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I ntroduction

The origin of life is thought to be based on the formation of compartmentalized
autocatalytic chemical cycles. Over time and with the appearance of catalytical
biopolymers (ribonucleic acid- or protein-based enzymes), these chemical cycles gained
complexity resulting in the evolution of modern metabolic pathways [1, 2]. Metabolic
pathways are sequences of enzymatic reactions that can be dynamically adjusted in
turnover, and their topology within the cell forms the metabolic network [2]. The large set
of biochemical reactions within the metabolic network produces chemica energy and
biomolecules as building blocks for cellular components. Beyond this, the metabolic
network is tightly connected to regulatory macromolecules (e.g. the transcriptional
machinery) which monitor the cell’s homeostasis and is therefore fundamental part of the
cellular regulome [2]. Constant input of energy from the environment and their
assimilation by the metabolic network is required to maintain biochemical reactions
working against entropy, and thus keeping an organism alive [3, 4]. Central for the
maintenance of living systems is the energy coupling agent adenosine triphosphate
(ATP). ATP isregarded as the “energy currency” of the cell. Hydrolysis of ATP to ADP
(adenosine diphosphate) and AMP (adenosine monophosphate) releases energy that is
essential for manifold energy-consuming cellular processes, such as motility, active
molecular transport, signaling events or biosyntheses of macromolecules [5]. Reversely,
ATP is generated from ADP and P, (phosphate) when phototrophic organisms capture the
energy of light or when organic nutrients are oxidized in chemotrophic organisms. Hence,
the ATP-ADP-turnover is the fundamental mechanism of energy transfer in biological
systems [5]. Moreover, metabolism must be rapidly and adequately reconfigured in order
to produce or degrade compounds to maintain the cellular homeostasis and facilitate the
cell’s survival when conditions change [6]. In the light of cellular self-regulation,
metabolic pathways exhibit fundamental importance because their turnover can be fast

and dynamically adapted to the cell’ s current requirements.

Pathways in Central Carbohydrate Catabolism

Pathways in carbohydrate metabolism take center stage in the cell’s metabolic
network because they provide energy (e.g. in form of ATP) and metabolites for synthetic
processes, intermediary metabolism and secondary metabolic reactions. Carbohydrates
such as glucose contain chemical energy stored in molecular bonds to hydrogen, which



can be released in enzymatic reactions. The main energy-releasing catabolic pathways in
carbohydrate metabolism are glycolysis and fermentation or respiration.

Glycolysis (Greek: glykos = sweet, lysis = degradation, Fig. 1) is an ancient
catabolic pathway that derives from atime when there was less oxygen in the atmosphere
than nowadays. It is conserved in amost all organisms — aerobe or anaerobe living [7]. In
ten cytosolic enzymatic steps, one molecule of glucose is converted into two molecules of
pyruvate. This reaction sequence yields two molecules of ATP and one molecule of the
high- energy compound NADH (reduced nicotinamide adenine dinucleotide).

Glycolysis
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Figure 1: Pathways in central carbohydrate metabolism. Enzymes explicitly mentioned in the text are highlighted in
bold. TCAC, tricarboxylic acid cycle, OXPHOS, oxidative phosphorylation

Under anaerobe as well as aerobe conditions, pyruvate can be processed through
fermentation (Fig. 1). The last enzymatic reactions in fermentation restore NAD*

(oxidized nicotinamide adenine dinucleotide) which is required for upstream reactions in



glycolysis and, thus, maintain the redox balance of the pathway. In yeast and some other
microorganisms (e.g. the thermophilic bacteria Clostridium thermohydrosulfuricum [8]),
pyruvate is converted to acetaldehyde and carbon dioxide, and in the final step to ethanol.
Higher eukaryotes and lactic acid bacteria directly reduce pyruvate to lactate. The end
products of fermentation (ethanol or lactate) are two carbon bodies which still contain
chemical energy. Hence, fermentation only leads to partial energy release from glucose
[5].

The entire oxidation and energy recovery from glucose can be facilitated when
glycolysis is followed by mitochondria respiration, which is strictly dependent on the
availability of oxygen. Firstly, pyruvate is decarboxylated to carbon dioxide and acetyl-
coenzyme A (acetyl-CoA). The acetyl-group of acetyl-CoA is transmitted to the
tricarboxylic acid cycle (TCAC) located in the mitochondrial matrix. The TCAC reaction
sequence provides intermediates for biosynthetic processes (e.g. the production of certain
amino acids such as glutamic acid or fatty acids [5]) and leads to further energy releasing
oxidation of the acetyl-group. One molecule of ATP is produced from one molecule
acetyl-CoA, but the major part of the energy released from TCAC compounds is bound in
NADH and FADH, (reduced flavin adenine dinucleotide). NADH and FADH, transmit
their electrons to enzymatic complexes of the mitochondrial respiratory chain (electron
transport chain), located in the inner mitochondrial membrane. A series of redox reactions
via molecules with increasing reduction potential passes electrons to their final acceptor:
molecular oxygen. Step by step, enzymatic complexes of the electron transport chain use
this energy to pump protons across the inner mitochondrial membrane and thereby build
up a proton gradient — a process caled “chemiosmosis’ [9]. At last, four electrons are
transferred to their final acceptor molecular oxygen, which is thereby reduced to form
water. In higher eukaryotes, the respiratory chain is composed of four enzymatic
complexes (I-1V), cytochrome ¢ and the lipid ubiquinone (Q) (Fig.2). However, the
molecular composition of the respiratory chain might vary between different kingdoms or
species. For instance, the yeast Saccharomyces cerevisiae lacks complex | (Fig. 2).
Instead, different oxidoreductases (Ndel, Nde2, Ndil and Gut2) feed the respiratory
chain with electrons, but without proton pumping (Fig. 2) [10].

The proton gradient is the driving force for oxidative phosphorylation (OXPHOS).
Protons flow back down the gradient through the enzymatic complex ATP synthase. In
this way, the transmitted energy is used in a phosphorylation reaction to form ATP from
ADPand P, [11].



Whereas the ATP yield from glycolysis or the TCAC are definite numbers
because they depend on the stoichiometries of chemical reactions, the number of ATP
molecules attained from OXPHOS is less exactly determinable. Stoichiometries of proton
pumping, ATP-synthesis and transport processes of metabolites are no integer numbers
and do not have fixed values. Thus, recent estimations state a total ATP yield of ~30
molecules from the complete oxidation of one molecule glucose to CO, in higher
eukaryotes [5]. However, these calculations are overestimates, as they do not take into
account the energy needed to synthesize involved proteins, and for balancing the redox

state. Nevertheless, glycolysis followed by mitochondrial respiration has a much higher

energy yield than fermentation.
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The Pentose Phosphate Pathway (PPP)

The Pentose Phosphate Pathway (PPP) is a carbohydrate metabolizing pathway
closely connected to glycolysis (Fig. 1). The PPP can be subdivided into two
independently operating metabolic units: the oxidative branch (OPPP) and the non-
oxidative part (NOPPP). The OPPP consists of irreversible enzymatic reactions that
convert glucose 6-phosphate to ribulose 5-phosphate and produce NADPH (reduced
nicotinamide adenine dinucleotide phosphate). Whereas the NOPPP is formed by
reversible enzymatic reactions that convert three-, four-, five-, six- or seven-carbon sugars
into each other. Therefore, the PPP provides the cell with the five-carbon sugar ribose 5-
phosphate for nucleotide biosynthesis and for production of ATP, NADH, FAD and
coenzyme A, and reduces the redox-cofactor NADP" to NADPH.

Reactive Oxygen Species and Anti-Oxidative Systems

Cells which use aerobic metabolism gain more ATP per mole glucose, but also
have to face the toxic side effects of oxygen. The mitochondria electron transport chain
is always somewhat “leaky”, leading to direct one-electron transfer to molecular oxygen
and to the formation of the superoxide anion radical (O;", Fig. 2) [12, 13]. In higher
eukaryotes, superoxide production takes place at complex | and Ill; in S. cerevisiae at
Ndel/2 and complex Il (Fig. 2) [14]. Superoxide is highly reactive itself and also
precursor ion for different other reactive oxygen species (ROS; e.g. hydrogen peroxide,
H.O, and the hydroxyl radical, HO-). Mitochondrial respiration is the major interna
source for ROS in eukaryotic cells [13]. The total rate of ROS production during
respiration equals 1-2% of the metabolized oxygen [12]. ROS, precisely H,O,, were
reported to play important roles in cellular signaling, e.g. as second messenger to transmit
pro-inflammatory and growth-stimulatory signals [15, 16]. However, an excess of ROS
can also damage macromolecules such as nucleic acids, proteins and fatty acids by
oxidation, and has influence on many biochemical reactions whose function is impaired
upon an redox-imbalance [17]. A shift of the redox-balance toward oxidizing molecules,
also termed oxidative stress, is therefore a dangerous and deleterious situation for the cell
and implicated in a number of human diseases such as cancer, stroke or late-onset
neurodegenerative disorders[18].

To prevent the destructive effects of high ROS levels and to repair damaged
structures, various enzymatic as well as non-enzymatic defense and repair mechanisms

have evolved in eukaryotic cells. Primary defense mechanisms maintain ROS at a
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harmless level; secondary defense mechanisms repair or degrade the targets of
oxidization [19]. Enzymatic systems comprise superoxide dismutases, catalases,
peroxiredoxins (PRX), glutaredoxins (GRX) and thioredoxins (TRX). Non-enzymatic
anti-oxidants include, e.g., glutathione, ascorbate, ubiquinol, tocopherols and carotenoids
[14, 19, 20]. Probably, the most important redox buffer in most eukaryotic cells is the
tripeptide glutathione (GSH, y-L-glutamyl-L-cysteinylglycine). GSH functions in two
ways. by being oxidized to glutathione disulfide (GS-SG) it scavenges free radicals and
by forming reversible mixed disulphides with protein thiol-groups, which are prone to
oxidation (S-glutathionylation), it protects proteins from irreversible damage through
formation of sulfonic derivatives by ROS [14]. In a predominantly oxidizing extracellular
environment and because of constant ROS production through normal metabolic
processes, cells need to recycle oxidized components of the anti-oxidant defense and
repair mechanisms in order to maintain a reducing intracellular milieu [21]. The
glutathione as well as the enzymatic systems require the redox-equivalent NADPH for
recovery, e.g. for reduction of GS-SG to GSH.

NAD(H) and NADP(H) — The Universal Redox-Cofactors

Energy transduction through catabolic pathways and also biosynthetic processes
depend on the ability to carry redox equivaents. The pyridine nucleotides NAD(H) and
NADP(H) play pivotal roles in metabolic redox-reactions and cellular homeostasis. They
can accept electrons when present in their oxidized state (NAD" and NADP") or donate
electrons from their reduced state (NADH and NADPH).

NAD(H) and NADP(H) differ only in a phosphate group at the 2'position of the
ribose ring that is connected to the adenine moiety [5]. Furthermore, this moiety is
connected by a phosphate bond to a nicotinamide unit, which is the redox effector. Hence,
both molecules can be used in a similar fashion for redox transport, but facilitate the
maintenance of two independent redox pools in parale, as the large phosphate group
allows enzyme selectivity. Indeed, enzymes which require NAD(H) or NADP(H) for
catalysis are in genera highly specific for their cofactors [22]. Hence, as it has to be
facilitated that oxidizing as well as reductive processes can run simultaneoudly,
independent availability of universal pools of NAD" and NADPH is crucial for cellular
life.

Energy producing metabolic pathways require oxidized NAD as redox-carrier that

transfers electrons from highly energetic nutrients such as carbohydrates or fatty acids to
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enzymatic complexes of the respiratory chain. Beside its function as cofactor in redox-
metabolism, NAD" plays also crucia roles in regulatory mechanisms and signaling
events. For instance, NAD™ is the substrate molecule for members of multiple protein
families. In ADP-ribosyl transfer reactions, ADP-ribosyltransferases (mono(ADP-
ribosyl)transferases, ARTS; poly(ADP-ribosyl)transferases, PARPs) use the ADP-ribose
moiety of NAD" for posttranslational covalent protein modifications. The targets of
mono/poly ADP-ribosylation are diverse: ranging from small molecules like acetate
(forming O-acetyl ADP-ribose, [23]) to macromolecules such as proteins (e.g.
mono(ADP-ribosyl)ation of P2X; purinergic membrane receptors [24] or poly(ADP-
ribosyl)ation [PARsylation] of chromatin-associated macroH2A [25, 26]). Furthermore,
bifunctional cyclic ADP-ribosyl cyclases/cyclic ADP-ribose hydrolases can generate
cyclic ADP-ribose (cADPr) or hydrolyze cADPr into free ADP-ribose [22, 27]. cADFPr,
O-acetyl ADP-ribose and ADP-ribose are biologically active second messenger
molecules and involved in calcium homeostasis [23]. Additionally, NAD" participates in
transcriptional regulation: either through NAD™-dependent PARSylation of transcription
factors (e.g. p53, NFkB) or RNA polymerase Il [22, 28], or through chromatin
remodeling events. For example, NAD" dependent class Il histone deacetylases
(HDACS) of the Sir2 family (silent information regulator-2) transfer acetyl-groups from
their substrates, histones, to the ADP-ribose moiety of NAD" and, thus, lead to the
formation of heterochromatin with subsequent gene silencing [29]. Conserved from
bacteriato higher eukaryotes, the Sir2 protein family has gained much attention in the last
years, because increased Sir2p activity was reported to increase lifespan in various
organisms[30].

NADPH functions as universal electron donor. Thus, one of its mgor tasks — as
mentioned above - is acting as redox-equivalent in the maintenance and recovery of all
known anti-oxidative defense and repair mechanisms (glutathione, catalases, TRX, PRX,
superoxide dismutases and glutathione S-transferases), and thereby protects the crucia
cellular redox-balance [31]. Another important role of NADPH is its involvement in
anabolic processes, such as fatty acid synthesis. For instance, NADPH is essential for the
production of phospholipids, triacylglycerols, cholesterol and steroids. Also the
production of some amino acids, such as glutamic acid and proline, depend on NADPH
[5]. It is required for the reduction of ribonucleotides into deoxyribonucleotides, and
therefore plays a critica role in dNTP pool homeostasis and high fidelity DNA
replication and repair [32]. Furthermore, NADPH plays a centra role in celular
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detoxification processes. Hydroxylation of xenobiotics through microsomal cytochrome
P450 (CYP) for their subsequent degradation requires continuous re-reduction of CYPs
by cytochrome P450 reductases, which are NADPH-dependent. Also S-glutathione
transferases are involved in the biotransformation and detoxification of xenobiotics, and
their recovery requires NADPH as well [33]. NADPH also functions as substrate for
NADPH-oxidases (NOX). Firstly discovered in neutrophils and phagocytes, NOX play a
role in the unspecific host defense. They produce superoxide which is released into the
extracellular space (oxidative burst) to protect the cell from bacteria and fungi. However,
NOX enzymes have also been discovered to cause continuous intracellular ROS release at
a lower level which was discussed to be important for cellular signaling events [34].
NADP" also fulfills messenger functions. The 2 phosphorylated form of cADPr derived
from NADP" and the NADP nicotinic acid derivate, NAADP, have been reported to take
part in calcium signaling events, too [31].

Involvement of NAD(H) and NADP(H) in redox-reactions - the reversible
conversion of oxidized and reduced molecular forms - does not lead to net consumption
of these cofactors [23]. However, their functions as substrates for protein modifications
and cellular signaling processes involve intramolecular cleavage at the glycoside bond
between nicotinamide and the ADP-ribose moieties. Therefore, besides the event of cell
division, the need for NAD(P)" synthesis mainly results from their substrate and signaling
functions. There are two principle ways of NAD" synthesis known to date. The so-called
de novo synthesis is based on building blocks such as the amino acid tryptophan in
mammals and S. cerevisiae. Also, more complex components that are taken up with
nutrition, e.g. vitamin B3 (nicotinic acid), can be used for NAD™ de novo synthesis.
Similar components as nicotinic acid are generated when NAD" is cleaved to release the
ADP-ribose moieties, and are recycled in the savage pathway. The salvage pathway
recycles the degradation products containing a nicotinamide ring (nicotinic acid and
nicotinamide) in order to resynthesize NAD". Regarding the overall NAD" synthesis rate,
the salvage pathway is of higher activity than de novo NAD" production [23].

