modulation of protein expression. The components of the Hap
complex were shown to be necessary for respiration and to be involved in the control of
the flux through the TCA cycle (Fendt, Oliveira et al. 2010; Fendt and Sauer 2010).
This is consistent with the finding that the flux mutants and cells growing on mannose,
galactose and pyruvate all show a higher degree of respiration compared to the WT
(Fig. 1C).
Additionally, we found that the transcription factors Msn2 and Msn4 are also likely
involved in the changed protein expression. Msn2/4 are major stress response
transcription factors in yeast, which are only activated under stress conditions such as
starvation and heat shock (Liu and Butow 2006; Zaman, Lippman et al. 2008; Broach
2012). The change in their activity indicates an increased stress level which obviously is
due to a reduced rate of glycolysis or possibly a lower intracellular pH caused by the
reduced glycolytic flux (Dechant, Binda et al. 2010).
We also found Rtg1 and Rtg2 to change their activity. Rtg1 and Rtg2 are transcription
factors involved in the retrograde signalling pathway which regulates among others the
first three enzymes of the TCA cycle needed for α-KG synthesis (citrate synthase,
aconitase and isocitrate dehydrogenase) (Liu and Butow 2006; Zaman, Lippman et al.
2008; Broach 2012). When TCA cycle activity is low, little α-KG, which is needed for
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amino acid synthesis, is synthesized via the TCA cycle. Thus, when the TCA cycle
activity is low, the cell increases the expression of enzymes necessary for α-KG
formation independent from the TCA cycle activity to ensure a sufficient α-KG
synthesis. Hence, our analysis indicates that α-KG formation controlled by Rtg1/2
activity is downregulated when the glycolytic flux is lower and the TCA cycle activity
is higher than in the WT. Rtg1 was reported to have a role under respiratory conditions
and involved in the control of the flux through the TCA cycle only during growth on
galactose but not during growth on glucose or pyruvate (Fendt, Oliveira et al. 2010;
Fendt and Sauer 2010). However, compared to the WT grown on glucose, we detected a
changed Rtg1 activity on pyruvate and in the mutant with reduced flux on glucose – all
conditions showing increased degrees of TCA cycle activity and respiration- which
indicates that Rtg1 function is not restricted to growth on galactose.
Gcr1, which also changes its activity in our analysis, is involved activation of glycolytic
genes and in the repression of genes involved in the TCA cycle and respiration (Sasaki
and Uemura 2005). Furthermore, it was shown to participate in glucose repression of
SUC2 (Turkel, Turgut et al. 2003). Since the growth defect after the loss of Gcr1 is not
carbon-source specific and occurs on different fermentable and non-fermentable carbon
sources (Barbara, Haley et al. 2007), it is conceivable that Gcr1 activity may be at least
partly influenced by the generated glycolytic flux independent from the available
carbon-source.
We also identified Cat8, which is a transcription factor essential for growth on nonfermentable carbon sources (Haurie, Perrot et al. 2001) and wild-type levels of
respiration (Fendt and Sauer 2010) to be involved in the measured changes in protein
expression. Its target genes are mainly involved in ethanol utilization, the glyoxylate
cycle and gluconeogenesis (Haurie, Perrot et al. 2001; Tachibana, Yoo et al. 2005). So
far, it was suggested that depending on the presence or absence of glucose, Mig1 and
Snf1 would regulate Cat8 expression and activation, respectively (Hedges, Proft et al.
1995; Randez-Gil, Bojunga et al. 1997). We found Cat8 activity to be changed not only
during growth on pyruvate (a non-fermentable carbon source) but also during growth on
glucose when the glycolytic flux is lower than in the WT. This finding indicates that
Cat8 activity may be regulated not by the mere presence or absence of glucose but by
the flux through glycolysis –possibly due to flux-dependent regulation via Snf1 or a
flux-dependent metabolite.
In summary, we identified transcription factors involved in regulation of respiration,
glycolysis, the stress response and the metabolic mode which changed their activity
when the glycolytic flux is lower than in the WT indicating that many transcription
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factors are regulated in a flux-dependent manner independent from the carbon source.
Identifying transcription factors with changed activity does not indicate if their activity
is the cause or the consequence of the measured glycolytic flux. In fact, most of the 119
transcription factors tested in a previous study had no influence on the flux distribution
(Fendt, Oliveira et al. 2010) indicating that the flux distribution is quite robust with
respect to perturbations in the transcriptional network. Further, overexpression of
glycolytic enzymes did not increase the flux through glycolysis (Schaaff, Heinisch et al.
1989; Hauf, Zimmermann et al. 2000) or only under very specific conditions (Peter
Smits, Hauf et al. 2000) and it was later found that the flux through glycolysis and
central carbon metabolism is most likely subject to metabolic and posttranscriptional
regulation (Daran-Lapujade, Jansen et al. 2004; Daran-Lapujade, Rossell et al. 2007).
All these and our findings together suggest that the regulation of transcription factor
activity and hence the expression of metabolic proteins is regulated by flux, but does not
determine the metabolic fluxes. Likely, the flux-dependent regulation of protein
expression is simply a mean to efficiently provide the right flux-dependent amounts of
catalysts but not to control metabolic flux.
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Figure 6: Transcription factors changing their activity at different glycolytic fluxes as identified by the overrepresentation analysis. The labelled dots show the most significant transcription factors appearing in at least four
conditions which change their activity in the indicated flux mutants and during growth on the indicated carbon sources
compared to the WT. Unlabelled dots represent transcription factors which change their activity in less than four
conditions. The y axis indicates the p-value as revealed by the over-representation analysis. The lower the p-value, the
higher is the probability that the transcription factor activity changed under the indicated condition. The complete list of
all transcription factors with changed activity can be found in the Supplementary Information IV. cdw=cell dry weight
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CONCLUSION
In this work, we measured the phenotypic changes on the level of metabolism and
protein expression upon changes of the glycolytic flux. Since all flux mutants faced the
same extracellular environment the observed phenotypic changes have to be a response
to the different cellular flux realized in these strains, which requires flux-sensing and
flux-dependent regulation. The results of the experiments using the carbon sources
mannose, galactose and pyruvate nicely align with the flux mutants suggesting that also
during growth on non-glucose carbon sources the rate of glycolysis is the main
controlling factor for the realized phenotype.
For flux-sensing and flux-dependent regulation the following mode of action can be
envisioned: The cascade of enzymatic reactions in central carbon metabolism translates
the inflowing rate of nutrients into the level of several flux-signaling metabolites. These
metabolite levels connect the input signal – the flux- with the output signal – the fluxdependent protein expression- via activation of certain transcription factors. A key
question is how the transcription factors are activated in a flux-dependent manner. Here,
two modes of actions are possible. First, the flux-dependent metabolites could directly
bind to transcription factors and change their activity. While in yeast this could to our
knowledge not been shown for metabolic intermediates of central carbon metabolism
yet, it is known that transcription factors can act as nutrient sensors by direct nutrient
binding in yeast (Sellick and Reece 2005). Second, the flux-dependent metabolites
could activate kinases or phosphatases, which in turn might act on transcription factors.
An example could be a flux-dependent regulation of Snf1, but it is unknown how this is
done (Zaman, Lippman et al. 2008). In both scenarios -direct or indirect regulation of
transcription factors- the flux-dependent metabolite levels result in a flux-dependent
transcription pattern.
While our data are not sufficient to disentangle this network we provide evidence that
the glycolytic flux is reflected in the phenotype on all levels: the flux distribution in
central carbon metabolism, metabolite and protein levels. This finding indicates that the
glycolytic flux is a signal for global regulation of the cellular phenotype and supports
the existence of flux sensing in yeast which is very likely based on the flux-dependent
levels of several metabolites. Furthermore, using state-of the art omics technologies we
provide a large data set which can be used in future approaches towards identifying the
precise mechanisms of flux-dependent regulation of metabolism.
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MATERIALS AND METHODS
Yeast strains
We used a set of five prototrophic CEN.PK2-1C-derived strains that were previously
shown to have different glucose uptake rates (Elbing, Larsson et al. 2004): CEN.PK
KOY.PK2-1C83 (named WT in the text), KOY.Hxt1P (Hxt1P), KOY.Hxt7P (Hxt7P),
KOY.TM2P (TM2P) and KOY.TM6*P (TM6*P).
Medium and cultivation
Cells were grown in minimal defined medium (Verduyn, Postma et al. 1992) with 10
mM phthalate buffer to maintain the pH at a value of 5. For metabolome analyses, the
medium contained only 5 mM phthalate buffer. For each experiment, cells were taken
from a YPD plate (not older than a week) and grown for 8-10 h in 5 mL pre-cultures
containing 20 g/L glucose. Then, 500 ml Erlenmeyer shake flasks with 50 mL medium
(unless indicated otherwise) with 10 g/L glucose, mannose, galactose or pyruvate were
inoculated with start ODs always below 0.06. Cultivation was performed at 30°C with
shaking at 300 rpm at a shaking amplitude of 50 mm. At an OD600 of 1-1.1 cells were
harvested. For conversion of OD600 to cell dry weight in all experiments the OD600
values were multiplied with a conversion factor of 0.52 was used which was previously
determined in our lab for a CEN.PK-derived strain grown on glucose.
Determination of extracellular physiology
The samples to generate physiological data were taken from the same cultures that were
also used for 13C flux analysis. The OD was measured at 600 nm (Pharmacia Novaspec
II) for growth rate determination. For the determination of the substrate uptake rate and
the secretion rates of the main by-products (ethanol, glycerol, pyruvate, acetate,
succinate) an aliquot of at least 100 µL of the cell culture was spun down at 16.100 g
and the supernatant analyzed by HPLC-DAD-RI (HP1100, Agilent Technologies)
equipped with a polymer column (Aminex HPX-87, BioRad). The eluent was 5 mM
H2SO4 and the column heated to 60°C. The elution rate was 0.6 mL/min. The
compounds were detected and quantified with a refractive index (RI) detector and an
UV/Vis-detector (DAD). For quantification, calibration curves with external standards
were used. Growth rates, glucose uptake rate and the secretion rate for the by-products
were determined by linear regression using Microsoft Excel.
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C metabolic flux analysis