In order to build up and maintain also cellular pools of NADP(H), some NAD" is
further processed to produce NADP'. NAD-kinases (NADKS) are ubiquitous enzymes
that preferably use NAD" and ATP as phosphate donor to synthesize NADP®. Except
from the intracellular parasite Chlamydia trachomatis, at least one NADK gene has been
identified in all sequenced organisms [31, 35]. Regarding the fact that there are transport

complexes that shuttle NAD(H) across the inner mitochondrial membrane (e.g. malate-

8



aspartate shuttle for NADH [36], Ndt1p and Ndt2p for NAD" in S. cerevisiae [37]), but
none for NADP(H), the requirement for the presence of cytosolic as well as mitochondrial
NADK isoforms becomes obvious. For instance, in S. cerevisiae, there are three NADK
isoforms; one isoform (Pas5p) was found in mitochondria [38, 39], whereas two isoforms
(Utrlp, Yeflp) are located in the cytosol [40-42]. Surprisingly, only one NADK enzyme
species has been identified in mammals to date [43].

Biosynthetic processes, continuous ROS production through the respiratory chain
and through NADPH-oxidases, and the constant threat of oxidizing environmental
conditions require universally available pools of cytosolic as well as mitochondrial
NADPH in order to maintain the cellular redox balance. Thus, NADP'-dependent
dehydrogenases reduce NADP' into NADPH, and thereby maintain the physiological
NADPH/ NADP' ratio. Two enzymes of the OPPP, glucose 6-phosphate dehydrogenase
(G6PD) and 6-phospho gluconate dehydrogenase, are regarded to hold key positions in
maintaining the cytosolic NADPH-pool, especially under oxidative stress situations. For
instance, in S. cerevisiae, it was shown that NADPH cannot be sufficiently regenerated
when G6PD is deleted and the cells are treated with H,O, [44]. However, dternative
NADPH generating systems are located in different cellular compartments. Such systems
comprise NADP*-dependent isoenzymes of isocitrate dehydrogenases (IDPs), malic
enzymes (MES) and acetaldehyde dehydrogenases (ALDHS), as well as mitochondrial
transhydrogenases. IDPs convert isocitrate to a-ketoglutarate. In mammalian and yeast
cells, IDP isoenzymes can be found in the cytosol, mitochondria and peroxisomes [22].
MEs, also located in the cytosol and mitochondria, generate pyruvate from malate by
oxidative decarboxylation [5]. ALDHs contribute to oxidation of aldehydes to their
corresponding carboxylic acids [5]. In mammalian cells, ALDH isoenzymes have been
found in the cytosol and mitochondria [31], whereas only a cytosolic isoform was yet
identified in S. cerevisiae [45]. Furthermore, located in the membrane of bacteria and
mammals, nicotinamide nucleotide transhydrogenases (NNT) use the proton-motive force
to directly generate NADPH by transferring a hydride ion from NADH to NADP' [22].

Although multiple enzymes can produce NADPH, their relative contribution to the
overall NADPH production rate may vary between cell types, organisms and under
different growth as well as environmental conditions. The existence of diverse NADPH-
generating enzymes along with their differential localizations could be necessary to
ensure reductive capacities to prevent oxidative damage [31]. In the last years, different

enzymes such as IDPs and MEs were reported to play important roles under oxidizing
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conditions, e.g. for self-protection of phagocytes upon oxidative-burst [46]. However,
NADPH regeneration through the PPP seems to be pivotal in oxidative stress situations.
The first and rate limiting enzyme of the OPPP, G6PD, is regarded to hold a key position
in the oxidative stress response. In mice, G6PD knock-out was shown to be lethal during
embryogenesis [47]. However, cultured mouse embryonic stem cells deleted for G6PD
were viable as long as they were not exposed to oxidative stress [31, 48]. Similar
observations were made in a S. cerevisiae G6PD knock-out: depletion of G6PD caused
hypersensitivity to oxidizing substances [49]. Indeed, exposure to oxidative stress leads to
up-regulation of G6PD mRNA and activity [50], and engineered cells overexpressing
G6PD were shown to be more tolerant to oxidizing substances [51]. Furthermore, the
human metabolic disease G6PD-deficiency causes hypersensitivity to oxidizing
substances, leading to severe physiological dysfunctions, e.g. haemolytic anaemia [52].
Hence, PPP activity is crucia for immediate regeneration of NADPH under oxidative

stress conditions.

Flexibility and Non-Linearity of Metabolic Pathways

Pathway flexibility is essential for maintaining robustness of the metabolic
network, and thus to grant survival in adynamically changing environment. To fulfill this
challenge, metabolic reactions underlie tight regulation. Regulation of enzyme activities,
e.g., through allosteric effectors, post-trandational modifications, up- or down-regulation
of enzyme abundances or expression of isoenzymes with different kinetics tunes the flux
through metabolic pathways. Enzymes can interact with substrates, intermediates,
products or allosteric effectors [53]. Thus, metabolic pathways are not always linear.
Feedback or feedforward control is a characteristic feature of metabolic self-regulation.
When a certain metabolite reaches a certain concentration, a feedback/feedforward loop is
triggered in order to adjust the flux through the pathway. Feedback regulation modulates
the activity of an upstream enzymatic reaction; feedforward activation targets
downstream reactions (Fig. 3A). Regulatory circuits can occur in the same “substrate-
enzyme-product” unit, span distant enzymatic steps or even build the bridge between
metabolism and transcription regulation to adjust enzyme concentrations (e.g. the lac
operon in Escherichia coli, [54]). Feedback/feedforward regulation accelerates (positive
regulation, activation) or decreases (negative regulation, inhibition) the flux through
enzymatic units or pathways. Modulation of enzymatic activity through binding of small

molecules or changing conditions such as pH occurs rapidly. Purely happening on the
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enzymatic level, feedback/feedforward control can lead to fast temporal concentration
changes of metabolic intermediates or products in order to adjust the pathway turnover to
acute cellular demands. Differences in metabolite concentrations in time are characteristic
for cellular adaptations to changes in nutrient supply or external as well as interna
perturbations.

Glycolytic and respiratory oscillations are examples for time-dependent changes
in metabolite concentrations dependent on feedback control. Glycolytic oscillation is a
well studied metabolic feature which was first discovered by monitoring NADH
concentration changes in cultures of the yeast S. cerevisiae [55-57]. The amounts of
glycolytic intermediates rise and fall in a periodic manner [58] — a phenomenon which
has, since then, al'so been reported for various other organisms, e.g. in human and rat cells
[59]. In glycolysis, oscillations occur with a frequency in the minute-range even at
constant glucose supply, but accelerate with increasing glucose feed [60]. Glycolytic
oscillations originate from the interaction of pathway components among themselves [61-
63] (Fig. 3B). Various cyclic operations within single enzymatic units or over distant
enzymatic steps demonstrate the non-linearity of the pathway [64]. Different models
were published to elucidate the causes and mechanisms for yeast glycolytic oscillations
[65-67]. Firstly, phosphofructokinase and its allosteric regulator AMP were revealed as
key pacemakers for single-cell glycolytic oscillations [65]. However, recent results
suggest rather a combination of various molecular mechanisms within glycolysis,
involving the cofactors ATP/ADP and NAD(H), and the stoichiometry of the reaction
pathway itself to be causative for the coordination of the oscillation frequency [68-71].
Furthermore, also periodic respiratory bursts can be followed by measuring dissolved
oxygen in yeast cultures. They are often connected to the cell cycle and occur with a
frequency of one burst in 1-40 hrs [60]. As direct function of oxygen consumption, these
respiratory oscillations are tightly connected to and regulated by broad transcriptional
changes [72, 73]. However, another type of respiratory oscillation is called “short period
synchronized metabolic oscillation” [60]. This form of metabolic oscillation does not
depend on the growth phase and is also detectable under glucose depletion. Not only the
concentration of dissolved oxygen, but also the amount of carbon dioxide, pyruvate,
NADH, ATP, acetate and glycogen oscillate. Possible mechanisms for this type of
oscillation were presented, e.g., in a mathematical model by Wolf and coworkers [74],

and might result mainly from feedback mechanisms in the comprised pathways.

11



A starting molecule B

°%
8 8¢ glucose
238 |, —— ATP
— sor
Lo . . +
toedback egs feedforward activation NAD ——|— ADP
inhibition / activation NADH — ATP
.}.: 1
[o] NADH + acetaldehyde
¥
NAD «—]
- ethanol
-
....
end product

Figure 3: A, feedback and feedforward regulation within metabolic pathways. B, schematic overview of glycolysis
and the biochemical cycles involved in oscillation in S. cerevisiae (modified from Bier et al. 2000 [66])

Although the biological reasons for the existence of these phenomena and their
molecular underpinnings are not yet fully understood, it can be assumed that the temporal
metabolite concentration changes play an important role in processing of frequency
encoded biological information to facilitate the coordination of energy production and
usage [75]. In general, multienzymatic sequences such as glycolysis do not only need the
constant input of energy, they also need to operate in a coordinated manner to avoid
interference of single biochemical reactions, and thereby sustain their existence far from
thermodynamic equilibrium. Hence, the temporal compartmentalization of biochemical
reactionsis a source of supramolecular order independent of genes and a characteristic for
the self-organization and functioning of biological systems[76, 77].

Most information on the behavior of oscillating biochemical pathways and
systems are based on experimenta data derived from chemostat cultures of yeast cells
synchronized in growth phase and in silico models. However, establishing of sustained
synchronized glycolytic oscillations can only be achieved under certain experimental
conditions. Yeast cells of a culture have to be starved for hours and then exposed to a
glucose pulse with subsequent addition of cyanide [60]. This fact hampers studying
biochemical oscillations under diverse conditions in synchronized yeast cultures.
Therefore, in-depth knowledge of the causes, pacemaker and biological reasons for
biochemical oscillations is limited due to the lack of appropriate single-cell analytical
methods. To take a “picture” of the momentary metabolic state of a cell, large sets of
often chemically diverse metabolites have to be structurally elucidated and quantified. In
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principle, NMR spectroscopy (nuclear magnetic resonance spectroscopy) and MS (mass
spectrometry) are the two methods of choice for detection and identification of
metabolites. Especially when combined with a chromatography device (LC, liquid
chromatography or GC, gas chromatography), MS is of higher sensitivity than NMR
spectroscopy. Thus, most metabolome data sets are generated on hybrid LC- or GC-MS
instruments [ 78]. Nevertheless, because of the small volume of single cells (S. cerevisiae
haploid 70 fl, diploid 120 fl [79]), concentrations of multiple metabolite species are often
till below the MS detection limit. Further improvements of sample preparation methods
and MS sensitivity are vital tasks for the research community and will, when eventually
achieved, provide fundamental insights into biochemical organization, heterogeneity and

processing of environmental information.

Metabolic Transition to Counter-Act Oxidative Stress

Not only changes in nutrient supply cause variations in metabolic fluxes, also external as
well as internal disturbances influence metabolite concentrations. Perturbations
somewhere in the metabolic network often result in alterations of enzymatic rates around
that perturbation. These changes in metabolic turn-over are often entailed by secondary
changes in enzymatic activities [80]. However, the organization of the metabolic network
ams at elasticity, which means to facilitate the coordination of such parallel reaction
chains in order to return to a balanced and stable state [81, 82]. Oxidative stress is a
prominent example for an environmental perturbation that provokes an immediate cellular
adaptation.

Although high ROS dosages can damage macromolecul es through oxidation, they
also cause immediate de novo post-trans ational modifications in numerous proteins - and
thus affect protein functionality and localization [18]. In oxidative stress situations, a key
target for ROS-induced modifications is the glycolytic enzyme glyceraldehyde 3-
phosphate dehydrogenase (GAPDH). Posttranslational modifications of GAPDH such as
S-nitrosylation, S-thiolation, carbonylation and ADP-ribosylation have been reported for
different cell types and organisms when exposed to oxidizing substances [18, 83-88].
Upon treatment with various oxidants, GAPDH was also found to be inactivated and
transported into the nucleus [88]. Remarkably, oxidative inactivation of GAPDH is
responsible for increased tolerance of yeast cells to toxic oxidant doses [18]. The
underlying mechanism is a redirection of the carbohydrate flux into the PPP. A reduction

of GAPDH activity, while glucose transporters remain active, leads to accumulation of
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glycolytic metabolites upstream the blocked reaction and aso to elevation of metabolites
of the glycolysis adjacent PPP [18]. Increased PPP metabolite levels under oxidative
stress have also been reported for rat cardiomyocytes and human epithelial cells [89, 90].
Activation of the PPP boosts NADPH production, and NADPH is required for the anti-
oxidative machinery to keep the redox-balance in check and protect cells from oxidative
damage [23, 91]. Especialy upon a sudden oxidative perturbation, rapid metabolic
reconfiguration is essential in order to circumvent a letha redox-imbalance. Inactivation
of GAPDH within the first seconds after oxidant treatment facilitates an immediate,
transcription-independent metabolic response [92].

Not only oxidative stress is a cataclysmic situation for the cell, also a shift of the
delicate redox-balance toward reducing molecules would cause defects in the cellular
reaction network. Constitutively high NADPH production might cause reductive stress.
Reductive stress impairs biochemical reactions, protein folding, signaling events and is
also involved in human diseases [93, 94]. Therefore, dynamic mechanisms to activate the
PPP, such as the temporary inactivation of GAPDH, are necessary to clear ROS and also
to tune the production of redox-equivalents according to cellular demands.

In the next step after PPP activation and with delay in the minute-range, changes
in globa gene expression are induced. Up-regulation of PPP enzymes, of proteins with
reactive oxygen intermediate scavenging properties, and of proteins involved in protein
degradation pathways as well as down-regulation of glycolytic enzymes and proteins
involved in biosynthetic processes have been reported in yeast [95]. GAPDH activity
recovers within 1-2 hours after the perturbation has ceased. Thus, the glycolytic flux isre-
established when transcriptional adaptation is complete [86, 96, 97]. Therefore, dynamic
PPP activation upon oxidative inactivation of the glycolytic enzyme GAPDH is necessary
to ensure the cell’ s survival in an acute oxidative stress situation. Transcriptional changes
follow the metabolic shift and are essentia to balance the redox-state in the long term and

compensate naturally occurring ROS level variations [95, 98-100].

The Warburg Effect — A Metabolic Transition from Respiration to Fermentation
Another transition in carbohydrate metabolism is the so-called “Warburg effect”.
As early as in the 1920s, Otto Warburg and his co-workers observed an elevation in
fermentative metabolism when cells undergo tumorigenesis [101]. The Warburg effect is
characterized by an increase in glucose uptake and fermentation rate, and a reduction in

mitochondrial respiration even under sufficient oxygen supply [102-104]. In hedthy
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differentiated tissue, pyruvate is subjected to mitochondrial respiration when oxygen
levels are high. Fermentation under normoxic conditions is thus also termed “aerobic
glycolysis’ [105]. Recent results demonstrate that the Warburg effect is not limited to
tumor tissue and rather a common feature of rapidly proliferating cells. Warburg-like
effects have been reported for yeast [106], proliferating T-cells [107] and during
reprogramming of fibroblasts into IPS cells [108]. The reasons why cells resign a higher
ATP gain through mitochondrial respiration and switch to low energy yielding
fermentation is not yet completely understood. It is broadly assumed that decreased
mitochondrial respiration leads to elevated production of intermediates for synthetic
processes [102, 103, 109]. This assumption is supported by studies showing that stroma
cells which provide tumors with metabolites for energy production undergo the Warburg
effect aswell [110, 111]. Also, the mechanisms that initiate the transition from respiration
toward fermentation remain elusive. However, different factors have been found to be
implicated in regulation of the Warburg effect. Signaling cascades such as STAT3 and
HIF1la seem to play modulating roles [112, 113], and intensive research has focused on
the glycolytic enzyme pyruvate kinase (PY K) which turned out to be a crucia hub in the
regulation of the Warburg effect [102, 114, 115].