Cells were grown in the main culture in 25 mL minimal medium containing either 20%
uniformly 13C-labelled (and 80% 12C glucose) or 100% 13C1-labelled glucose (Sigma
Aldrich, 13C enrichment ≥ 99%) and either 20% uniformly 13C-labelled (and 80% 12C
galactose) or 100% C1-labelled galactose (Sigma Aldrich, 13C enrichment ≥ 99%) and
mannose (Omicron Biochemicals, 13C enrichment ≥ 99%). For the pyruvate condition
cells were only grown on 20% uniformly 13C-labelled pyruvate (Sigma Aldrich, 13C
enrichment ≥ 99%) (and 80% 12C pyruvate). The cells were harvested, centrifuged for 3
min at 4°C and 3750 g, and frozen at -40°C. Further sample preparation and GC-MS
analysis were performed according to Zamboni et al. (Zamboni, Fendt et al. 2009). The
fluxes were calculated using the software FiatFlux (Zamboni, Fischer et al. 2005). Error
propagation was considered for the calculation of mean flux ratios of at least two
biological replicates. The fluxes during growth on pyruvate were determined as in Fendt
et al. (Fendt and Sauer 2010). The degree of respiration was calculated as the flux
MalOAA normalized to the substrate uptake rate.
Determination of intracellular metabolite concentrations
For quenching the metabolism 1 mL of cell culture was rapidly mixed with 12 mL of 40°C pure methanol. The samples were centrifuged (-9°C, 3750 g, 4min) and the
supernatant removed. The cell pellet frozen in liquid nitrogen and stored at -80°C until
extraction. Metabolites were extracted by adding 75% pre-heated ethanol for 3min at
80°C. During extraction, 200 µL of fully labelled 13C-biomass was added as an internal
standard (Wu, Mashego et al. 2005). A vacuum centrifuge (Christ-RVC 2–33 CD plus,
Kuehner AG, Birsfeld, Switzerland) was used to dry the extracted metabolites for
approx. 8h. The dried metabolites were resuspended in 100 uL ddH2O.
Metabolite measurement was performed according to (Buscher, Czernik et al. 2009).
We used a Waters Acquity UPLC (Waters Corporation, Milford, MA) with a Waters
Acquity T3 end-capped reverse phase column with dimensions 150mm x 2.1mm x 1.8
mm (Waters Corporation) The chromatography was coupled to a Thermo TSQ
Quantum Ultra triple quadrupole mass spectrometer (Thermo Fisher Scientific,
Waltham, MA) with a heated electrospray ionization source (Thermo Fisher Scientific)
in negative mode with multiple reaction monitoring. Acquisition and peak integration
was performed with an in-house software (B. Begemann & N. Zamboni, unpublished
data) and the peak areas were further normalized to fully 13C-labeled internal standards
and the amount of used biomass. The correlation analysis was performed with Matlab
(R2012a, The Mathworks) using the corr function.
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Determination of protein levels
50 mL of the yeast culture were rapidly given into 200 mL methanol pre-cooled to 80°C. The cells were then spun down at 3750 g at -9°C for 4 min. The supernatant was
removed, the cell pellet frozen in liquid nitrogen and stored at -80°C until further
processing. The pellets were resuspended in 1.85M sodium hydroxide plus 7.4 % βmercapto-ethanol (100 µL per 1x108 cells) and incubated for 10 minutes on ice. An
equal volume of trichloric acid was added and after 10 minutes incubation on ice, the
precipitated proteins were collected by centrifugation (20.000g, 10 minutes at 4 ˚C).
The pellet was washed with two volumes cold acetone (30 minutes at -20 ˚C and
subsequent collection by centrifugation).
For digestion and cleanup the extracted proteins were resuspended in 8M urea plus 100
mM ammonium bicarbonate (ABC) at a concentration of 0.5x108 cells per 100 µL. The
total protein concentration of the extracted proteins was determined with microBCA
(Pierce). The proteins were reduced with 12 mM dithiothreitol (30 min at 35 ˚C) and
alkylated with 40 mM iodoacetamide (45 min at 20 ˚C, in the dark). Samples were
diluted with 100 mM ABC to a final concentration of 1.5M urea prior to overnight
digestion with trypsin (1:100, sequencing grade modified trypsin V5111, Promega) at
37 ˚C. The isotopically labeled standards were added after the microBCA protein
concentration determination at a 1:1 w/w ratio. Cleanup prior to LC-MS analysis was
done with C18-SPE columns (SPE C18-Aq 50 mg/1mL, Gracepure). This column was
conditioned with 3x1 mL ACN plus 0.1% v/v FA, and re-equilibrated with 3x1 mL
0.1% v/v FA before application of the samples at a total amount of maximally 1 mg
total protein per column. The bound peptides were washed with 2x1mL 0.1% v/v FA
and eluted with 3x0.4 mL 50% v/v ACN plus 0.1% v/v FA. The eluted fractions were
dried under vacuum and resuspended in 0.1% v/v FA to a final concentration of around
1 µg/µL.
As the internal standard used in the mass spectrometry measurements protein extracts
from isotopically labeled 15N YSBN6 yeast cells were used. For the preparation of the
15
N standards yeast was cultivated in two 2.5 L-fermentors on minimal medium,
supplemented with 10 g/L glucose and using 15N-labelled (NH4)2SO4 as the sole
nitrogen source. Cells were harvested at difference phases of the growth curve, namely
during exponential growth, after the diauxic shift and in the stationary phase. Aliquots
from all conditions were mixed to maximize the coverage of all targeted proteins.
Selected reaction monitoring (SRM) analyses were performed on a triple quadrupole
mass spectrometer with a nano-electrospray ion source (TSQ Vantage, Thermo
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Scientific). Chromatographic separation of the peptides was performed by liquid
chromatography on a nano UHPLC system (Ultimate UHPLC focused, Dionex) using a
nano column (Acclaim PepMap100 C18, 75 µmx150mm 3µm, 100 Å). Samples were
injected at a concentration of 1 µg using the µL-pickup system using 0.1% v/v FA as
transport liquid from a cooled autosampler (5 ˚C) and loaded onto a trap column
(µPrecolumn cartridge, Acclaim PepMap100 C18, 5 µm, 100 Å, 300 µm id, 5 mm
Dionex). Peptides were separated on the nano-LC column using a linear gradient from
3-45 % vv ACN plus 0.1% vv FA in 30 minutes at a flowrate of 300 nL/min. The mass
spectrometer was operated in the positive mode at a spray voltage of 1500, a capillary
temperature of 270 ˚C, a half maximum peak width of 0.7 for Q1 and Q3, a collision
gas pressure of 1.2 mTorr, a cycle time of 1.2 ms and the measurements were scheduled
in windows of 6 minutes around the pre-determined retention time.
For data analysis, the MS traces were manually curated using the Skyline software
(MacLean, Tomazela et al. 2010). Transitions with shoulders or changed relative
intensities of the transitions were removed. The sum of all transition peak areas for the
endogenous and standard (15N lysine-labeled) peptide was used to calculate the ratio
between the endogenous and standard peptides using a cutoff value for the peak area of
the 15N standard of 10.000. To correct for variations in the total protein concentration,
global correction was applied by normalizing all ratios per sample to a similar median
(assuming that the median is formed by the class majority of the proteins that is not
changed in the various conditions).
For hierarchical clustering, the logarithm to base two of the fold-change (log2(FC))
between the minimum and maximum expression level measured for a protein was
calculated. For hierarchical clustering only proteins with a log2(FC) above 1 and a pvalue below 0.1 (student’s t-test) were used. For 21 proteins we only had one
measurement in conditions with maximal and/or minimal expression level and could
therefore not determine the p-value. Clustering was performed using the clustergram
function and the distance metric 'Euclidean' in Matlab (R2012a, The Mathworks).
Transcription factor analysis
The statistical analysis of the condition-dependent transcription factor activation was
performed as described in (Zampar, Kummel et al. 2013). In our analysis, a protein was
considered to be regulated if the logarithm to base two of its fold-change with respect to
the wildtype was at least the absolute value of 0.58 with a p-value (student’s t-test)
below 0.1. A transcription factor was considered to change its activity between the two
tested conditions if the p-value of the hypergeometric distribution was below 0.1.
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Abbreviations used for metabolites in the Supplementary Information