PYK dephosphorylates phosphoenol pyruvate (PEP) to pyruvate, a reaction which
yields one molecule ATP and is therefore responsible for net ATP production in
glycolysis. The PYK product pyruvate is either converted to lactate (in mammals; to
ethanol in yeast) or it is subjected to mitochondria respiration. Humans express four
different isoforms of PYK. The L and R forms are found in liver and red blood cells, and
the M1 and M2 forms were originally identified in muscle [115, 116]. Earlier literature
described that most differentiated tissues express PKM1, whereas proliferating cells —
especially tumor cells - exclusively express the PK M2 isoform [105, 117, 118]. Studiesin
cell lines and mouse postulated a switch from PKM1 to PKM2 to be causative for tumor
development and growth [119]. These two spliceforms of the same gene only differ in a
single exon (exon 9 for PKM1, exon 10 for PKM2). PKM1 has high affinity for its
substrate PEP and is of congtitutive activity, whereas in PKM2, the amino acid sequence
encoded by exon 10 facilitates binding of the glycolytic metabolite fructose 1,6-
bisphosphate (FBP). Upon binding, PKM2 changes from its dimeric to its tetrameric
state, which also increases the enzyme's activity [120]. Furthermore, it was shown that
post-trandational modifications result in PY K-activity regulation. In response to growth
factor signaling, phosphorylation of tyrosin residue 105 leads to release of FBP and
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hampers tetramer formation in cancer cells, and thus keeps the enzyme in its lower active
state [121, 122]. It can be assumed that fine-tuning of PYK-activity is necessary to meet
the cell’s metabolic demands under varying growth conditions and has broad impacts on
the metabolic and cellular network. In support to this presumption are recent data which
show that under mild hypoxia, hydroxylation of PKM2 proline 403/408 stimulates
binding of HIF1a. This leads to up-regulation of metabolic enzymes in a PY K-activity
dependent manner [123]. Along this line of thought, elucidating the effects of PYK-
activity changes on the metabolic network and beyond remain maor subjects for

investigation of pathway flexibility and cellular self-adaptation.

Crosstalk of the Metabolic Network with Regulatory Macromolecules

Pathway transitions do not only meet changed cellular demands on the
metabolome, they also have wide-ranging effects on the transcriptome and proteome. The
metabolic network takes a fundamental position in the cellular regulome and often builds
the interface between environmental stimuli and the macromolecular universe of the cell.
Changing metabolite concentrations are sensed by enzymes, transcription factors,
chromatin, RNA molecules, trandational regulators and ion channels [2]. Intermediates
whose concentrations are monitored by sensing structures (e.g. the chromatin), and which
are surrounded by significant transcriptional changes have been termed “reporter
metabolites’ [2, 124, 125]. Reporter metabolites are divided into two classes: global and
specialized reporter metabolites. Global reporter metabolites are pathway interconnecting
factors (eg. ATP and NAD(H)) that take part in multiple metabolic reactions and
sequences. Specialized reporter metabolites are intermediates of distinct metabolic units
(e.g. FBP in glycolysis of Bacillus subtilis [126]). Reporter metabolites function as
transducers of metabolic signals to macromolecular regulatory components of the cell.

Alterations in global reporter metabolite amounts reflect the overall state of the
metabolic network and point to broad perturbations or a suboptimal nutrient status. For
example, a decrease of the ATP.:AMP ratio indicates a severe shortage of cellular energy.
Sensing of this signal and transduction to central pathways including TOR (target of
rapamycin), AMPK (AMP-activated kinase) and PKA (protein kinase A), which balance
energy expenditure and regeneration, leads to blocking of the cell cycle, prevention of
ribosome biogenesis, activation of compensatory systems (e.g. autophagy), increased
nutrient uptake and mitochondrial activity [127, 128]. Thus, by stopping growth, a
collapse of the cellular energy state can be prevented [127, 128].
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The regulatory response to concentration changes of specialized reporter agents
results in adaptation of the respective metabolic unit; for instance, in up-regulation of
pathway-specific enzymes by transcriptional feedforward activators. This can be
exemplified by the release of caorie-restriction in yeast, as sudden availability and
consumption of nutrients lead to rapid growth acceleration. Simultaneously, ATP
turnover increases quickly [129]. However, a decrease in ATP would trigger a stress
program, namely — the above mentioned - signaling pathways involving the stress sensors
AMPK and TOR, that would hinder further growth [127, 128]. To prevent this problem,
yeast reacts by anticipatory up-regulation of purine biosynthesis and salvage enzymes.
Two metabolic intermediates of the de novo purine producing pathway, AICAR (5'-
phosphoribosyl-5-amino-4-imidazole carboxyamide) and SAICAR (succinyl-AICAR) are
of fundamenta importance in this adaptational process. Binding of AICAR stimulates the
formation of the transcription factor heterodimers Pho2p-Pho4p or Pho2p-Baslp, whereas
binding of AICAR and its upstream metabolite SAICAR only directs Pho2p-Baslp
formation. These transcription factor complexes cooperatively induce the expression of
purine biosynthesis (ADE) and phosphate utilization (PHO) pathways [130]. The reason
for the induction of different responses to AICAR and SAICAR could result from their
dua function in inosine monophosphate (IMP) and AMP-biosynthesis, and the fact that
purine nucleotide synthesis leads to significant phosphate consumption. Thus, the
competition between Pho4p and Baslp for the formation of the active transcription factor
dimer with Pho2p could be responsible for fine tuning of the responses to changes in the
de novo pathway, altered GMP:AMP ratios and concerted regulation of purine synthesis
and phosphate utilization during growth acceleration [130-132]. Understanding
connection points between the small molecular and macromolecular universe of the cell is
therefore key issue for systems biology research and will provide essential knowledge of

biological organization.

Inheritable Disorders of Carbohydrate Metabolism

Genetic disorders which cause malfunctions of metabolic enzymes can lead to
detrimental consequences for the cellular homeostasis, and are responsible for various
diseases in man. Mutations often modulate enzymatic activity or lead to the production of
abnormal metabolites [133]. Thus, defective biochemical reactions interfere with the
normal function of the metabolic pathway and with related pathways — last but not least,

can disturb the whole metabolic network.
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Deficiencies of glycolytic enzymes perturb the cellular energy and redox-balance.
This becomes most evident in tissues or cells that lack mitochondria, e.g. mature red
blood cells (RBCs) depend on glycolysis for ATP generation [134]. Most glycolytic
enzyme deficiencies, e.g. triosephosphate isomerase (TPI), pyruvate kinase, hexokinase
or GAPDH deficiency, cause haemolytic anaemia [135-138]. Reduced glycolytic flux
leads to abnormal breakdown of RBCs. Dependent on the degree of glycolysis
impairment, the level of anaemia can range from harmless to life-threatening [136].

Disruptions of a normal flux through the oxidative branch of the PPP, asiit is the
case in glucose 6-phosphate dehydrogenase (G6PD) deficiency, impair the cell’s NADPH
production and cause increased sensitivity to oxidative stressors as infections or drugs.
RBCs are especially prone to oxidative damage [139]. Due to their oxygen transport
function, they are highly dependent on a constantly available cytosolic NADPH pool to
recycle oxidized GS-SG [31]. Haemolytic anaemia is therefore a typical and frequent
symptom of G6PD deficiency aswell [52].

With ~400 million diagnosed patients worldwide, G6PD deficiency is the most
common metabolic enzymopathy [52]. However, numerous deficiencies of metabolic
enzymes are diagnosed far less frequently or never [140]. Mutations in the mammalian
genome occur non-directed and at a frequency of ~10° per locus and gamete [141]. Thus,
following the laws of probability every enzymopathy has a calculable incidence.
However, many enzyme deficiencies in central carbohydrate metabolism occur well
below the expected rate [142]. This fact points to lethality of homozygous null alleles. A
complete loss of enzyme activity would lead to total breakdown of the metabolic balance.

An example for arare glycolytic enzymopathy is triosephosphate isomerase (TPI)-
deficiency. Only ~100 patients have been diagnosed for TPI-deficiency since description
of the ailment in the 1960’s [137, 143, 144]. This autosomal recessive disorder becomes
evident when TPI alleles are homozygous or compound heterozygous for mutations that
do not inactivate the enzyme, but impair its quaternary structure and stability. Therefore,
only a residual and strongly decreased enzymatic activity is maintained [145, 146].
Symptoms of TPI-deficiency are haemolytic anaemia, cardiomyopathy, severe
neurological dysfunctions and susceptibility to infections — malfunctions that mostly lead
to death in early childhood [144]. Except for members of a Hungarian family, al
diagnosed TPI-patients were homozygous or compound heterozygous for the same amino
acid exchange (Glul04Asp) [144, 147].
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Alterations in protein expression level and enzyme activity can result from
specific single point mutations. This fact also contributes to the rareness of inheritable
metabolic disorders. Some mutations that affect only a specific base, and therefore bring
up such effects as described for TPI-deficiency, are much less frequent than mutations
which lead to the entire loss of an enzyme. Compl ete loss of protein expression or activity
mostly results from frameshift mutations which can occur al aong the coding sequence
[142].

Fast diagnosis of inheritable syndromes is necessary in order to predict a child's
prognosis and choose the right treatments, if available, to protect its health [140].
However, the individual rareness of inheritable metabolic disorders often hampers
diagnosis. The determination of affected alleles by classic mapping strategies and cloning
approaches is only applicable if several affected individuals of unrelated families are
known. Lacking knowledge of diagnostic biomarkers and the etiologies of infrequent
metabolic syndromes, often keep metabolic enzymopathies unrevealed [140]. A big step
forward to fast diagnosis was made with the development of new analytical technologies
(e.g. mass spectrometry), which already helped to elucidate various inborn dysfunctions
of metabolic enzymes, including extremely rare diseases such as transaldol ase- (8 patients
diagnosed before 2008) and ribose 5-phosphate isomerase-deficiency (1 patient diagnosed
before today) [148-151].

Robustness of the Metabolic Network is Premisefor Cellular Survival

Cedlular survival is under constant threat of environmental perturbations. The metabolic
network is susceptible to changes in the environment and transmits those changes to
regulatory components, such as the proteome or transcriptome. A characteristic for
metabolic stability is functional redundancy. In S. cerevisiae, ~75% of enzyme deletions
can be balanced and have no detectable effects on the metabolic network flux [152]. This
experimental number might be biased due to multiple paralogues enzymes [152] and
varying experimental conditions [153], but still underlines the enormous robustness of the
entire metabolic network. Indeed, deletion of most paralogue-free enzymes causes
metabolic flux disruptions [152, 154]. However, those flux changes can be detected in
surprisingly narrow parts of the network [152, 155]. Thus, perturbations can often be
balanced within distinct metabolic modules. Metabolic modules can comprise sets of
biochemical reactions or whole biochemical pathways [2]. Since the network aims at

flexibility under changing conditions, metabolic modules can be adjusted in activity to
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meet the required cellular demands to keep the entire network in a stable state. Therefore,

robustness depends on metabolic modularity and dynamic metabolic reconfigurations.

Aim of thisThesis

Dynamic adaptation of the metabolic network to environmental and biological changesis
vital for cellular survival. The glycolytic enzyme pyruvate kinase (PYK) has been
reported to play a paramount role in the regulation of energy metabolism in proliferating
cells. In human tissue, a decrease in PYK activity was stated to be essential for promoting
the Warburg effect — a shift from oxidative to fermentative metabolism during
tumorigenesis. This shift from aerobic to anaerobic metabolism requires adaptation of
cellular antioxidant-systems. However, it had not been understood how redox- and energy
metabolism are coordinated. Therefore, main task of this thesis was to develop and
exploit yeast models in order to elucidate the coordination of the activity of these
fundamental metabolic processesin eukaryotic cells.

In this context, it has been postulated that the human pyruvate kinase isozymes
PKM1 and PKM2 define normal versus cancer tissue, and that aternative splicing
between these isoforms is responsible for the induction of the Warburg effect [119].
However, these conclusions had to be challenged, as they would imply a simultaneous
shutdown of glycolytic and oxidative energy metabolism under conditions for rapid
growth that has high energetic demands. Therefore, we aimed to use more advanced
analytical technology to verify or disprove these assumptions.

Exposing cells to an oxidative stressor causes a fast but temporally limited
redirection of the carbohydrate flux into the PPP. This metabolic reconfiguration is part of
the cellular anti-oxidative system and increases the production of redox-equivalents for
the anti-oxidative machinery in form of NADPH. However, there were indications that
the function of the PPP could go beyond its role as NADPH donor during the stress
response. As rapid metabolic changes can be sensed by macromolecules, we specul ated
that thistransition could be part of the eukaryotic gene expression program that is induced
in response to perturbations. A combination of yeast genetics and transcriptional profiling
should be used to investigate this hypothesis.

Finally, the importance of the metabolic network balance in humans should be
studied in the context of a concrete medical problem, the metabolic disorder ribose 5-

phosphate isomerase (RPI)-deficiency. RPI-deficiency was reported as malfunction of
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centra carbohydrate metabolism, and with a single diagnosed case, it is currently
considered as the rarest diagnosed human disease. However, the uniqueness of this case
cannot be explained by the natural mutation rate, and as the molecular etiology of RPI-
deficiency had been unknown, there had also been no explanation for its occurrence.
Therefore, a combination of metabolic and gene expression studies in both patient cells
and yeast models was exploited to shed light on the molecular disease etiology of this

case.
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SUMMARY

In proliferating cells, a transition from aerobic to
anaerobic metabolism is known as the Warburg
effect, whose reversal inhibits cancer cell prolifera-
tion. Studying its regulator pyruvate kinase (PYK)
in yeast, we discovered that central metabolism
is self-adapting to synchronize redox metabolism
when respiration is activated. Low PYK activity acti-
vated yeast respiration. However, levels of reactive
oxygen species (ROS) did not increase, and cells
gained resistance to oxidants. This adaptation was
attributable to accumulation of the PYK substrate
phosphoenolpyruvate (PEP). PEP acted as feedback
inhibitor of the glycolytic enzyme triosephosphate
isomerase (TPI). TPI inhibition stimulated the pen-
tose phosphate pathway, increased antioxidative
metabolism, and prevented ROS accumulation.
Thus, a metabolic feedback loop, initiated by PYK,
mediated by its substrate and acting on TPI, stimu-
lates redox metabolism in respiring cells. Originating
from a single catalytic step, this autonomous recon-
figuration of central carbon metabolism prevents
oxidative stress upon shifts between fermentation
and respiration.

INTRODUCTION

Glycolysis and oxidative phosphorylation are primary sources of
cellular energy. Pyruvate, the end product of glycolysis, is either
metabolized through the citrate cycle and respiratory chain or
fermented to lactate or ethanol. Eukaryotic cells depend on
glycolysis but can grow without oxidative phosphorylation. In
the first half of the twentieth century, Otto Warburg and his
coworkers observed that cells switch from oxidative to fermen-
tative metabolism during tumorigenesis. Despite the presence
of oxygen, most cancer tissue respires with low efficiency but
has increased glucose consumption and lactate secretion (Hsu

and Sabatini, 2008; Levine and Puzio-Kuter, 2010; Najafov and
Alessi, 2010; Warburg, 1956). Recently, it has become clear
that this metabolic transition is not specific to cancer cells but
rather a common metabolic feature of cells that rapidly prolif-
erate. Warburg-like effects have been described in yeast (Ruck-
enstuhl et al., 2009), during T cell proliferation (Colombo et al.,
2010), and upon reprogramming fibroblasts into IPS cells (Pri-
gione et al., 2010).