6-PG
ADP
ALA
AMP
ARG
ASP
ATP
cAcCoA
CIT
CO2
cOAA
cPYR
DHAP
E4P
F6P
FBP
FUM
G6P
GDP
GLN
GLU
GLY
GMP
GTP
ISOCIT
mAcCoA
MAL
mOAA
mPYR
NADH
NADPH
OGA
P5P
PEP
PG
PHE
PO
R5P
Ribu5P
S7P
SER
SUCC
T3P
TRP
TYR
X5P
α-KG
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6-phosphogluconate
adenosine diphosphate
alanine
adenosine monophosphate
arginine
aspartate
adenosine triphsophate
cytoplasmic acetyl-coenzyme A
citrate
carbon dioxide
cytoplasmic oxaloactetae
cytoplasmic pyruvate
dihydroxyacetone phosphate
erythrose-4-phosphate
fructose-6-phosphate
fructose-1,6-bisphosphate
fumarate
glucose-6-phosphate
guanosine diphosphate
glutamine
glutamate
glycine
guanosine monophosphate
guanosine triphosphate
isocitrate
mitochondrial acetyl-coenzyme A
malate
mitochondrial oxaloactetae
mitochondrial pyruvate
nicotinamide adenine dinucleotide
nicotinamide adenine dinucleotide phosphate
2-oxoglutarate
pentose-5-phosphate
phosphoenolpyruvate
phosphoglycerate
phenylalanine
phosphate
ribose-5-phosphate
ribulose-5-phsophate
sedoheptulose-7-phosphate
serine
succinate
triose-3-phosphate
tryptophane
tyrosine
xylulose-5-phosphate
α-ketoglutarate
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ABSTRACT
Tagging a protein of interest to fluorescent proteins such as GFP is a frequent experimental approach for protein localization studies. The different available fluorescent proteins often differ in terms of photostability, brightness, maturation time or pH sensitivity. For this reason we investigated if the use of two different GFP variants influences
the outcome of a quantitative study on differential protein localization between the cytoplasm and the nucleus in Saccharomyces cerevisiae. Here we show that the ratio between nuclear and cytosolic concentrations (N/C-ratio) of Hxk2- a highly abundant protein in yeast- differs more than 20% when two different GFP variants (GFPassam and
GFP S65T, respectively) are used. We systematically excluded a number of potential
influencing parameters (fluorescence resonance transfer, different brightness and pH
sensitivity of the used GFP variants) to be responsible for the different nuclear-tocytosolic ratios observed with the two GFPs. While we could not ultimately identify the
cause for the differences in the N/C ratio observed with the two GFPs, this study is,
however, the first to show that differential protein localization in different cellular compartments can be influenced by the choice of the fluorescent protein.

INTRODUCTION
Quantitative assessment of differential protein abundances between cellular organelles
is widely performed (e.g. (Werner, Chen et al. 2009; Bond, Croft et al. 2013; Davies,
Wagstaff et al. 2013; Meinema, Poolman et al. 2013). Next to physical separation of the
organelles and subsequent analysis of the protein content in the fractions, tagging of
target proteins with a fluorescent protein and microscopic analysis of the spatial localization has become popular (Vincent, Townley et al. 2001; Jacquet, Renault et al. 2003;
Werner, Chen et al. 2009; Fernandez-Cid, Riera et al. 2012). If tagging of the target protein does not interfere with its function, then this approach for localization investigations is less labour intensive (particularly with the existence of libraries such as the
Yeast-GFP Clone Collection) than the physical separation of compartments. It also offers the advantage that it can be used for dynamic studies, is considered a non-invasive
method and the proteins can be studied in their in vivo cellular environment.
For tagging, a number of fluorescent protein with different photostability, brightness or
pH sensitivity has been developed (Heim, Cubitt et al. 1995; Patterson, Knobel et al.
1997; Shaner, Steinbach et al. 2005), with the brightness of many frequently-used GFPs
strongly being influenced by pH changes in the physiological range (Patterson, Knobel
et al. 1997; Llopis, McCaffery et al. 1998). If a fluorescent protein with a pH sensitivity
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in the physiological range is chosen for tagging, then quantitative studies in which fluorescence is used as a proxy for abundance are hampered when the intracellular pH
changes with conditions (as, for instance, those as described in (Dechant, Binda et al.
2010; Orij, Brul et al. 2011). From a theoretical point of view, such pH-dependency of
fluorescent proteins should, however, only be a problem for differential protein concentration measurements between compartments, which have different pH values. This
would, for example, be the case for organelles, such as the vacuole (Martinez-Munoz
and Kane 2008) and the Golgi (Llopis, McCaffery et al. 1998), which show different pH
values than the cytosol. However, for compartments with identical pH, which is for example generally assumed to be the case for the nucleus and the cytosol (Orij, Brul et al.
2011), one still could retrieve correct localization ratios even with a pH- sensitive fluorescent protein.
Information on nuclear protein translocation is important for transcriptional regulation
studies. We therefore investigated in this study the effect of using two different fluorescent proteins for the quantitative determination of differential protein localization between the cytoplasm and the nucleus. As a test case we tagged hexokinase 2 (Hxk2) - a
protein that localizes to the nucleus and cytoplasm (Randez-Gil, Herrero et al. 1998) - to
two different GFP variants. Despite the fact that the pH is considered identical in these
two compartments, we obtained completely different nuclear-to-cytosolic (N/C) ratios
with the two GFP variants. We systematically investigated a number of potential influencing parameters (fluorescence resonance transfer, different brightness or pH sensitivity of the GFP variants) and even experimentally revisited the assumption of identical
nuclear and cytoplasmic pH values by using the fluorescent pH reporter protein, pHluorin (Miesenbock, De Angelis et al. 1998). We could not unravel ultimately the reason
for the observed differences in the concentration ratios between the cellular compartments which could eventually be due to other differences between the GFPs which affect either the localization of the GFP-tagged protein or the GFP fluorescence. However, we feel that our study will serve as an important note of caution for others working
on similar quantitative localization studies.