The glycolytic enzyme pyruvate kinase (PYK) which catalyzes
the conversion of phosphoenolpyruvate (PEP) to pyruvate
has been implicated in the regulation of the Warburg effect.
The low-active splice form of the PKM-type pyruvate kinase
(PKM2) is present at higher concentration in cancers compared
to matched control tissue (Bluemlein et al., 2011; Christofk et al.,
2008). A change to expression of the higher active PKM1 using
a lentiviral system slowed cancer progression in xenograft
models (Christofk et al., 2008). Recent results indicate that
PKM2 is regulated by phosphorylation of tyrosine residue 105.
This modification inhibited the formation of the active PKM
tetramer in cancer cells (Hitosugi et al., 2009). Furthermore,
PKM2 hydroxylation on proline 403/408 stimulates binding and
activation of hypoxia-induced factor HIF1a, increasing the
expression of metabolic enzymes under hypoxia in a PYK
activity-independent manner (Luo et al., 2011).

Respiration and fermentation differ in their metabolic conse-
quences. Although highly efficient, oxidative phosphorylation
produces a significant amount of reactive oxygen species
(ROS). Under physiological conditions, up to 1%-2% of meta-
bolized oxygen is converted to superoxide (Cadenas and
Davies, 2000). To avoid an excess of oxidizing compared to
reducing molecules in the cell (oxidative stress), ROS are
removed by a complex machinery. ROS neutralization, and
maintenance of the redox balance, involves shuttling of reduc-
tion power through the pyridine nucleotide NADPH. NADPH
serves as cofactor for fatty acid synthesis, and the recycling
steps within the glutathione, thioredoxin, and peroxiredoxin
systems, whose redox state control is crucial (Pollak et al.,
2007; Ying, 2008).

Here we describe a mechanism that synchronizes redox
metabolism when respiration is activated, and show that
both respiration and the production of redox equivalents are
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(A) PYK expression levels. Quantification of a Pyk1p (upper panel)- or Pyk2p (lower panel)-specific peptide in dpyk14pyk2 yeast expressing TEF,-PYK1,
TEF,~PYK2,CYC,-PYK1, or CYC,-PYK2. Normalized peak intensities of >3 MRM transitions are presented as the relative expression level (%) compared to the
concentrations in the wild-type strain BY4741. For both isoforms, levels from the CYC7 promoter (CYC,,) were around 20% of the expression levels from the TEF1
(TEF,,) promoter. Error bars, +SD from normalization to three reference peptides.

(B) Pyruvate kinase activity of BY4741 (WT) and TEF,-PYK1, TEF,~-PYK2, CYC,-PYK1, or CYC,~PYK2 yeast. Error bars, +SD.

(C) Overview on the yeast models with varying PYK activity.

synchronized by PYK. We engineered yeast strains with different
PYK activities and discovered that yeast respiration is inversely
correlated with PYK enzyme activity. However, an increase in
ROS levels was not detected when respiration was activated,
and in addition, resistance to oxidants increased.

We found that a metabolic feedback loop is responsible for
preventing an increase in ROS upon respiration activation. Low
PYK enzyme activity caused accumulation of PEP, its substrate,
which in turn inhibited TPI, an enzyme of upper glycolysis. This
inhibition of TPI increased metabolite content of the pentose
phosphate pathway (PPP), a catabolic pathway closely con-
nected to glycolysis. PPP is an important source of reduced
NADPH (Slekar et al., 1996; Wamelink et al., 2008) and is involved
in the adaptation of gene expression during stress conditions
(Krlger et al., 2011). In yeast strains deficient for this process,
ROS were improperly cleared, accumulated, and caused damage
on macromolecules when cells started respiration. Thus, meta-
bolic feedback activation of the PPP prevents oxidative stress
upon induction of oxidative metabolism. Both processes are
concordantly regulated by the same enzyme, PYK, a new hub in
the regulation of these fundamental metabolic processes.

RESULTS

Generation of Yeast Strains with Varying PYK Activity

Yeast possesses two PYK paralogues (PYK1, PYK2) which are
differentially expressed between fermentative and oxidative
metabolism (Boles et al., 1997). By expressing either Pyk1p or

Pyk2p under the control of either a strong (TEF7) or a weak
(CYC1) constitutive promoter in yeast strains deleted for both
endogenous loci, we generated four yeast strains with different
PYK activities. Expression of Pyk1p and Pyk2p was quantitated
using liquid chromatography/multiple reaction monitoring (LC-
MRM) by four MRM (Q1/Q3) transitions as described (Bluemlein
and Ralser, 2011). PYK1 expression driven by the TEF1 promoter
was at a similar level as endogenous PYK1 expression level in
the wild-type strain (2.9 x 10° copies per cell) (Ghaemmaghami
et al., 2003) (Figure 1A). Consistent with this, PYK2 (expressed
at 2.13 x 10° copies in wild-type cells [Ghaemmaghami et al.,
2003]) exceeded the concentration when expressed under the
TEF1 promoter (Figure 1A, lower panel). In both cases, the
CYC1 promoter constructs expressed at ~20% of this level.
Then we determined the enzymatic activity of PYK in these
strains. TEF1,-PYK1 yeast had 69% of wild-type activity,
CYC1,-PYK1 yeast 14%. As expected, activity in PYK2-express-
ing cells was lower: the TEFT1,,-PYK2 strain had 22% and the
CYC,-PYK2 strain 5% activity (Figure 1B). Thus, protein quanti-
fication and enzyme activity measurements confirmed that, in
wild-type yeast, PYK2 is expressed at lower levels compared to
PYK1 and has a lower specific activity. Controlled expression of
these proteins with two promoters of different strength generated
four strains with gradually decreasing PYK activity (Figure 1C).

Low Pyruvate Kinase Activity Activates Respiration
Growth of these yeast strains correlated with PYK activity.
TEF,-PYK2 grew slower as TEF,-PYK1, CYC,-PYK1 even
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Figure 2. PYK Activity Regulates Respiration

(A) Growth deficits caused by low PYK activity are rescued on galactose. Strains were grown overnight, diluted to an ODgqo of 3.0, and spotted as serial dilutions
(1:1, 1:5, 1:25, 1:125, and 1:625) on YPD (glucose) and YPGal (galactose).

(B) Galactose rescue of low PYK activity requires a functional respiratory chain. Yeast strains with deficient mitochondrial DNA (p0) were grown alongside
with controls (p+) on YP media with the indicated carbon sources. Galactose did not compensate for the growth deficits caused by low PYK activity in p0 yeast.
(C) Regulation of oxidative metabolism’s mRNA expression by PYK and galactose. COX7, COX2, COX3, and CIT1, implicated in oxidative energy metabolism,
were analyzed by qRT-PCR. Expression values are given as fold change compared to TEF,-PYK1 yeast, relative to glucose grown yeast (upper panel). Changes
in mMRNA expression of the same transcripts in yeast shifted to galactose for 1 hr, or permanently, activating oxidative metabolism (lower panel). Both conditions
caused a similar mRNA expression fingerprint. Error bars, +SD.

(D) Oxygen consumption increases with low PYK activity. Oxygen consumption in logarithmically growing wild-type yeast and PYK mutants was determined
on glucose (upper panel) and galactose media (lower panel), and cell numbers were determined with an electric field multichannel cell counting system (CASY).
Overall oxygen consumption was three times increased in galactose, low PYK activity increased oxygen uptake under both conditions. Error bars, +SD.

more slowly, and the strain with the lowest PYK activity (CYC1,,-
PYK2) showed very slow growth only (illustrated by a spot test
[Figure 2A, left panel]; phenotypes in liquid culture were similar
[data not shown]).

Surprisingly, the differences in growth were largely rescued
by a switch of the carbon source from glucose to galactose
(Figure 2A, right panel). Both carbon sources are ferment-
able but have different effects on respiration. Glucose re-
presses respiration, much more than galactose (Carlson, 1999;
Ruckenstuhl et al., 2009). Therefore we investigated whether

the galactose rescue was attributable to an increase in
respiration.

First, we tested if galactose also rescued the growth defects
in respiratory-deficient (p0) cells. Bona fide pO strains were
generated by the method of Goldring et al. (1970) and lost the
capability to grow on nonfermentable carbon sources (ethanol,
glycerol; pet phenotype), indicating mitochondrial deficiency
(Figure 2B). Differences in growth between glucose and galac-
tose media were abolished,; i.e., p0-CYC,-PYK2 cells were not
viable on galactose media and displayed a similar growth
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phenotype as their p+ counterparts on glucose (Figure 2B). Thus,
galactose rescue of growth deficiencies caused by low PYK
activity required a functional respiratory chain.

Next, we analyzed transcripts involved in oxidative energy
metabolism (COX1, COX2, COX3, and CIT1) by gqRT-PCR. Low
PYK activity led to the upregulation of COX7 and CIT7 and the
downregulation of COX2 and COX3 (Figure 2C, upper panel).
Shifting cells from glucose to galactose had a similar effect
(Figure 2C, lower panel). Thus, low PYK activity and a shift to
respiratory-active media led to a similar regulation of these
enzymes.

Finally, we measured oxygen uptake in a closed chamber
oxygraph (Oroboros). There was a strong increase in oxygen
uptake when PYK activity was low (Figure 2D, upper panel).
On glucose, oxygen consumption doubled in CYC,,-PYK1 yeast
compared to the wild-type strain. A similar set of experiments
was conducted on galactose media, which facilitated including
CYC,-PYK2 yeast. Galactose increased the overall oxygen
consumption ~3-fold; but also here respiration was stimulated
by PYK activity (Figure 2D, lower panel). The CYC,-PYK2 strain
consumed 3005 pmol oxygen * 108 cells™" * s~ (6-fold greater
than glucose wild-type). Consequently, PYK-mediated regula-
tion of respiration was additive to the release of glucose repres-
sion and is thus an independent process.

In summary, several experiments demonstrated an increase
in oxidative metabolism when PYK activity was low. Growth
differences between PYK mutants were abolished on respira-
tory-active galactose media, and depletion of the respiratory
chain prevented this effect. Furthermore, reduced PYK activity
and a release of glucose repression provoked a similar mRNA
expression fingerprint on studied enzymes of oxidative metabo-
lism. Most importantly, oxygen consumption was inversely
correlated with PYK activity.

High Respiration Rates Are Coupled to an Increased
Antioxidative Capacity

Respiration is responsible for most of the macromolecule oxida-
tion that occurs in living cells, since high amounts of ROS leak
from the respiratory chain (Cadenas and Davies, 2000; Turrens,
1997). To detect overall ROS levels, we stained yeast with dihy-
droethidium (DHE). The DHE oxidation products 2-hydroxyethi-
dium and ethidium are fluorescent, transferring this dye into a
sensitive and reliable ROS probe, which primarily detects the
superoxide anion (Benov et al., 1998). Remarkably, the 3-fold
greater oxygen consumption in yeast grown on SC-galactose
media (Figure 2D) did not result in an increased DHE fluores-
cence, which indicates that superoxide levels were unchanged
(Figure 3A, upper panel). A similar result was obtained for low
PYK activity: despite the strong increase in respiration, ROS
levels did not increase (Figure 3A, lower panel). A staining
for H,O,, the first intermediate when superoxide is neutralized
through superoxide dismutase, confirmed these results (Fig-
ure 6B). Thus, respiring cells compensate for the increased
ROS leakage.

We tested the influence that respiration activation had on
oxidant resistance. Strains with varying PYK activity were
spotted onto agar containing the oxidants H,O,, diamide,
cumene hydroperoxide (CHP), tert-butyl hydroperoxide (TBH),
juglone, and menadione. Growth was measured as relative
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spot intensities using CellProfiler (Carpenter et al., 2006) (Fig-
ure 3B). Remarkably, increased respiration of cells with low
PYK activity did not sensitize them to oxidants. Indeed, resis-
tance to diamide, CHP, and TBH was strongly increased. Similar
results were obtained when respiration was activated with galac-
tose, as tested with diamide (see Figure S1 available online). Low
PYK activity also increased resistance to H,O,, juglone, and
menadione, although to a lesser extend (Figure 3B). Effects of
diamide, CHP, tert-butylhydroperoxide, and menadione were
further tested in liquid cultures. Overnight cultures of BY4741
and the PYK mutants were diluted, supplemented with the
oxidants, and their growth followed spectrophotometrically.
Low PYK activity increased the resistance to these oxidants,
as higher growth capacity was maintained (Figure 3C). Interest-
ingly, also the slight difference in PYK activity between the wild-
type BY4741 and the TEF,-PYK1 strain (Figure 1) pictured as
increase in oxidant resistance (Figures 3B and 3C). Finally, we
tested for maintenance in colony formation in the presence of
a high oxidant dose. Liquid cultures were supplemented with
3 mM diamide and plated onto YPD agar before and 24 hr after
addition of the oxidant. CYC,,-PYK1 yeast maintained a higher
number of forming colonies, indicating increased survival under
very strong redox stress (Figure 3D). Thus, low PYK activity trig-
gered respiration but broadly increased oxidant resistances
rather than ROS levels.

Low PYK Activity Causes Accumulation of Its Substrate
Phosphoenolpyruvate

To investigate whether metabolic changes were responsible
for the increased oxidant resistances, we started by quantifying
the PYK substrate PEP. We developed a hydrophilic interaction
liquid chromatography/multiple reaction monitoring (HILIC-
MRM) method suitable for quantification of this highly polar
metabolite out of whole-cell extracts. PEP was extracted with
methanol/water and separated on a HILIC column (1.7 um
particle size, 2.1 x 100 mm) using ultra-high-pressure binary
pump (Agilent 1290) at 800-1000 bar and a flow rate of 1 ml/min.
Quantification was conducted on a triple-quadrupole mass
spectrometer (AB/Sciex QTRAP5500) with electrospray ioniza-
tion (ESI) and achieved by standard addition, which resulted
in a reliable method as solid linear correlations (R% 0.97-0.99)
were achieved (Figure 4A, left panel).

PEP was determined in TEF,-PYK1, CYC,-PYK1, and
CYC,-PYK2 yeast that were pregrown overnight in YPD, diluted
with fresh media to an ODggg of 0.15, and cultivated in triplicates
for further 5 hr. Low PYK activity resulted in strong accumulation
of PEP. CYC,,-PYK2 yeast had a 13.6 times higher PEP concen-
tration as the TEF,-PYK1 strain (Figure 4A, right panel).

PEP Is an Inhibitor of Triosephosphate Isomerase

Searching for physiological consequences of accumulating PEP,
we noticed that this molecule influenced an enzyme-coupled
assay of phosphofructokinase, due to inhibition of the compo-
nent TPI (Fenton and Reinhart, 2009). TPI is a glycolytic enzyme
that converts the three carbon sugars glyceraldehyde 3-phos-
phate (gly3p) and dihydroxyacetone phosphate (dhap). We
examined TPI activity and determined the kinetic parameters
for yeast TPI (endogenous), human TPI (expressed in yeast),
and rabbit TPI (purified from muscle). Yeast TPI had a K, of
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Figure 3. Activation of Respiration Does Not Increase ROS Levels, but It Does Increase Oxidant Resistance

(A) Superoxide levels are not increased upon the activation of oxidative metabolism. ROS levels were determined by assaying DHE fluorescence in exponentially
growing yeast in SCGluc and SCGal media (upper panel) or in yeast with varying PYK activity (lower panel). Error bars, +SD. See also Figure 6B.

(B) Oxidant resistances increase with low PYK activity. BY4741 and yeast strains with varying PYK activity were spotted in triplicates on media containing
diamide, cumene hydroperoxide (CHP), tert-butyl hydroperoxide (TBH), hydrogen peroxide (H,O.,), menadione, or juglone. Pictures taken from spot tests were
analyzed with CellProfiler, values indicate the ratio of spot intensity of the indicated strain to the wild-type control. Error bars, +SD. See also Figure S1.

(C) Low PYK activity increases growth capacity in the presence of oxidants. Yeast models with different PYK activity were grown with our without oxidants
and analyzed spectrophotometrically. Values indicate the doubling time relative to the nontreated control culture. Error bars, +SD.

(D) Increased survival of yeast with low PYK activity in oxidant media. TEF,-PYK1 and CYC,-PYK1 yeast was incubated in YPD and in YPD supplemented

with 3 mM diamide for 24 hr, plated, and formed colonies counted. Error bars, +SD.