RESULTS AND DISCUSSION
We used the yeast Saccharomyces cerevisiae and tagged Hxk2, a protein showing a nuclear and cytosolic localization (Randez-Gil, Herrero et al. 1998), to two different GFP
variants: the pH-sensitive GFP S65T (Heim, Cubitt et al. 1995), which is used in YeastGFP Clone Collection and shows an increase of fluorescence with increasing pH be127
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tween 5.0 and 9.0 (Patterson, Knobel et al. 1997; Kneen, Farinas et al. 1998), and a recently developed pH-stable variant of GFP, GFPassam, whose fluorescence is constant
between pH 4.5 and 8 (personal communication, Martin Held, ETH Zurich). To facilitate the precise spatial localization of the nucleus we tagged the histone protein Hta2 to
mRFP1 (Campbell, Tour et al. 2002). Next to the wildtype (WT) strain, we similarly
tagged a variant of the same yeast strain. This strain, called TM6, expresses only a single mutant hexose transporter realizing only a severely reduced glucose uptake rate
(Elbing, Larsson et al. 2004; Henricsson, de Jesus Ferreira et al. 2005), which in turn
affects cytosolic pH (Dechant, Binda et al. 2010; Orij, Brul et al. 2011). Using this
strain variant we could investigate whether the differences that we see in the N/C ratios
obtained with the two GFP variants could be connected to global cellular pH differences.
In these two strains, we determined the N/C ratio of Hxk2-GFP by widefield microscopy. We determined the ratio between the mean GFP intensity in the nucleus (localized
by the signal from Hta2-mRFP1) and in the cytosol. As can be seen from Fig. 1, the
N/C ratio of Hxk2 appears to be approximately 28% higher when tagged to GFP S65T
compared to when tagged to GFPassam. Similarly, in the TM6 strain, the N/C ratio of
Hxk2 tagged to GFP S65T was 22% higher than for GFPassam. Assuming that the
small amino acid differences between these two fluorescent proteins (see Supplementary Information II) do not alter the translocation properties of the fusion protein, these
differences indicate that the obtained N/C ratios are influenced by the different properties of the GFP variants used, such as spectral characteristics, brightness or pHsensitivity.
Figure 1: Apparent differential protein localization depends on the chosen GFP variant. The WT (high glycolytic
flux) and TM6 (low glycolytic flux) strain were grown on
glucose. Hxk2 was either tagged to the GFPassam or GFP
S65T. Mean N/C ratio of Hxk2-GFP and the SD of three
independent experiments are shown. For each experiment
at least 150 cells were analyzed. The stars indicate the
significance levels (*** p<0.001)
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To identify the cause for these differences in the N/C ratios, we first assessed if fluorescence resonance energy transfer (FRET) from GFP to mRFP1 (used for facilitated nuclear localization) could be the cause. Provided that the abundances of the two fluorescent proteins are high enough that indeed these fluorescent proteins would come close
enough to cause FRET, FRET from GFP to mRFP1 would cause a loss of GFP emission
in the nucleus. Compared to GFP S65T, the emission maximum of GFPassam is shifted
to shorter wavelengths (503nm for GFPassam vs. 509nm or 511nm for GFP S65T) (personal communication, Martin Held, ETH Zurich; (Heim, Cubitt et al. 1995; Patterson,
Knobel et al. 1997). With the emission of GFP S65T being closer to the excitation maximum of the co-expressed nuclear mRFP1, a higher emission loss in the nucleus would
be expected for GFP S65T. Consequently, the N/C ratio of Hxk2-GFP S65T should be
lower than for Hxk2-GFPassam. However, we find the opposite indicating that the difference in emission spectra (potentially leading to differential FRET) is not the cause
for the observed differences. Next, we asked whether the observed differences in the
N/C ratios could be an artifact of the different fluorescence brightness levels obtained
with the two fluorescent proteins in the experiments, which are a result of the amount of
GFP present in the cell, the brightness of the GFP itself and the applied exposure time
during the microscopic analysis. The employed widefield microscope also picks up fluorescence signals (particular in the case of the nucleus) from above and below the focal
plane, which could be envisioned to induce artifacts in the measured N/C ratio. To test
whether different fluorescence brightness levels could indeed be the cause, we went
back to single cell N/C ratios, exploited the stochastic cell-to-cell variance in GFP
brightness and asked whether we could identify a correlation between the cytoplasmic
GFP brightness and the N/C ratio.
As shown Fig. 2A and B, for both GFPs we could not identify a relationship between
the cytoplasmic brightness of Hxk2-GFP and the N/C ratio of Hxk2-GFP demonstrating
that the different N/C ratios obtained with the two GFP variants are also not a simple
artifact caused by different GFP brightness levels. The same is true for the TM6 strain
(see Supplementary Information I).
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Figure 2: The N/C ratio does not correlate with the cytoplasmic fluorescence intensity. Hxk2 was either tagged to (A)
GFPassam, or (B) GFP S65T. Each data point shows the N/C ratio and brightness of Hxk2-GFP of a single cell. The results of an additional independent experiment conducted with each GFP variant can be found in the supplement.

Next, we assessed whether a pH difference exists between the nucleus and the cytoplasm. Such a pH difference could affect the brightness of the pH-sensitive GFP S65T
in both compartments to a different extent and therefore could cause the observed higher N/C ratio with GFP S65T: Because the fluorescence of GFP S65T increases with increasing pH from pH 5.0 to 9.0 (Patterson, Knobel et al. 1997), a higher pH in the nucleus than in the cytosol could explain the higher N/C ratio with GFP S65T. Such a pH
difference has indeed been suggested (Fraser and Creanor 1974; Seksek and Bolard
1996; Benink, McDougall et al. 2009), and therefore we measured the cytoplasmic and
nuclear pH using the pH sensor ratiometric pHluorin (Miesenbock, De Angelis et al.
1998) in the WT and TM6 strain, with and without a nuclear localization signal. Here,
we found that in the WT and in the TM6 strain, which show different glucose uptake
rates, the nuclear pH is lower than the cytoplasmic pH (Fig. 3). Since the higher N/C
ratio observed with the pH-sensitive GFP S65T could only be explained if the nucleus is
Figure 3: The nucleus is more acidic than the cytoplasm.
The 400nm/470nm emission ratio is used as a proxy for the
pH value. Using the calibration curve in (Orij, Postmus et
al. 2009), we estimate that the pH difference between the
cytoplasm and the nucleus is approximately 0.5. The graph
shows the mean and SD of at least 20 cells. The stars indicate the significance levels (* p<0.05; *** p<0.001)
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more basic than the cytoplasm, we conclude that the difference in N/C ratios we measured are also not due to their different pH sensitivities.
The differences in the N/C ratio might eventually be caused by other differences in
physicochemical properties between the nucleus and the cytoplasm, to which the two
fluorescent proteins respond with different sensitivity. Alternatively, the choice of the
fluorescent protein may affect the actual localization of the tagged protein. For example,
differences in the two GFP variants could affect the passage through the nuclear pore
complex (NPC), which is highly hydrophobic, or the retention in the nucleus, e.g. by
more favorable binding to DNA. For instance, based on the NPC properties Ribbeck et
al. (2002) speculated that NPC passage of hydrophobic cargo must be more efficient
than that of hydrophilic cargo. Indeed, GFPassam is less hydrophobic than GFP S65T
(see Supplementary Information II) which could impair transport through the NPC or
influence nuclear retention thereby possibly affecting the N/C ratio. Thus, the use of
different variants of a fluorescent protein for protein tagging can either affect the fluorescence signal or the actual localization of the tagged protein potentially leading to different results in quantitative localization studies.

CONCLUSION
Here, we showed that different N/C ratios can be obtained with different GFP variants.
We could show that these differences are not due to differences in spectral properties of
the two GFPs, which could lead to FRET with the co-expressed nuclear mRFP1. Furthermore, different fluorescence brightness or different pH-sensitivity of the used GFP
variants can also not account for the different N/C ratios we obtained. While we could
not ultimately identify the cause for the differences in the N/C ratio observed with the
two GFP variants, this study is, however, the first to show that differential protein localization in different cellular compartments can be influenced by the choice of the fluorescent protein. Given the fact that the field of biology is becoming more and more
quantitative, also on quantitative localization (Kleine-Vehn, Wabnik et al. 2011;
Caydasi, Lohel et al. 2012), we feel that our finding will serve as an important note of
caution. We hope that our report will make researchers more aware that such data could
be biased and eventually will trigger further investigations into potential causes for such
differences.
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MATERIAL AND METHODS
Yeast strains
We used two prototrophic CEN.PK2-1C-derived strains that were previously shown to
have different glucose uptake rates (Elbing, Larsson et al. 2004): CEN.PK KOY.PK21C83 (named wild type (WT) in the text) and CEN.PK KOY.TM6*P, named TM6 in
the text). In each of these strains, we tagged Hxk2 with either with GFPassam (personal
communication, Martin Held, ETH Zurich) or GFP S65T (Heim, Cubitt et al. 1995).
Additionally, Hta2 was tagged to mRFP1 (Campbell, Tour et al. 2002), which allowed
the precise localization of the nucleus in the microscopic analysis. To determine the cytoplasmic and nuclear pH, we generated strains, which expressed the ratiometric pH
sensor, pHluorin (Miesenbock, De Angelis et al. 1998), via a tetracycline inducible system (Blount, Weenink et al. 2012). Nuclear targeting was achieved by using the h2NLS
nuclear localization signal (Meinema, Laba et al. 2011).
Construction of the yeast strains
The strains for the Hxk2 localization study were obtained by constructing a PCR fragment with the adaptamer-mediated PCR method/overlap extension method (Pogulis,
Vallejo et al. 1996). The generated PCR fragments were transformed into the strains by
the LiAc/SS carrier DNA/PEG method (Gietz and Schiestl 2007) for genomic integration. For tagging Hxk2 with GFP and Hta2 with mRFP1 the upstream and downstream
regions (between 100 and 300 bp long) of the desired insertion site of the fluorescent
proteins (i.e. the regions in front and behind the stop codon of Hxk2 and Hta2, respectively) were PCR-amplified with genomic DNA of the wild type as a template. GFP
S65T was amplified from a yeast strain taken from the yeast GFP fusion library
(Howson, Huh et al. 2005). The pH-stable variant of GFP, GFPassam, was amplified
from a yeast strain carrying Mns2-GFPassam in its genome (provided by Martin Held,
ETH Zurich). mRFP1 was PCR-amplified from the plasmid pWJ1350. The selection
markers kanMX4 and nat1 were amplified by PCR from pUG6 and pAG25 (both from
Euroscarf), respectively. The downstream and upstream regions, the fluorescent protein
and the selection marker were fused by overlap extension PCR. With this method, we
tagged Hxk2 at its 3’ end with GFP (either GFPassam or GFP S65T) and kanMX4. Hta2
was tagged with mRFP1 and nat1 at its 3’end. The correct genomic integration of the
PCR fragments was verified by PCR. The correct nucleotide sequence of Hxk2 was
checked by sequencing.
The pH sensor (pHluorin) was expressed under the control of a tetracycline inducible
system (TetON), integrated in a single copy into the yeast genome. The HO-Kan-MX
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plasmid (Voth, Richards et al. 2001) containing flanking sequences for the HO locus in
the chromosome IV of yeast, was used for the genomic integration of the transgenic
construct. The HO-KanMX plasmid (Voth, Richards et al. 2001) containing flanking
sequences for the HO locus in the chromosome IV of yeast, was used for the genomic
integration of the transgenic construct. The same plasmid also contains an ampicillin
resistance cassette and the colE1 origin of replication for selection and amplification in
E. coli, as well as the KanMX4 antibiotic resistance cassette for selection in yeast. The
backbone of the respective plasmid was PCR amplified using the primer pair HO
For/Rev. The tetracycline inducible system pInverter (Blount, Weenink et al. 2012) was
also PCR amplified using the primer pair HO-TetEX For/Rev including 25bp 5΄ overhangs complementary to the backbone of the HO-KanMX plasmid. The two amplicons
were gel purified and annealed together using the Circular Polymerase Extension Cloning (CPEC) DNA assembly method (Quan and Tian 2009), for the generation of the
pC6B recombinant plasmid. The sequence of the pC6B vector was verified by restriction digestion and sequencing.
A codon optimized for yeast version of the original pHluorin coding sequence was synthesized de novo (GENEART) and introduced into the pMAT plasmid, containing an
ampicillin resistance cassette and the colE1 origin of replication, for selection and amplification in Escherichia coli. The sequence of pHluorin was PCR amplified using the
pH For/Rev primer pair, including 22bp and 29bp 5΄ overhangs, complementary to the
pC6B sequence. Similarly, PCR was used to amplify and linearize the pC6B cloning
vector. The two DNA pieces were assembled together using CPEC, for the generation
of the pC14A plasmid, which was verified by restriction digestion and sequencing.
For the direction of the pH sensor into the nucleus, the h2 nuclear localization signal
(h2NLS) (Meinema, Laba et al. 2011) was incorporated at the 3΄ of its coding sequence.
Specifically, the h2NLS was PCR amplified using the pAC06 plasmid as a template and
the ph-NLS For/Rev primer pair, containing 14 bp 5΄overhangs, complementary to the
pC14A plasmid. The pC14A plasmid was linearized using PCR and the nls-PH For/Rev
primer pair containing 15 and 14 bp 5΄overhangs respectively, complementary to the
h2NLS. The two amplicons were assembled using the Gibson DNA assembly method
(Gibson, Young et al. 2009), for the construction of the pG7TB plasmid. The new recombinant plasmid was verified by restriction digestion and sequencing.
The pC14A and pG7TB plasmids were linearized using the seq4 For/Rev primer pair
and transformed into wild type KOY and KOY TM6 cells using the high efficiency lithium acetate transformation protocol (Gietz and Schiestl 2007) and the antibiotic G418
as a selection marker. This resulted in the generation of the KOY C14A.2B and KOY
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TM6 C14A.2B cells, expressing pHluorin in the cytoplasm, and KOY G7TB.2B and
KOY TM6 G7TB.2B genetically modified strains expressing pHluorin in the nucleus.
Medium and cultivation
Cells were grown in minimal medium (Verduyn, Postma et al. 1992) with 10 mM
phthalate buffer to maintain the pH at a value of 5. For each experiment, cells were taken from a fresh YPD plate (i.e. not older than a week) and grown for 8-10 h in 5 mL
pre-cultures containing 2% glucose. Then, 500 ml Erlenmeyer shake flasks with 50 mL
medium (with 1% glucose inoculated with start OD600s always below 0.06. Cultivation
was performed at 30°C with shaking at 300 rpm at a shaking amplitude of 50 mm. Cells
were harvested for analysis during steady-state growth on glucose (with an OD600 of
0.9-1.3) . To determine the pH in the cytoplasm and nucleus, we cultivated cells in a
microfluidic device (Lee, Avalos Vizcarra et al. 2012; Huberts, Lee et al. 2013). Therefore, we precultured cells in the above mentioned minimal medium supplemented with
1% glucose and 300ng/ml anhydrous tetracycline and transferred the cells to the microfluidic chip, in which we used the same medium (flow rate 4.8 μl/min).
Determination of nuclear-to-cytosolic Hxk2 localization
For the determination of the Hxk2 localization, 10µl sample from the culture was put on
a glass cover slide and covered with a 2% agar pad (approx. 5mm thick). Prior to use,
the agar pads were incubated in growth medium for >12h. Cells were imaged as rapidly
as possible in order to keep them in steady-state. Microscopic analyses were done with a
Nikon Ti‐E microscope with a Hamamatsu ORCA C4742‐95‐12ER camera; 100x objective (CFI Planapochromat 100x VC Oil) with DIC settings. GFP fluorescence was
measured with LED of 465nm together with excitation and emission filters for 470/20
nm and 525/50 nm, respectively. To determine RFP fluorescence LED of 565nm was
used together with emission and excitation filters for 572/35nm and 632/60 nm, respectively. The obtained multichannel images were analyzed with an automated Matlab
script on the basis of CellProfiler (Lamprecht, Sabatini et al. 2007), which uses the GFP
fluorescence channel for cell segmentation. The nucleus was segmented using the RFP
channel. The nuclear-to-cytosolic (N/C) ratio of Hxk2 was calculated with the mean
GFP intensity of the 20% brightest pixels in the cytoplasm and all nuclear pixels after
the background signal (i.e. an image area without any cells) was subtracted from the
GFP intensities.
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Determination of nuclear and cytoplasmic pH
For the relative characterization of the cytoplasmic and nuclear pH, yeast cells expressing the pHluorin with or without a nuclear localization signal, growing in the microfluidic device, were monitored using widefield fluorescence microscopy. For this purpose,
a Nikon Ti-E microscope along with an Andor LucaR EM-CCD camera, having the EM
multiplier set at 3 within the linear amplification range, and a 60x objective (CFI Plan
Apochromat 60x Oil) were used. Image acquisition was performed every 10min for 10
hours in the DIC channel, as well as two fluorescent channels, each one corresponding
to the two one of the two excitation maxima of pHluorin (400nm and 470nm). The
CoolLED pE-2 LED system, harbouring a 400nm and a 470nm LED was used to excite
the optical pH sensor, with 10% light intensity for both wavelengths. In the 400nm
channel, a 390/40nm excitation filter, a 525/50nm Emission filter and a 495nm
beamsplitter were used. For the 470nm channel, the same emission filter and beamsplitter were combined with a 470/40nm excitation filter. The average 400nm/470nm fluorescence intensity ratio was calculated for each measured yeast single cell expressing
the pH sensor in the cytoplasm or the nucleus.
The BudJ plugin for ImageJ (Ferrezuelo, Colomina et al. 2012) was obtained from
www.ibmb.csic.es\home\maldea and was used to segment and track the recorded yeast
cells. The same software was used to analyse the fluorescence intensity in the cytoplasm
as well as the nucleus, for both excitation wavelengths.
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Supplementary Information I