854 uM, human TPI 710 pM, and rabbit TPI 698 uM (Figure 4B).
Next, we tested whether PEP inhibits TPI (black axes). All TPI
paralogues were efficiently inhibited by titrating PEP (Figure 4B).
Using the Cheng-Prusoff equation (Cheng and Prusoff, 1973), we
calculated a PEP inhibitory constant (K;) of 392 uM for yeast TPI,
163 uM for human TPI, and 156 uM for rabbit TPI. Thus, TPl is
inactivated by physiological PEP concentrations. Human and
rabbit TPl were inactivated twice as efficiently compared to
yeast TPI.

TPI Inhibition Is Required for Increased Antioxidative
Capacity in Respiring Yeast

We investigated whether TPI feedback inhibition is mechanisti-
cally linked to the increase in oxidant resistance of respiring

cells, as we had observed earlier that low TPI activity increases
oxidative stress resistance in yeast and C. elegans (Ralser
et al., 2007, 2009).

First, PEP inhibition was tested on five human TPI alleles that
have been associated with the pathogenesis of the metabolic
syndrome TPI deficiency (Orosz et al., 2009). Wild-type human
TP, TPlcysattyr TPlaiutoaasps TPlaiy122arg: @Nd TPlppepaoLeu Were
all strongly inhibited in the presence of 900 uM PEP. However,
TPlie170va, a@n allele with low catalytic activity (Ralser et al.,
2006), was significantly less inhibited (Figure 4C).

The identification of the relative PEP resistance of TPlje170val
allowed the generation of yeast strains in which TPI activity
was insensitive to PEP accumulation. Double knockout mutants
(Apyk1Atpi1) that expressed either human TPl or human
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Figure 4. Phosphoenolpyruvate Accumulates in Cells with Low PYK Activity and Inhibits Triosephosphate Isomerase

(A) HILIC-MRM quantification of PEP (left panel) Standard addition of PEP to whole-cell methanol/water yeast extracts; and quantification of PEP separated
by HILIC using multiple reaction monitoring (MRM). Quantification is demonstrated by linear regression, R? vales of >0.97 were obtained. (Right panel)
HILIC-MRM quantification of PEP in TEF,-PYK1, CYC,~PYK1, and CYC,-PYK2 yeast; PEP is strongly accumulated in yeast with low PYK activity. Error
bars, +#SD, n = 3.

(B) PEP inactivates yeast and mammalian TPI. Michaelis-Menten kinetics were determined for yeast TPI (left panel), human TPI (middle panel), and rabbit muscle
TPI (right panel). To determine viax and K, the TPI substrate gly3p was added in incremental doses (left y and lower x axis, blue; y values are normalized to total
cellular protein [left and middle panel] or to the purified protein [right panel]). For all TPl isozymes, vmax is highlighted with a green dot in the saturation curve; Ky,
values are given in uM (right y and upper x axis, black). Inhibition of TPI activity demonstrated by addition of PEP in incremental concentrations; ICsq values and
the inhibitory constant K; are given in uM, the Kcat in Mol*s ™.

(C) Inactivation of pathogenic TPI alleles by PEP. TPI activity was assayed in transgenic yeast expressing human TPI (WT) or indicated pathogenic TPI alleles
without or in the presence of 900 umol PEP. Error bars, +SD. Values within bars indicate the absolute enzyme activity in pmol/(min*pg protein).

(D) PYK activity does not change oxidant resistance in yeast expressing TPle170vai- The wild-type control, transgenic yeast expressing either PYK7 or PYK2, and
either human TPl or human TPl,¢170va Were spotted as serial dilutions onto SC media without or with diamide (left panel). Spot growth on different concentrations
was analyzed with CellProfiler and normalized to the strain with highest PYK activity (right panel). Low PYK activity increased diamide tolerance if expressed in
combination with human TPI, but there were no differences in TPl e170va-€xpressing yeast.
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Figure 5. The PYK-PEP-TPI Feedback Loop Stabilizes ROS Levels by Activating the Pentose Phosphate Pathway

(A) Overview on the PPP and glycolysis.

(B) Cells with low PYK activity have increased concentrations of PPP intermediates. Sugar phosphates were extracted from exponential cultures and quantified
by LC-MRM. All measured PPP intermediates —g6p (glucose 6-phosphate), f6p (fructose 6-phosphate), 6pg (6-phosphogluconate), r5p (ribose 5-phosphate),
rib5p (ribulose 5-phosphate), x5p (xylulose 5-phosphate), s7p (sedoheptulose 7-phosphate), and e4p (erythrose 4-phosphate)—as well as TPI substrates
dhap (dihydroxyacetone phosphate) and gly3p (glyceraldehyde 3-phosphate) were increased in yeast with low PYK activity grown in glucose (upper panel)
and galactose media (lower panel). Reproducibility of sugar phosphate quantification is demonstrated by linear regression (R? 0.989) (lower panel left).

See also Table S1.

TPlye170var @nd either PYK1 or PYK2 ectopically were generated
and assayed for their oxidant tolerance. The strain with low
PYK2 activity gained diamide resistance when expressed in
combination with wild-type human TPI. This effect was abol-
ished when TPl e170val Was expressed, as there were no differ-
ences in oxidant tolerance between low and high PYK activity
in this strain (Figure 4D). Thus, redox-protective effects of low
PYK activity were not additive to low TPI activity, and not
observed in a yeast strain where TPI is insensitive to PEP
inhibition.

PPP Activation in Respiring Yeast through TPl Feedback
Inhibition

Previously, it was reported that NADP* reduction, and the
concentration of PPP intermediates, increases when TPI is
mutant (Kleijn et al., 2007; Ralser et al., 2007). To investigate if
feedback inhibition had a similar effect, we quantified PPP inter-
mediates by LC-MRM (Wamelink et al., 2009) (Figure 5A). In cells
with low PYK activity there was an increase in all PPP intermedi-
ates examined (Figure 5B, upper panel, absolute values are
given as Table S1, reproducibility is demonstrated by linear
regression [Figure 5B, lower left]). The TPI substrates dhap and
gly3p were included in the analyses. Indicating lowered TPI
activity, these two metabolites showed the strongest increase.
Including the CYC,-PYK2 strain, these measurements were

then performed on galactose-grown cultures (Figure 5B, lower
panel). Effects were similar to glucose, although there dhap
and gly3p accumulation was stronger; overall the CYC,-PYK2
with lowest PYK activity exhibited strongest changes.

PPP Activation Prevents ROS Accumulation

and Is Necessary for Increased Oxidant Tolerance

of Respiring Cells

PPP splits into a nonoxidative and oxidative branch, of which the
latter is responsible for the reduction of NADP* to NADPH, and
not reversible. Therefore, deletion of its first enzyme, glucose
6-phosphate dehydrogenase (Zwf1p), separates the oxidative
PPP from glycolysis and prevents its function as NADPH donor
(Wamelink et al., 2008).

To determine if PPP activation is responsible for the increased
stress resistance, we deleted ZWF1 in respiring PYK mutants.
Apyk1 Apyk2 Azwfl yeast expressing TEF,-PYK1 or CYC,-
PYK1 was tested for oxidant resistance. Low levels of PYK1
increased diamide resistance only in ZWF1, but not in 4zwf1
yeast (Figure 6A). This indicated that oxidative PPP is required
in order for PYK to augment oxidative stress resistance.

Then we tested whether the 4zwf71 deletion also affected ROS
levels. ROS levels were measured in logarithmically grown yeast
by DHE and DCFDA fluorescence. Similar to Figure 3A, in wild-
type ZWF1 cells, ROS levels did not increase when there was
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Figure 6. The PYK-PEP-TPI Feedback Loop Protects Cells from ROS-Induced Damage during Respiration

(A) Low PYK activity in 4zwf1 yeast does not protect against oxidants. The first enzyme involved in the irreversible NADPH producing oxidative PPP branch
(ZWF1) was deleted, and PYK strains were tested for diamide resistance (left panels). Densitometric processing of (A), including more oxidant concentrations
(right panels). Deletion of ZWF1 prevented the increase in redox tolerance in yeast with low PYK activity.

(B) ROS levels increase in respiring cells when the PPP is deficient. ROS levels in ZWF1 and Azwf1 yeast with varying PYK activity were determined with DHE,
which preliminarily detects superoxide (left panel), and DCFDA, which detects H,O, (right panel). Low PYK activity did not increase DHE and DCFDA oxidation in
wild-type, but in Azwf1 yeast. Error bars, +SD.

(C) Low PYK activity increases protein carbonylation in Azwf1 yeast. Protein extracts (7.5 ug) were analyzed by oxyblotting (left panel) and extracts controlled with
Coomassie staining (right panel). ZWF1 and Azwf1 are juxtaposed images from the same blot/gel. Low PYK activity strongly increased carbonylation in Azwf1
yeast.

(D) Mitochondrial damage in 4zwf1 cells with low PYK activity. PYK models expressing Aco1-eGFP were analyzed for mitochondria morphology. Strains wild-
type for ZWF1 contain typical tubular mitochondria. In combination with low PYK activity, Azwf1 caused mitochondrial fragmentation gradually increasing with
low PYK activity; Aco1p indicated 100% mitochondrial network fragmentation in Azwf1 CYC,,-PYK2 yeast.
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lower PYK activity. However, both stainings detected an
increase with respiration when zwf1 was deleted (Figure 6B).
Thus, ROS accumulate in respiring cells only when the oxidative
PPP is deficient.

To illustrate consequences on cellular macromolecules, we
studied protein carbonylation and mitochondrial morphology.
Although no increase in carbonyl levels was observed by oxy-
blotting in ZWF1 wild-type cells, these rose upon deletion of
Azwf1 (Figure 6C). Thus macromolecules are sufficiently pro-
tected from oxidative carbonylation in respiring cells as long as
the oxidative PPP is activable. Effects were clearly pictured on
the mitochondrial shape. Aco1p tagged with eGFP was chosen
as marker for mitochondrial oxidative damage, because it
contains an iron-sulfur cluster that is prone for oxidation (Klinger
et al., 2010). Aco1-eGFP stained a typical mitochondrial, tubular
network in cells with high PYK activity, and when cells were
ZWF1 wild-type. However, depletion of zwf1 in models with
low PYK activity resulted in gradual relocalization. In 4zwf1
CYC,-PYK2 yeast, the mitochondrial network fragmented to
100% into numerous small roundish mitochondria (Figure 6D).
This indicates strong oxidative damage and was previously
associated with loss of aconitase activity (Klinger et al., 2010).

DISCUSSION

Cellular life depends on energy which is shuffled between
biochemical reactions in the form of ATP. Its energy charge is
maintained by the metabolic network and restored primarily by
glycolytic fermentation and respiration (Bolanos et al., 2010;
Grlning et al., 2010). Oxidative metabolism is more efficient in
producing ATP but produces ROS, such as the superoxide anion
in the electron transport chain (Novo and Parola, 2008). In yeast,
superoxide preliminary originates from complex lll, but also from
oxidoreductases which feed the respiratory chain without proton
pumping (Nde1, Nde2, and Ndi1) (Luttik et al., 1998). The total
rate of ROS production during respiration equals 1%-2% of
the metabolized oxygen (Cadenas and Davies, 2000).

Here we show that PYK regulates respiration in S. cerevisiae.
Yeast express PYK1 when grown in fermentable carbon sour-
ces, where PYK2 is suppressed (Boles et al., 1997). A switch
from PYK1 to PYK2, or simple lowering expression of either
isoform, was sufficient to shift from fermentative to oxidative
metabolism. Cells with low PYK activity exhibited increased
oxygen consumption and displayed growth phenotypes and
mRNA expression fingerprints that indicated an increase in
mitochondrial energy metabolism.

We were surprised that ROS levels did not increase upon
the induction of respiration. ROS oxidize macromolecules (fatty
acids, nucleic acids, and proteins). If not properly balanced,
the redox state may fall out of equilibrium and cause oxidative
or reductive stress. Although oxidative stress is better under-
stood, also excess of reducing equivalents is pathogenic and
leads to defects in biochemical reactions, protein folding, and
signaling events (Rajasekaran et al., 2007; Tu and Weissman,
2002). As a consequence, respiratory metabolism relies on the
capacity of clearing oxidizing molecules, but also on the ability
to tune the production of redox equivalents.

We found that the respiring PYK mutants had increased resis-
tance to oxidants. Since clearance of ROS occurs irrespective

of the source of free radicals (Apel and Hirt, 2004), this pointed
to an increased potential to neutralize superoxide released
from the respiratory chain. The grade of resistance to the
external stressors varied (Figure 3). Yeast reacts differentially
to different oxidants, which depends on the type of free radical
released, but also on the oxidant’s redox (Nearnst) potential,
its primary targets, and different grades of evolutionary adapta-
tion (Thorpe et al., 2004). In this particular case, further differ-
ences originate from GAPDH, the TPI neighboring enzyme in
glycolysis, which is inactivated by various oxidants to a different
extend (Grant et al., 1999) and influences oxidant resistance of
yeast with reduced TPI activity (Ralser et al., 2007). As only a
marginal fraction of oxidant resistant yeast mutants tolerated
a comparably broad spectrum of oxidants in an earlier study
(Thorpe et al., 2004), it could be concluded that PYK stimulated
a general component of the redox balancing machinery.

A central component of redox metabolism is the PPP. For
every glucose equivalent, its oxidative branch reduces two
molecules of NADP*. In the glutathione system, the primary
free radical scavenger, as well as in peroxiredoxin and glutare-
doxin systems, NADPH is required to recycle the oxidized
form, e.g., to reduce GS-SG to GSH (Grant, 2001; Holmgren
et al.,, 2005). Most mutants of PPP enzymes are sensitive
to oxidants (Juhnke et al., 1996), and the NADPH/NADP*
ratio collapses when PPP-deficient cells are exposed to H,O,
(Castegna et al., 2010).

Dynamic PPP activation has been observed upon extracellular
addition of oxidants and when cells shift to a nonfermentable
carbon source (Cakir et al., 2004; Grant, 2008; Ralser et al.,
2007; Shenton and Grant, 2003). This protected cells in two
distinct (but overlapping) ways, as it augmented the NADPH/
NADP* ratio (Grant, 2008; Ralser et al., 2007) and activated
part of the antioxidant gene expression program (Kriiger et al.,
2011).

In case of exposure to a toxic oxidant dose, PPP activity is
rapidly stimulated through oxidative inactivation of glycolytic
enzymes (Ralser et al., 2009; Shenton and Grant, 2003).
However, there was evidence that this mechanism is not induced
by ROS leakage from the respiratory chain: glycolysis is not
inhibited during respiration (Meredith and Romano, 1977),
redox-prone GAPDH is stable to a continuous oxidant exposure
(Cyrne et al., 2010), and even after strong bursts its activity is
re-established after a few hours (Colussi et al., 2000). Finally,
as shown in this manuscript, ROS levels are not necessarily
increased in respiring cells, thus they do not possess a redox
state which would trigger oxidative enzyme inactivation.

We discovered that in respiring cells the activity of the oxida-
tive PPP is stimulated through a metabolic feedback loop. PEP
accumulated in yeast with low PYK activity and acted as inhibitor
of the glycolytic enzyme TPI. This appeared to be a conserved
process, as yeast, rabbit, and human TPl were all efficiently
inhibited by PEP. Our data do not exclude the possibility that
PEP acts also as inhibitor or modulator on other enzymes, but
demonstrates that TPl inhibition is sufficient to trigger ROS clear-
ance during oxidative metabolism. We isolated one TPI allele,
TPlie170va, Which was inefficiently inhibited by PEP. This allele
has reduced catalytic activity itself, and we have shown earlier
that it increases the metabolite content in the PPP (Ralser
et al., 2007). When this isoform was expressed, low PYK activity
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Figure 7. Synchronization of Redox and Energy Metabolism by Pyruvate Kinase
Low PYK activity increases respiration. At the same time, the PYK substrate PEP accumulates. This stimulates the PPP by feedback inhibition of TPI, which in turn

prevents ROS accumulation during respiration.

did not further increase oxidant tolerance when PYK activity was
lowered.