Supplementary figure: The N/C ratio does not correlate with the cytoplasmic fluorescence intensity. Hxk2 was either
tagged to (A) GFPassam, or (B) GFP S65T in the WT. In (C) and (D) the two GFP variants were tagged to Hxk2 in the
TM6 strain. Each data point shows the N/C ratio and brightness of Hxk2-GFP of a single cell.
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Supplementary Information II: Analysis of the hydrophobicity of GFP S65T and
GFPassam

To test if the differences in the amino acid sequence between GFP S65T and GFPassam
change the overall hydrophobicity of the protein we analyzed the hydrophobicity of the
amino acids which differ in the two GFP variants using the hydrophobicity scores of
Kyte and Dolittle (1982). The positions of the changed amino acids in the GFP protein
were analyzed using the published structure of GFP (Ormo, Cubitt et al. 1996). The
F64L change was not considered to contribute to the hydrophobicity of the surface of
the protein since the amino acid is located in its core. Adding up the hydrophobicity
scores indicates that GFPassam is less hydrophobic than GFP S65T since the score
changes from a (slightly) positive value (=hydrophobic) to a negative value
(=hydrophilic) (see Supplementary Table).
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changed amino acids
GFP S65T GFPassam

change in the hydrophobicity score

position in the GFP
protein

G4R

from
-0.4

to
-4.5

B1

yes

S30R

-0.8

-4.5

B2

yes

Y39N

-1.3

-3.5

B2

yes

F64L

-3.5

3.8

core

no

Q80R

-3.5

-4.5

hinge, between core
and B4

yes

F99S

-3.5

-0.8

B4

yes

N105T

-3.5

-0.7

B5

yes

Y145F

-1.3

-3.5

B7

yes

N149Y

-3.5

-1.3

B7

yes

M153T

1.9

-0.7

B7

yes

V163A

4.2

1.8

B8

yes

I167T

4.5

-0.7

B8

yes

I171V

4.5

4.2

B8

yes

I188V

4.5

4.2

B9

yes

Q204H

-3.5

-3.2

B10

yes

A206V

1.8

4.2

B10

yes

sum of the hydrophobicity score

0.1

-13.5

Supplementary Table : Analysis of the amino acid changes in GFP S65T and GFPassam. B= β sheet
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Concluding remarks
In this thesis we contributed to the understanding of the role of hexokinase 2 (Hxk2) in
sensing the glycolytic flux and transmitting the flux signal downstream. Furthermore,
we highlighted the broad impact of the glycolytic flux on the overall cellular phenotype.
Our main biological findings are:
‐ the Hxk2 localization, dimerization and serine 14 phosphorylation are not only
dependent on the glycolytic flux (or the flux through Hxk2), but are also influenced
by substrate-specific signals
‐ the level of invertase activity correlates with the flux (either through glycolysis or
Hxk2) except during growth in mannose and is most likely regulated via the nuclearto-cytosolic ratio of Hxk2
‐ the rate of ethanol secretion correlates with the flux (either through glycolysis or
Hxk2) independent from the substrate the cell grows on
‐ the kinase Tda1 is involved in the regulation of the Hxk2 modifications and may be
the sensor of the glycolytic flux
‐ the concentrations of several metabolic intermediates of glycolysis, the pentose
phosphate pathway and the tricarboxylic acid cycle correlate with the fluxes through
the respective pathway
‐ the levels of 63% of the measured 192 metabolic proteins correlate with the
glycolytic flux
‐ the transcription factors Msn2, Msn4, Cat8, Rtg1, Rgt2, Gcr1 and the Hap complex
may be responsible for this glycolytic flux-dependent protein expression
In the following, a number of aspects will be highlighted and placed in the overall
context of this thesis.
The potential role of Tda1 in glycolytic flux sensing and signalling
Through the deletion of Tda1 we derived a new hypothesis how Hxk2 could participate
in transmitting the flux signal downstream to regulate the level of glucose repression
and fermentation. According to this hypothesis the activity of Tda1, which is necessary
for serine 14 phosphorylation of Hxk2, might be regulated by the glycolytic flux
making Tda1 a new candidate for the sensor of the glycolytic flux. At low glycolytic
fluxes, Tda1 mediates Hxk2 phosphorylation, which induces the dissociation of Hxk2
dimers. It is not clear yet if Tda1 directly affects Hxk2 phosphorylation or indirectly via
another kinase. As the serine 14 phosphorylation of Hxk2 was reported to be regulated
by the Snf1 kinase and the Reg1-Glc7 phosphatase (Fernandez-Garcia, Pelaez et al.
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2012) Tda1 could determine serine 14 phosphorylation indirectly by regulating the
activity of Snf1 and/or Reg1-Glc7 in a flux-dependent manner.
Our results in CHAPTER 3 show that Tda1 activity is most likely not only regulated in
a flux-dependent manner since during growth on non-glucose substrates the serine 14
phosphorylation does not correlate with the glycolytic flux. Thus, Tda1 may integrate
flux-dependent and substrate-specific signals and convert this integrated signal into the
phosphorylation of Hxk2.
Substrate-specific signals acting on the Hxk2 modifications
During growth on non-glucose substrates the relationship between the phosphorylation
and dimerization was found to be abolished possibly due to substrate-dependent signals.
This substrate-dependency could eventually act on Hxk2 via the kinase Tda1. For
example, the activity of Tda1 could be regulated by binding of a certain metabolite
either directly to Tda1 or to a regulator of Tda1. The level of this metabolite would
correlate with the glycolytic flux during growth in glucose but not during growth on
other carbons sources. Indeed, the analysis of metabolite levels at different glycolytic
fluxes (cf. Fig. 4 in CHAPTER 4) offers a potential candidate: Sedoheptulose-7phosphate (S7P), which was already suggested to have a regulatory role in metabolism
(Nagy and Haschemi 2013). The concentration of S7P shows an inverse correlation with
the glycolytic flux (and the flux through the pentose phosphate pathway) during growth
on glucose. During growth on non-glucose substrates, the S7P levels do not fall into the
correlation with the glycolytic flux found during growth on glucose but show lower
levels than it would have been expected from the realized glycolytic flux on these
substrates. The activity of Tda1 (measured as the degree of Hxk2 phosphorylation, cf.