TPl mutations cause a rare metabolic syndrome, TPI defi-
ciency. Most patients suffering from this rare genetic disease
are homozygous, or compound heterozygous for a single TPI
allele (TPlaiu104asp) Which alters stability and dimer formation
(Rodriguez-Almazan et al., 2008). However, the pathogenesis
of other alleles is still unknown. The discovery that at least one
mutant protein was deficient for PEP feedback inhibition opens
a new aspect for research on the pathomechanism, as impaired
redox metabolism has been reported as feature of TPI deficiency
(Ahmed et al., 2003).

Finally, we investigated whether the PPP is required to clear
free radicals upon respiration activation. We prevented the
reduction of NADP™ in the oxidative PPP by deleting its first
enzyme (Zwf1p). Lowering PYK activity did not augment stress
resistance in Azwf1 cells. In addition, we used DHE and DCFDA
fluorescence to determine ROS levels in respiring PYK mutants.
Remarkably, they were unaffected as long as the oxidative PPP
was functional, but accumulated in respiring cells upon deletion
of Zwf1. Thus, the oxidative PPP is essential for both the increase
in oxidant resistance and the stabilization of ROS levels upon the
induction of respiration.

These results propose a mechanism for how PYK increases
antioxidative capacities (Figure 7). PEP, the PYK substrate,
accumulates when the activity of this enzyme is low. This inhibits
the glycolytic enzyme TPI. The resulting increase in PPP activity
protects cells against oxidants and prevents accumulation of
ROS. Recently, it has been reported that PEP in PKM2-express-
ing cells converts phosphoglycerate mutase (PGM) into a
lactate-producing enzyme, which alters glycolysis in prolifer-
ating mammalian cells. This may explain the requirement of

this feedback loop, as a block of PYK alone would not cause
accumulation of upstream metabolites, if the reaction can be
surpassed by PGM (Vander Heiden et al., 2010).

PYK-mediated regulation of respiration may differ between
yeast and mammalian cells. Consistent with the yeast model
are recent investigations demonstrating higher concentration
of PKM2 in tumors as in control tissue (Bluemlein et al., 2011),
and demonstrating that PKM2 activates fermentative gene
expression independent of its activity (Luo et al.,, 2011).
Conversely, however, others have reported increased oxidative
phosphorylation with reduced lactate production when PKM
maintained high activity (Hitosugi et al., 2009). Further investiga-
tions are required to elaborate these yet-unsolved discrepancies
inmammalian cells. In this context, both in yeast and mammalian
cells, the mechanism for how PYK stimulates oxidative phos-
phorylation remains to be discovered. We rule out an active
role of the PPP, as oxygen uptake also increased upon deletion
of PPP enzymes (Supplemental Information, Figure 2). Further-
more, as oxygen uptake of the PYK models increased also on
galactose media (Figure 2), a detection of energy shortage by
arespective energy sensor falls short in explaining the regulatory
mechanism.

However, there is evidence that the metabolic feedback loop
presented here is evolutionarily conserved. First, there is
evidence that metabolites upstream of PYK accumulate in
mammalian cells during the Warburg effect (Vander Heiden
et al., 2010) and when PYK is depleted in B. subtilis (Emmerling
et al.,, 2002). Second, we have shown here that human and
rabbit TPl are more effectively inhibited by PEP compared to
yeast TPI (Figure 4B). This could explain our previous observa-
tion that transgenic yeast expressing human TPl are more
oxidant resistant compared to those expressing yeast TPI
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(Ralser et al., 2007). Finally, the effect that reduced TPI activity
causes an increase in oxidant resistance is conserved, and
depletion of Zwf1 (G6PDH) paralogues decreases oxidant
tolerance and NADPH in mammalian models (Ho et al., 2000;
Ralser et al., 2007; Zhang et al., 2010). Aside the regulation of
respiratory energy metabolism, it is assumed that the Warburg
effect enables rapidly proliferating tissue to synthesize essential
macromolecules (nucleic acids, amino acids, and lipids) from
metabolic intermediates, permitting growth and duplication of
cellular components during division (Hsu and Sabatini, 2008;
Najafov and Alessi, 2010; Vander Heiden et al., 2010). A major
fraction of the required intermediates originate from PPP and
upper glycolysis; thus metabolic feedback inhibition of TPI by
PYK can assure production of these intermediates. Following
this line of thought, the feedback loop may represent a thera-
peutic target because it opens an opportunity to deprive cancer
cells from their supply of metabolic intermediates.

EXPERIMENTAL PROCEDURES

Yeast cultivation, enzyme activity assays, plasmid and yeast strain generation,
and qRT-PCR were conducted by standard methods and are available in the
Supplemental Information.

Measurement of Oxygen Consumption, ROS Levels, Carbonylation,
and Aconitase 1

Oxygen consumption in exponentially growing yeast cells was determined
in an Oxygraph 2k (Oroboros) following the manufacturer’s instructions. DHE
fluorescence was used to measure ROS (superoxide) as described in Klinger
et al. (2010). DCFDA (2',7'-dichlorofluoresceine diacetate) was used to deter-
mine H,O, levels in cells grown to midexponential phase in YPD media.
DCFDA (10 pM) was added to the cultures for 30 min at 30°C and pellets
washed and measured in four replicates in a POLARstar Omega plate reader
(BMG Labtech, Aex = 490 nm, kem = 524 nm). Protein damage by carbonyla-
tion was determined using the OxyBlot Protein Oxidation Detection Kit
(Millipore) according to the manufacturer’s instructions blotting 7.5 ug protein
on PVDF membrane. Aconitase was pictured in yeast cultures transformed
with the plasmid pUG35-ACO1. Transformants were diluted from an overnight
culture to an OD600 = 0.1 in SC medium lacking uracil and were grown till
midexponential phase. Distribution of Acol-eGFP was pictured with a
100x objective on a Zeiss Axioscope 50 fluorescence microscope.

Oxidant Tolerance Tests

Oxidant tolerance spot tests were performed as described in (Ralser et al.,
2007) and pictures taken after 2-3 days of incubation at 30°C. Quantification
of spot growth was achieved via digital image processing using CellProfiler
software (Carpenter et al., 2006). In the survival assays, overnight cultures
were diluted to an OD600 = 0.1 in YPD and supplemented with diamide to
a final concentration of 3 mM or left untreated as control. Of a 1:200 or
1:20000 dilution, 100 ul was plated in triplicates at time points 0 hr and 24 hr
onto YPD agar plates. Oxidant resistance in liquid cultures was assayed in
replicates of four in 96-well plates. Cells were grown from an OD600 = 0.6
(tert-butyl hydroperoxid), 0.12 (CHP, menadione), or 0.1 (diamide) for 4 hr
(menadione, CHP, TBH) or 17 hr (diamide). Growth was measured photomet-
rically in a Spectra Max 250 plate reader (Molecular Devices).

Metabolite Quantification by MS/MS

Sugar phosphates were quantified by LC-MS/MS as described earlier (Wame-
link et al., 2009). In brief, metabolites were extracted in HBSS with 2%
perchloric acid, and proteins were precipitated after neutralization with a phos-
phate buffer. The samples were subsequently supplemented with an internal
isotope labeled standard '3Cs-glucose-6P, separated on a water-acetonitrile
gradient on a Cig RP-HPLC column (LC packings), and analyzed on an
API3000 triple quadrupole mass spectrometer (AB/Sciex).

For the determination of PEP, yeast was YPD grown to mid-log phase,
centrifuged, washed with water, and frozen at —80°C. To the frozen yeast
pellets, glass beads (425-600 um, Sigma) and 80% methanol in water
(300 pl) were added, followed by one cycle on a Fast Prep-24 (MP Biomedicals)
for 20 s at 6.5 m/s. Extracts were then cleared by 2 x centrifugation at 16,000 g.
Quantitative PEP measurements were conducted on a QTRAP5500 hybrid ion-
trap/triple quadrupole mass spectrometer (AB/Sciex), coupled online to an
Agilent 1290 LC system. Separation was achieved on a HILIC column (Acquity
BEH HILIC, 1.7 um, 2.1 x 100 mm [Waters]) by a linear gradient from 100%
acetonitrile/ammonium hydrogen carbonate (90/10; A) to 100% acetonitrile/
ammonium hydrogen carbonate (50/50; B) between 0.5 and 1 min at a flow
rate of 1 ml min~". The gradient was kept at 100% B for 0.5 min before
returning to starting conditions. The stop time was set to 3.5 min to allow
equilibration of the system prior to the following sample injection. The column
temperature was set to 35°C. PEP quantification in yeast extracts was con-
ducted by standard addition.

The MS was run in the negative mode and at a source temperature of
350°C. All other parameters, such as nebuliser and drying gas, influencing
the sensitivity of the analysis were optimized prior to the measurements.
Quantification of PEP was achieved by monitoring its collision induced (colli-
sion energy, —10 V) fragmentation from m/z 167 to 78.8. A detailed protocol
will be published elsewhere.

SUPPLEMENTAL INFORMATION

Supplemental Information includes two figures, one table, Supplemental
Experimental Procedures, and Supplemental References and can be found
with this article online at doi:10.1016/j.cmet.2011.06.017.
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Figure S1, related to Figure 3B: Reduced PYK activity and galactose media leads to higher resistance
to oxidants. Strains were grown over night, diluted to an ODgy of 3.0, and spotted as 1:5 dilution
series onto YPD and YPGal containing diamide at the indicated concentration.
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Table S1, related to Figure 5B: PPP metabolites are increased in strains with low PYK activity.
Values are given normalized to dhap concentration in a reference measurement (correction factor
36.5, black) and as ratio to metabolite concentration in the BY4741 wild-type strain (grey). gép
(glucose 6-phosphate), fép (fructose 6-phosphate), 6pg (6-phospho gluconate), r5p (ribose 5-
phosphate), x5p (xylulose 5-phosphate), rib5p (ribulose 5-phosphate), s7p (sedoheptulose 7-
phosphate), ed4p (erythrose 4-phosphate), dhap (dihydroxyacetone phosphate), gly3p
(glyceraldehydes 3-phosphate).
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Figure S2, related to discussion/Figure 7: Oxygen consumption increases in with low PYK activity in
PPP and PCK mutants. PPP enzymes or PCK1 were deleted in Apyk1Apyk2 vyeast strains containing
the different PYK constructs. Oxygen consumption was determined for logarithmically YPD -growing
cultures in a closed chamber oxygraph (Oroboros). Tkl2 (encoding transketolase), Tall
(transaldolase), Rpel (ribulose 5-phosphate epimerase), Tkll (transketolase), Pck (pyruvate
carboxykinase), Zwfl (glucose 6-phosphate dehydrogenase). Low PYK activity increased oxygen
consumption in all deletion strains tested.



Supplemental Experimental Procedures

Yeast cultivation

Yeast were grown at 28-30°C either in yeast-extract peptone 2% dextrose (YPD), yeast-
extract peptone 2% galactose (YPGal), 3% ethanol/0.1% glucose (YPEtOH) or in synthetic

complete (SC) media lacking the indicated amino acids/bases.

Plasmids

Plasmids encoding TPl were previously described (Ralser et al., 2006). PYK-encoding plasmids
were generated by amplifying PYK1 and PYK2 from yeast genomic DNA by PCR, and ligating
the products into centromeric yeast plasmids containing the TEF1 promoter (p413TEF), the
CYC1 promoter (p413CYC), or a GPD1 promoter (p416GPD) (Mumberg et al., 1995). All

plasmids were verified by sequencing and primer sequences are given in the table below.

PYK1-fw-BamH1 5'-GAGGATCCATGTCTAGATTAGAAAGA-3'
PYK1-as-Sal 5'-GAGTCGACTTAAACGGTAGAGACTTG-3'
PYK2-fw-BamH1 5'-GAGGATCCATGCCAGAGTCCAGATTG-3'
PYK2-as-Sall 5'-GAGTCGACCTAGAATTCTTGACCAAC-3'

underlined DNA sequences indicate introduced restriction sites

Gene deletion

Genes were deleted in BY4741 strains by homologous recombination, by single gene
replacement with the nourseothricin (natMX4), kanamycin (kanMX4), or hygromycin
(hphMX4) markers. Primer pairs (which overlap with 20 bases of the marker gene and 35-45
bases with the target locus) were used to amplify the marker cassette and then transformed
into yeast. Positive transformants were selected on YPD containing antibiotics, and isolated

recombinants were verified by PCR. Primer sequences are given in the table below.




MX4 deletion cassettes for PYK1 fwd ATTTACAAGACACCAATCAAAACAAATAA
AACATCATCACAAGCTTGCCTTGTCCCCGCCG

MX4 deletion cassettes for PYK1 rev TTAAACGGTAGAGACTTGCAAAGTGTTGG
AGTGACCAGCATCGACACTGGATGGCGGCGT

MX4 deletion cassettes for PYK2 fwd CCTCTACGTCCATTGTAAGATTACAACAAA
AGCACTATCGAGCTTGCCTTGTCCCCGCCG

MX4 deletion cassettes for PYK2 rev TACTAGAATTCTTGACCAACAGTAGAAATG
CGTAAGGTATTCGACACTGGATGGCGGCGT

underlined DNA sequences indicate introduced restriction sites

Isogenic PYK mutants were generated by plasmid shuffling. Apyk2 yeast was transformed

with an URA3-plasmid encoding for PYK1 (p416GPD-PYK1). Then, endogenous PYK1 was
deleted using natMX4, and positive knock-outs were selected by PCR. The ApyklApyk2
pCEN-URA3-PYK1 strain was subsequently transformed with HIS3-marked PYK plasmids
(p413TEF-PYK1, p413CYC-PYK1, p413TEF-PYK2, p413CYC-PYK2). Finally, the URA3-plasmid
was counter-selected for positive transformants on SC™ containing 0.15% 5’FOA.
Apyk1Apyk2Azwfl and ApyklAtpil yeast expressing PYK1, PKY2, and/or TPl from

centromeric plasmids were generated in a similar fashion.

Bona fide p0 strains were generated through repeated treatment with 50 ug/ml ethidium
bromide as previously described (Goldring et al., 1970).

Quantitative RT-PCR

gRT-PCR was performed as previously described in (Wamelink et al., 2010). Yeast were
cultivated overnight in YPD, washed once in water, and grown to log phase (ODggo ~ 0.8) in
YPD or YPGal. For boost experiments, YPD was exchanged with YPGal one hour before
harvesting cells. mRNA was extracted and gRT-PCR was performed using an ABI prism

7800HT system. Primer sequences are listed in the Supplemental Information. Expression of




COX1, COX2, COX3 was normalized to the expression of the reference genes ATG27 and
TAF10 as by the method of (Pfaffl, 2001).

Enzyme activity assays

Pyruvate kinase activity was determined as described by (Bergmeyer et al., 1974). Briefly, a
reaction mixture containing 24 mM KH,PO4/K,HPO,4 (pH 7.0), 150 uM NADH, 1 mM fructose
1,6 bisphosphate, 2.4 mM ADP, 25 U lactate dehydrogenase (Sigma-Aldrich), 10 mM MgSQ,,
and 4 pg centrifugation-cleared whole-cell extract was supplemented with 800 uM PEP.
OD340 was used to detect NADH oxidation in 6- to 10-s intervals using an spectrophotometer
(Amersham US 2000). TPI activity was determined as previously described (Ralser et al.,
2006). K, and K; were determined by saturation curves with gly3p and PEP, respectively, in
yeast extracts (BY4741), transgenic yeast expressing human TPI (MR101) (Ralser et al., 2006),
or purified rabbit muscle TPI (Sigma-Aldrich).
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ABSTRACT:

The Warburg effect describes the circumstance that tumor cells preferentially use
glycolysis rather than oxidative phosphorylation for energy production. It has
been reported that this metabolic reconfiguration originates from a switch in the
expression of alternative splice forms (PKM1 and PKM2) of the glycolytic enzyme
pyruvate kinase (PK), which is also important for malignant transformation.
However, analytical evidence for this assumption was still lacking. Using mass
spectrometry, we performed an absolute quantification of PKM1 and PKM2 splice
isoforms in 25 human malignant cancers, 6 benign oncocytomas, tissue matched
controls, and several cell lines. PKM2 was the prominent isoform in all analyzed
cancer samples and cell lines. However, this PKM2 dominance was not a result of a
change in isoform expression, since PKM2 was also the predominant PKM isoform
in matched control tissues. In unaffected kidney, lung, liver, and thyroid, PKM2
accounted for a minimum of 93% of total PKM, for 80% - 96% of PKM in colon,
and 55% - 61% of PKM in bladder. Similar results were obtained for a panel of
tumor and non-transformed cell lines, where PKM2 was the predominant form.
Thus, our results reveal that an exchange in PKM1 to PKM2 isoform expression
during cancer formation is not occurring, nor do these results support conclusions
that PKM2 is specific for proliferating, and PKM1 for non-proliferating tissue.