Figure 1: The cellular concentration of sedoheptulose-7phosphate as a function of the degree of Hxk2
phosphorylation. Phosphorylation data were taken from
CHAPTER 2 (flux mutants) and CHAPTER 3 (substrates)
and the sedoheptulose-7-phosphate levels from CHAPTER
4. The Pearson correlation factor is R=0.60, p-value=0.11.
cdw = cell dry weight, P=level of phosphorylated serine 14
of Hxk2, UP= level of unphosphorylated serine 14 of Hxk2,
gal= galactose, man= mannose, pyr =pyruvate
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Fig. 2E in CHAPTER 3) shows a very similar behavior (inverse correlation with the
glycolytic flux on glucose, low activity during growth on galactose and pyruvate)
indicating that S7P may have an activating effect on Tda1. Figure 1 shows the
relationship between the S7P levels and the degree of phosphorylation indicating that
S7P might influence the Tda1-mediated Hxk2 phosphorylation.
Alternatively, one or more regulatory proteins upstream of Tda1 could receive
glycolytic flux-dependent and/or substrate-specific signals which are integrated on the
level of Tda1 activity e.g. by a modification of Tda1 such as phosphorylation.
Substrate-specific signals may also interfere with the effect of dimerization on the Hxk2
localization since the correlation between the degree of dimerization and the N/C ratio
is abolished during growth on the non-glucose substrates. Possibly, the Hxk2 dimers are
modified in a way which slightly promotes their nuclear import (e.g. by changing their
hydrophobicity) or by promoting the binding of transport factors. Figure 2 summarizes
the hypothetical regulatory network of how the glycolytic flux and substrate-specific
signals may influence the Hxk2 modifications and regulate the level of glucose
repression and fermentation.

Figure 2: Schematic illustration how Tda1 activity could influence the relationship between the glycolytic flux,
the modifications of Hxk2 and the downstream response. Different signals may act on Tda1, Hxk2 dimerization
and the nuclear transport of the Hxk2 dimers.
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Nuclear transport of the Hxk2 dimers
On glucose, a high degree of Hxk2 dimerization is accompanied by a low N/C ratio
which likely causes glucose repression and a fermentative metabolism. However, the
correlation of the Hxk2 dimerization and the N/C ratio is abolished during growth on
non-glucose substrates due to substrate-specific signals. On the one hand, the effect of
dimerization on the Hxk2 localization could passively influence nuclear transport
simply by the fact that the monomer is larger than the dimer. However, nuclear
transport of Hxk2 is probably not just passive but also a process influenced by specific
signals. Nuclear transport – being an active or passive process- can be affected by
slightly different properties of two proteins as shown in CHAPTER 5 for the green
fluorescence proteins. Thus, compared to the monomer the transport of the Hxk2 dimers
through the nuclear pore complex could also be hindered for example by different
hydrophobicity properties which could either influence the passage through the nuclear
pore complex or the interaction with transport proteins.
How to best measure glucose repression
On mannose, cells realize a relatively high glycolytic flux but, surprisingly, in terms of
invertase activity, which is encoded by SUC2, it is completely de-repressed. However,
this conclusion is only based on the expression of a single reporter gene. In CHAPTER
4 we measured the level of two other glucose-repressed proteins, Hxk1 and Gal1, whose
repression also requires Hxk2 (Gancedo 2008). The low expression of Gal1 (cf.
Supplementary Information II of CHAPTER 4) during growth on mannose indicates
that the cell is not generally de-repressed and Hxk2-mediated glucose repression is not
relieved. Thus, measuring only the level of invertase activity is not sufficient to
characterize the level of glucose repression under a certain growth condition. Finding
different repression levels of known glucose-repressed genes in the same condition
points out that proteomic measurements of many different glucose-repressed proteins
would be the ideal means to globally characterize the glucose-repressed state of a cell.
The proteins we found in the proteome measurements in CHAPTER 4 to correlate with
the glycolytic flux (i.e. those which show low protein levels at high glucose uptake rates
and high protein levels at low glucose uptake rates and during gluconeogenic growth)
would be good candidates for characterization of the global level of glucose repression.
Closing words
Using strains realizing different glycolytic fluxes under high glucose conditions proved
to be the optimal system to elucidate the interrelationship between the different Hxk2
modifications since the strains all faced the same environment and were not perturbed
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by different environmental signals. With this approach we could show that the Hxk2
modifications are affected by the glycolytic flux. Growing yeast on different nonglucose substrates, however, showed that this network is not solely dependent on the
glycolytic flux but is also subject to other regulatory processes influenced by substratespecific signals which interfere with the flux-dependent regulation. Flux- and substratespecific regulation may very likely be mediated by certain metabolites which could bind
to and modify regulatory proteins such as Tda1 and/or Snf1 which act upstream of
Hxk2 and could also directly affect the one-protein network of Hxk2. Thus, our findings
illustrate that the network of Hxk2-mediated glucose repression is even more
complicated than expected at the beginning of the work on this thesis and suggests, that
Hxk2 is rather a transmitter of the glycolytic flux signal than the sensor of the glycolytic
flux.
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