INTRODUCTION

Malignant cell growth entails numerous metabolic
changes. The so called ‘Warburg’ effect describes the
decrease inrespiration during tumor development, whereas
glucose uptake and acrobic glycolysis, as well as lactate
production increases [1-3]. The reason why cells undergo
the Warburg effect are not entirely understood, but it is
broadly assumed that the switching-off of the respiratory
metabolism increases metabolic intermediates that are
required for the synthesis of biological macromolecules
[1, 2, 4]. This assumption is supported by the fact that
stroma type cells that deliver metabolites utilized by the
tumor for energy production also undergo this metabolic
transition [5, 6]. Furthermore, as glycolytic fermentation

circumvents oxidative phosphorylation in the respiratory
chain, it avoids the release of superoxide from complex I
and III, which could prevent oxidative stress [7]
Although important signaling cascades of cellular
metabolism such as STAT3 and HIF-lo have been
implicated in the regulation of the Warburg effect [8, 9],
the mechanisms how it is initiated remain elusive. It has
been reported that an exchange in the expression of PKM 1
to PKM2, two alternative splice isoforms of the glycolytic
enzyme pyruvate kinase (PK) [10, 11], is causative for
the Warburg effect during tumorigenesis [10]. These two
isoforms differ in a single exon, which facilitates binding
of'the glycolytic intermediate fructose 1,6 bisphosphate in
PKM2 type PK. PKMI1 is constitutively active, whereas
PKM2 can switch between an active tetrameric and an
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incactive dimeric form [12].

It has been concluded from Western blot analysis of
cancer cell lines (A549, H1299, 293T, HeLa, MCF10a)
and Western blot/immunostaining of mammary gland
tissue from MMTV-NeuNT mice that cancer development
switches expression from PKM1 to PKM2 [10]. These
conclusions were drawn from the comparison of PKM1/
PKM?2 expression in cancer cell lines with human muscle
[10]. However, as protein expression is highly tissue
dependent [9,10], and as earlier biochemical studies had
reported that pyruvate kinase PKM2 is present in several
healthy tissues [13], we re-investigated PKM1/PKM2
expression in tumors, taking into account tissue-matched
controls.

Using an absolute quantification (AQUA)
strategy with isotope labeled standards, we performed
a comprehensive absolute quantification of PKM1 and
PKM?2 in several cancer tissue of different origin, benign
tumors and cell lines, and their tissue matched controls.
We found no evidence for an exchange of PKM1 to PKM2
expression during cancer formation. Cancers maintained

a yeast expressing PKM1
6.0E+05 o 2.0E+04
1.8E+04
5.08+05 16E+04 _
El
@

. 4.0E+05 P |

g 126404 5

= Py

2 3.0E+05 1.0E+04 S

2 PKMy; o
% AQUA standards 8.0E+03 §
= P ! 2
2.0E%05 6.0E+03 7z
B
1.0E+05 4.08+03
PKM in PKM1-yeast 2.0E+03
0.0E+00 St Tl 0.0E+00
15 20 25 30
t [min]
b bladder tissue (expressing endogenous PKM1 + PKM2)
5.0E+05 Pt 1.0E+05
4.5E+05 9.0E+04
= 4.0E+05 PKM2 8.0E+04
Q
o 35E+05 7.0E+04 _
K g
£ 3.0E+05 i N 6.0E+04 3
- AQUA standards z
g 256405 SIS \ 540E+04§
& 2.0E+05 — S 4.0E+04 2
2 15E+05 30E+04 T
g 2
£ 1.0E+05 2.0E+04

5.0E+04 1.0E+04

PKM in bladder tissue |/,
0.0E+00 — 0.0E+00

13 18 33

3
t Iminl

the PKM isoform expression according to their tissue of
origin.

RESULTS

Development of an absolute quantification
(AQUA) method to quantify of PKM1 and PKM2
in cell extracts

We decided on an absolute quantification of PKM1
and PKM?2 by mass spectrometry, since this technology
circumvents the drawbacks that may result from the use
of antibodies in semiquantitative westernblotting [14, 15]
used in earlier studies [10]. As antibodies differ in affinity,
similar band intensities obtained with different antibodies
do not indicate similar concentration of their target
proteins. In contrast, the AQUA strategy allows absolute
quantification of a non-purified protein at physiological
concentration [16] by spiking the samples with chemically
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Figure 1: Absolute quantification of PKM1 and PKM2 splice forms in tissue extracts.

a. Yeast expressing human PKM1 (PKM1-yeast, left panel) and human PKM2 (PKM2-yeast, right panel) were analyzed by nanoflow liquid
chromatography/multiple reaction monitoring (LC-MRM) to quantify a PKM1 and a PKM2 specific peptide as well as a peptide which is
specific for both isoform (PKM, ) (lower chromatograms). Matching heavy isotope labeled peptides (AQUA peptides) were included in
every sample and used for quantification (upper chromatograms, please note that they are displaced on the Y axis for better illustration).
The determined concentrations were 3.3 fmol/ug protein for PKM1, and 19.3 fmol/pg protein for PKM2 in yeast.

b. Exemplary chromatogram for a human tissue sample, quantification of PKM1 and PKM2 in bladder tissue by LC-MRM. The analysis
was performed as in (a). Absolute and relative values determined in human tissue are given in Table 1.

¢. Plot of the concentrations obtained for PKM1 plus PKM?2 against the concentration of a peptide specific for both isoforms [PKM, |. The

obtained concentrations show linear correlation (R > 0.97)
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synthesized, heavy-isotope labeled peptide standards
(AQUA peptides) that match the proteolytic peptide of
interest in sequence, but are distinguishable from the
analyte by mass [14, 15, 17]. To assure accurate PKM
quantification, and to detect a potential switch in PKM
isoform expression, this analysis was conducted with
three PKM specific isotope labeled peptides and on a
hybrid ion trap / triple quadrupole mass spectrometer
operating in MRM mode. We selected one peptide to be
specific for PKM1 (PKM1, . ), one peptide for PKM2
(PKM2, , o rsopreamavaavease)» and a third peptide specific
for both forms (PKM_ . . ). We tested PKM1 and
PKM2 quantification with these peptides on transgenic
yeast expressing exclusively either human PKM1 (PKM1-
yeast) or human PKM2 (PKM2-yeast). The yeast strains
were generated by cloning human PKM1 and PKM2
cDNA into an expression vector and transformation into
the yeast strain BY4741. Protein extracts were generated,
separated by SDS-PAGE, in-gel digested with trypsin [18],
supplemented with the AQUA peptides [15] and analyzed
as described previously [19]. The three isotope labeled
standards were detected in all samples (Fig 1A, upper
chromatograms). In PKMIl-yeast, the PKMI1 specific
and the PKM_ peptide were detected but not the PKM2
peptide. In contrast, the analysis of PKM2-yeast detected
the PKM2 specific peptide and the PKM,, peptide, but not
the PKM1 peptide (Fig. 1A, lower chromatograms). Thus,

the PKM1 and PKM2 specific peptides were detected
and allowed specific discrimination between the PKM
isoforms.

Quantification of PKM1 and PKM2 in human
tissue and cancer

To study PKM1 and PKM2 expression before
and after cancer development, we analyzed 25 human
malignant cancers, 18 tissue-matched controls, 12
cancer cell lines, 4 non-cancer cell lines and 6 benign
oncocytomas. In 15 cases (12 malignant cancers, 2 benign
tumors, 1 cell line), matched unaffected tissue from the
affected individual was available. As described above,
the samples were supplemented with the heavy-isotope
labeled standards, and the three peptides quantified
by multiple reaction monitoring on the QTRAP mass
spectrometer. Peptides corresponding to both PKM1 and
PKM2 were detected in tissues, cell lines and controls
(Fig 1b). To test if the chosen peptides gave consistent
results in quantifying PKM1 and PKM2, we plotted the
obtained concentration values of PKMI1 plus PKM?2
versus the quantity obtained for the PKM_ peptide which
is characteristic for both PKM alternative splice isoforms.
The quantities showed with R? = 0.97 a linear correlation,
confirming that the chosen peptides were suitable for

_ PKM1 _
1400 y = 0.608x - 77.028 4500
R2=0.9941 1 4000
1200 - -
PKM2 + 3500
y=1.6973x + 45.264
1000 - R2 = 0.9905 i 1 3000
g 2
£ 800 1 + 2500
— N
S 600 - T 2000 3
o —
+ 1500
400 -
+ 1000
200 1 . 1 500
0 ] . . . 0
0 500 1000 1500 2000 2500

PKMa|| [fmol]

Figure 2: Accuracy of PKM1 and PKM2 quantification. Differently concentrated digests of PKM1-yeast (n = 11) and PKM2-
yeast (n = 12) were injected, and the peptides PKM1, PKM2, and PKM, quantified as well as their corresponding AQUA standards
analyzed by LC-MRM. Shown is a correlation plot of the concentration of the specific peptide (PKM1 or PKM2) and the PKM,_ peptide,

concentrations are given in absolute values (fmol).
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Table 1: Absolute amount of PKM1 and PKMZ2 as well as relative PKM content in human tumors, control tissues and
cell lines. Concentrations are given in fmol per ug protein.

Sample - — PKMT PKM2 _ PKM1 PKM2
[fmol pg™] [fmolug™ [%] [%]

Malignant tumors

Renal cell carcinoma 1 (RCC1)* 3.2 62.8 48 952
Renal cell carcinoma 2 (RCC2)3 1.2 39.3 30 97.0
Renal cell carcinoma 3 (RCC3)% 3.1 139.4 22 978
Renal cell carcinoma 4 (RCC4)3 2.2 125.5 1.7 983
Bladder carcinoma 1 (BC1) 55 181.9 29  97.1
Bladder carcinoma 2 4.4 116.0 37 963
Bladder carcinoma 3 4.6 286.7 1.6 984
Bladder carcinoma 4 3.5 55.1 6.0 94.0
Hepatocellular carcinoma 1 (HCC1) 0.6 5.8 9.4  90.6
Hepatocellular carcinoma 2 (HCC2) n.d. 10.3 100
Hepatocellular carcinoma 3 (HCC3) 0.5 45.2 1.1 98.9
Colorectal carcinoma 1 (CRC1) 1.4 129.1 1.1 98.9
Colorectal carcinoma 2 (CRC2) 1.0 110.2 0.9 9941
Colorectal carcinoma 3 14.7 323.4 43 957
Lung carcinoma 1 (LC1) 3.1 80.5 37 963
Lung carcinoma 2 (LC2) 3.5 95.8 35 965
Lung carcinoma 3 0.8 47.0 1.7 983
Lung carcinoma 4 0.9 59.9 1.5 985
Lung carcinoma 5 1.3 49.8 25 975
Follicular thyroid adenoma 1 0.5 14.6 33 967
Follicular thyroid adenoma 2 0.7 32,5 21 979
Follicular thyroid adenoma 3 0.6 29.4 20 98.0
Follicular thyroid adenoma 4 2.3 43.9 50 95.0
Follicular thyroid adenoma 5 0.9 37.0 24 976
Papillary thyroid carcinoma 1 2.2 69.8 3.1 96.9
Benign tumors
Renal oncocytoma 1* 1.4 128.1 11 989
Renal oncocytoma 2* 1.2 83.6 14 986
Renal oncocytoma 3 0.9 57.9 1.5 985
Thyroid oncocytoma 1 (TO1) 3.8 60.1 59 941
Thyroid oncocytoma 2 (TO2) 0.3 14.8 2.0 98.0
Thyroid oncocytoma 3 1.1 31.9 33 967
Control tissues
Kidney 1 (RCC1)% 08 27.6 28 97.2
Kidney 2 (RCC2)® 0.8 24.8 3.1 96.9
Kidney 3 (RCC3)® 0.8 32.6 24 976
Kidney 4 (RCC4)° 0.7 33.8 20 980
Bladder 1 (BC1) 17.2 20.8 453 547
Bladder 2 30.3 46.7 39.4 606
Liver 1 (HCC1) n.d. 5.2 100
Liver 2 (HCC2) n.d. 15.2 100
Liver 3 (HCC3) n.d. 14.4 100
Colon 1 (CRCH1) 4.9 65.9 6.9 9341
Colon 2 (CRC2) 2.8 701 3.8 96.2
Colon 3 9.7 38.3 20.2 79.8
Lung 1 (LC1) 1.3 23.9 52 948
Lung 2 (LC2) 0.8 15.2 50 950
Thyroid 1 (TO1) 0.8 11.7 6.4 93.6
Thyroid 2 (TO2) 0.8 11.9 6.3 937
Thyroid 3 0.5 9.7 49 951
Thyroid 4 1.4 22.3 59 941
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cancer cell lines

60138 A1 [Tumor associated fibroblasts, breast] (60161 B1) 21.0 88.7 19.1  80.9
87442 A1 [breast cancer associated fibroblasts] 17.4 47.6 26.8 73.2
A459-1 [lung carcinoma] 3.1 302.0 1.0 99.0
A459-3 [lung carcinoma] 3.2 297.1 1.1 98.9
HCT [Human colon tumor] 3.1 16.4 159 84.1
HEK-1 [transf., embryonic kidney] 2.3 79.9 28 972
HEK-2 [transf., embryonic kidney] 2.1 83.2 25 975
HEK-3 [transf., embryonic kidney] 2.6 59.6 42 958
HeLa-1 [cervix adenocarcinoma] 24 144.9 1.6 984
HeLa-2 [cervix adenocarcinoma] 24 142.1 1.7 983
HEP-1 [hepatocellular carcinoma] 8.1 241.8 32 968
HEP-2 [hepatocellular carcinoma] 6.5 193.4 33 9.7
MCF 7 [breast epithelial adenocarcinoma] 1.3 66.7 1.9  98.1
MDA MB-415 [Breast epithelial adenocarcinoma] 0.6 83.8 0.7 993
SPH 77-1 [small cell lung cancer] 0.5 3.8 11.6 884
SPH 77-2 [small cell lung cancer] n.d. 0.5 100
other & control cell lines
60161 B1 [breastcancer adjacent fibroblast] (60138 A1) 32.7 147.5 181  81.9
37098 B1 [breastcancer adjacent fibroblast] 10.6 30.8 256 74.4
MCF 10A [Breast epithelial cell line] 1.0 72.9 1.4 986
MCF 12A [Breast epithelial cell line] 2.1 89.9 23 977

The abbreviations given in brackets for the control tissues refer to the matched tumor tissues. § The renal cell carcinomas and control tissues
have been analyzed in a previous study [25], Renal oncocytoma 1 was case 6, Renal oncocytoma 2 was case 14 in [26].

PKM quantification (Fig 1c). In addition, we tested the
reproducibility of PKM1 and PKM2 quantification by
performing multiple injections for PKM1 and PKM2
yeast samples at different concentration. Linear regression
was demonstrated by a R? of 0.994 for PKM1 and 0.990
for PKM2 (Fig 2), and thereby representing reliability of
the quantification experiments.

PKM2 dominates in cancer and tissue-matched
controls

We found that PKM2 was the predominant PKM
isoform in all human cancer cell lines (Table 1), which
is in agreement with the earlier results obtained by
Western blotting [10]. MCF10a, HeLa, A459 and a
HEK-cell line (HEK293) were included in both studies,
the AQUA analysis revealed that PKM2 accounted for
98.6% (MCF10a), 98.4% (Hela), 98.9-99.0 % (A459)
and 95.8%-97.5% (HEK293) of total PKM. Thus mass
spectrometry gave similar results as Western blotting, but
the LC-MRM technology was more sensitive as PKM1
was clearly detectable in all samples, even at the lower
femtomol range.

PKM1 and PKM2 quantification in further cell lines
and malignant cancer samples confirmed the conclusion
of PKM2 being the prominent PKM in all analyzed
malignant cancer types: PKM2 accounted for a minimum
of 94% of total PKM in all 22 malignant cancers, and
other cell lines (Table 1). However, we found that PKM?2
was also the dominant isoform in matched control tissue

and slowly proliferating tumors. PKM1 and PKM2 were
quantified in 18 healthy human tissues, and four non-
cancer derived cell lines. In healthy kidney, lung, liver,
and thyroid tissue, PKM2 accounted for a minimum of
93% of total PKM, for 79.8%-96.2% of PKM in colon,
and 54.7%-60.6% of PKM in bladder. A similar picture
was seen also in the oncocytoma samples. In these slow
growing tumors, PKM2 accounted for 94.1-98.9% of
total PKM. In table 1, the matching control/cancer tissue
of the same individual is indicated in brackets. A switch
in the expression from PKM1 to PKM2 during cancer
development was not observed in any case. Only in a
single case (bladder carcinoma) the control tissue had a
much lower relative amount of PKM2 (54.7%) then the
cancer sample (97.1% PKM2), but the change in the
percentage resulted predominantly from an up regulation
of the PKM2 isoform from 20.8 fmol in the bladder
control to 181.9 fmol in the cancer, and not from a switch
in alternative splicing.

In general, total PKM was expressed at a higher level
in the cancer as in the control tissue. For instance, the
average renal cell carcinoma tissue had 94.2 fmol PKM/
ug protein, control kidney 30.5 fmol. This corresponds to a
three-fold upgregulation in the absolute values. However,
PKMI1 and PKM2 were equally affected (an increase of
3.1 fold for PKM1 and 3.1 fold for PKM2).

DISCUSSION

This study addresses a common misinterpretation
of the finding that pyruvate kinase PKM2 is expressed in
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cancer cells. Pyruvate kinase is the terminal enzyme in
glycolysis. It converts phophoenol-pyruvate to pyruvate,
a reaction which yields one molecule of ATP, therefore it
accounts for glycolytic energy production. The PK product
pyruvate is then converted to lactate which is excreted, or
enters the mitochondrial citrate cycle. Humans possess
four isoforms of pyruvate kinase, an L and R form,
present in liver and red blood cells, and the M1 and M2
form, which were originally identified in muscle [11, 13].
Furthermore, based on the data generated with cell lines, a
switch of PKM1 to PKM2 during development of cancer
was postulated [10]. The results presented here, which
base on a quantitative analytical platform that allowed
the investigation of multiple samples and tissue-matched
controls, challenges these conclusions. Quantitative
analysis of PKM1 and PKM2 expression in different
cancers and matched control tissue showed that a switch
in the expression between these alternative splice isoforms
is not associated with tumor development. According to
these results PKM2 is not specific for rapidly proliferating
tissue, nor tumors. However, the results agree that total
PKM is up-regulated in cancer, which matches the
observation of a high glycolytic activity of cancer cells.

Our findings prompt for a re-examination of
the conclusion drawn in earlier studies [10, 20], and
subsequent investigations that are based on these reports.
The absolute values, presented here, revealed that the total
(PKM1+PKM?2) concentration varies highly between
tissues, for example lung tissue contained 12.5 - 16.0 fmol
PKM/png protein, whereas in unaffected colon tissue 70.8
-72.9 fmol PKM/pg protein were found. This underlines
the requirement of tissue matched controls for analyzing
a change in the expression of PKM isoforms. Our results
show that the nature of the tissue is the prime determinant
of the expressed PKM isoform. For instance, fibroblasts
maintained a higher relative PKM1 as other cell lines,
irrespective if they were transformed or not (Table 1).
This fact might also explain the higher PKM1 content in
healthy bladder tissue, as muscle dominates unaffected
bladder tissue, and PKM1 was the prominent PKM
isoform in muscle [10].

In light of these results it has to be considered that
the high concentrated PKM?2, although possessing a lower
catalytic activity as PKM1 [21], is responsible for most
PKM activity in most healthy and cancer tissue. Thus, its
exchange by a PKM1 isoform at its endogeneous level
would cause a reduction in total PK activity, whereas
the observed up-regulation an increase in PK activity.
Following this way of thinking, tumors of PKM expressing
tissues can possess higher pyruvate kinase activities as
their matched controls.

Although the new results require that the current
model of glycolysis regulation in cancer has to be re-
examined, they do not exclude the possibility that a change
in PK activity due to posttranslational modifications of
PKM2 is involved in regulating respiratory metabolism.

PKM2 can change from its dimeric into a tetrameric form
[12], and electrophoretic shift variants point to different
post-translationally modified versions of PKM2 [22].
The results are consistent with other investigations which
demonstrate that phosphorylation can tune PKM?2 activity
in cancer [23]. Thus dynamic tuning of PKM?2 activity, but
not an exchange of PKM1 to PKM2 isoform expression,
might be responsible for the tumor cell’s Warburg effect.

METHODS

Plasmid generation

Plasmids encoding pyruvate kinase PKMI1 and
PKM2 were generated by amplifying PKM1 from human
fetal brain cDNA and PKM2 from ¢DNA of a pool of
twenty adult tissues (Invitrogen) by PCR with primers
5’-GAGAATTCATGTCGAAGCCCCATAGTG -3
and 5’-GAGTCGACTCACGGCACAGGAACAAC
-3’. PCR products were ligated into centromeric yeast
plasmids containing the TEF'I promoter (p413TEF) [24].
The plasmids were verified by restriction digest and re-
sequencing.

Sample preparation and analytical method

Human tissue were processed as described earlier
[25]. In brief, frozen tissues were cut into 5 pm thick
sections with a cryomicrotome at — 20°C. 50 — 100 mg
tissue were transferred in 10 — 20-fold volume of SEKT
buffer (250 mM saccharose; 2 mM EGTA, 40 mM KCl;
20 mM TRIS; pH 7.4). The samples were homogenized
with Potter-S-Homogenisator on ice and centrifuged 10
min at 600g. The supernatant was aliquoted and stored at
-70°C

Protein samples from yeast carrying p413TEF-PKM 1
or p413TEF-PKM?2 and human cancer and control tissues
were separated on a 10% SDS-PAGE gel and the region
corresponding to the mass range 50-70 kDa was excised.
Those gel pieces were then subjected to an in-gel tryptic
digest, adapted from Kaiser et al. [18]. The AQUA peptide
mixture (20 pl) containing all three labeled peptides was
spiked to the samples after the digest. The LC-MRM
analysis was performed on a nanoLC (Eksigent, Ultra 2D)
coupled online to a hybrid triple quadrupole/ion trap mass
spectrometer (AB/SCIEX, QTRAP5500) as described
earlier [19]. In brief, as mobile phase 0.1% formic acid in
water (A) and 0.1% formic acid in acetonitrile (B) were
used. After trapping the analytes and standards on a trap
column (ReproSil pur, C18-AQ, 5 um, 0.15 x 10 mm),
they were eluted onto a RP-analytical column (Agilent,
Zorbax SB300-C18; 3.5 um, 0.75 x 150 mm). Separation
was achieved by applying a linear gradient starting
at 15% B and going up to 30% B within 30 min. The
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acetonitrile content was then increased to 95% within
the next 10 min and kept at that level for 15 min before
returning to the starting conditions. The tryptic peptide
for PKM1 (LFEELVR) and its isotope labeled analogue
(LFEE[LCI3N15]VR) were monitored on the MRM
transitions resulting from 2y4; 2y5 and 2y6 fragmentation.
The tryptic peptide LAPITSDPTEATAVGAVEASFK,
specific for PKM2, and its isotope labeled analogues
(LAPITSDPTEATAVGAVEAS[FC13N15]K) were
monitored on the MRM transitions attributed to 3y8;
3y9 and 3yl0 fragment ions. The tryptic peptide
ITLDNAYMEK, obtained from both PKM isoforms, and
the corresponding isotope labeled peptide (IT[LC13N15]
DNAYMEK) were detected on MRM transitions deriving
from 2y6, 2y7 and 2y8 fragmentation. Using the peak area
of the PKM, peptide in the yeast sample as reference, we
calculated a correction factor of 2.1 for the peak arcas
measured for the PKM1 specific peptide, and 0.6 for
PKM2 peptide. Every sample injection was followed by
an acetonitrile injection to exclude sample carry over.
The identity of the quantified peptides was confirmed by
collecting of MS/MS spectra on the QTRAP operating in
iontrap mode.
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Contributionsto Manuscript 3

Part of this thesis was cloning of the human PKM isoforms (PKM1 and PKM2) and the
generation of a yeast model which expresses these human PKM isoforms to gain a base
for establishing the analytica method for PKM quantification. Furthermore, active
contribution to sample organization and handling was part of thisthesis.

Katharina Bluemlein designed the AQUA peptides used in this study, established the
analytical method for PKM1 and PKM2 identification and quantification, analyzed the

data, and was involved in writing of the manuscript.
René G. Feichtinger was responsible for tumor sample and cell extract preparation.

Hans Lehrach gave support in scientific discussion and by supplying experimental

equipment.

Barbara Kofler contributed by allocation of tumor material and was involved in writing

of the manuscript.

Markus Ralser had the initial idea of this project and wrote the majority of the
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Contributionsto Manuscript 4

The contribution of this thesis to Manuscript 4 comprised performing of the oxidant
tolerance tests shown in Fig. 1D, to prepare yeast extracts for metabolite quantifications
(Fig. 2) and to perform the experimental steps that were necessary to gain the results
displayed in Supplementary Fig. 1: cloning of yeast tki1 and rpel, generation of yeast
double mutant strains, plasmid shuffle and spotting tests to proof synthetic lethality.

Antje Kriger performed mRNA extraction and cDNA synthesis that were required for
generating sequencing data shown in Fig. 3. Furthermore, she performed gRT-PCR
experiments (Fig. 4A and B), the preparation of yeast extracts for data shown in Fig.
4C, yeast stress tests (Fig. S2) and measurements of the NADPH/NADP® ratio
displayed in Fig. S3. Furthermore she took part in experimental design and writing of

the manuscript.
Mirjam MC Wamelink contributed by measuring PPP metabolites (Fig. 2).

Martin Kerick was responsible for the bioinformatic analysis of next-generation

sequencing data shown in Fig. 3.

Alexander Kirpy and Dimitri Parkhomchuk contributed to this manuscript by generating
transcriptome profiles that were bases for the data shown in Fig. 3.

Katharina Bluemlein established the analytical method for protein quantification
displayed in Fig. 4C.

Michal-Ruth Schweiger, Aleksey Soldatov, Hans Lehrach and Cornelis Jakobs were

involved in scientific discussion.

Markus Ralser had the initial idea and conceptualized the project. He generated the
yeast deletion strains that were used to generate the data shown in Fig. 1B, C and D,
Fig. 2, Fig. 3 and Fig. 4. Furthermore, he performed the oxidant tolerance test in Fig. 1B
and C and was involved in bioinformatic analysis of sequencing data. He wrote the
majority of the manuscript.

82



Manuscript 5

(pages 83-92 in print version)

The difference between rare and exceptionally rare:
molecular characterisation of ribose 5-phosphate isomer ase
deficiency

Mirjam MC Wamelink®, Nana-Maria Griining?, Erwin EW Jansen',
K atharina Bluemlein®, Hans Lehrach?, Cornelis Jakobs' and

Markus Ralser?

! Metabolic Unit, Department of Clinical Chemistry, VU Medical Center, Amsterdam,
The Netherlands

*Max Planck Institute for Molecular Genetics, Berlin, Germany

Journal of Molecular Medicine (Berl). 2010 Sep;88(9):931-9.
journal homepage: http://www.springerlink.com/content/0946-2716

DOI link for original publication: http://dx.doi.org/10.1007/s00109-010-0634-1

83


http://www.springerlink.com/content/0946-2716�
http://dx.doi.org/10.1007/s00109-010-0634-1�

Contributionsto Manuscript 5

Part of this thesis was to evaluate RNA expression in human cell lines and yeast cells by
gRT-PCRs. This included culturing of yeast cells, RNA extraction and cDNA synthesis
from human and yeast cells. Furthermore, the preparation of protein extracts and the
performance of western blot experiments shown in Fig. 1A and 2B were aso
contributed to the manuscript during this thesis. The physiological examination of RPI
expression and mutation in photometrical measurements of yeast growth curves was
part of thisthesis, too.

Mirjam MC Wamelink performed quantification of PPP metabolites and polyols and
data analysis (Fig. 3A and B), and established an enzyme-coupled enzyme activity
assay to measure RPI activity in human and yeast cell extracts (Fig. 1D and 2C). She

was also involved in writing of the manuscript.

Erwin EW Jansen was involved in PPP metabolite and polyol measurements (Fig. 3A
and B).

Katharina Bluemlein developed the anaytical method to measure the relative RPI

protein concentration in cell extracts (Fig. 1B).
Hans Lehrach and Cornelis Jakobs were involved in scientific discussion.

Markus Ralser generated the transgenic yeast strains and spotting test shown in Fig. 2A.
These yeast strains were also used to generate the data shown in Fig. 2D. He

conceptualized the project and wrote the manuscript.
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Discussion

The metabolic network adjusts itself in response to environmental stimuli and
perturbations. As we summarized in our review Grining et al. 2010, the robustness of
the metabolic network largely results from its modular architecture. Metabolic modules,
or subsets of enzymatic reactions within those, form individual functiona units.
Although metabolic modules are highly interconnected, perturbations can be balanced
inside specific modules without disrupting the entire cellular metabolic flux and,
thereby, make modularity a major premise for cellular self-organization and functional
adaptation. Metabolic imbalances caused by alterations in nutrient supply, for example,
can be overcome by activity adjustments of certain metabolic modules, such as
glycolysis or the PPP. Consequences range from fine-tuning of metabolic enzymes to
global transcriptional changes. Understanding the mechanisms of metabolic self-
adaptation and their roles in the celular regulome aso means understanding
fundamental organizational principles of life.

Activity Tuning of the Glycolytic Enzyme PYK Coordinates Energy- and Redox-
Metabolism (Gruning et al. 2011)

The Warburg effect describes a metabolic transition from oxidative to
fermentative metabolism in the presence of sufficient oxygen, thus also called aerobic
glycolysis, and is characteristic for proliferating cells and therefore also for tumor cells
[156-158]. Even though elucidating the metabolism of tumor cells has long been a
capital goal in cancer research, the molecular mechanisms responsible for the Warburg
effect are not yet fully understood. A main focus was placed on the glycolytic enzyme
pyruvate kinase (PYK) as its activity seems to play an important role in the regulation
of aerobic glycolysis. In order to revea regulatory mechanisms that are triggered by
PYK and involved in the coordination of energy metabolism, we designed a model of
yeast strains exhibiting different overall PYK activities. The yeast S cerevisiae
possesses two PYK isoforms that are differentially expressed from distinct genes
dependent on the available carbon source. PYK1 is predominantly expressed, whereas
PYK2 expression is glucose-repressed and induced on non-fermentable carbon sources
such as ethanol. PYK1 is highly active, whereas PYK2 shows a comparably low
substrate turn-over [159]. Thus, S cerevisiae possesses two differently active PYK
isoforms as it is the case in mammalian cells (PKM1 and PKM2). By deleting both

endogenous PYK loci and cloning either isoform onto plasmids harboring either a
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strong (TEF1) or aweak (CYC1) promoter, four strains with gradually decreasing PYK
activity could be generated.

By using those strains, we could show that PYK plays a crucia role in the
regulation of oxidative metabolism in yeast. When grown on media containing glucose
as carbon source, yeast’s growth capacity was impaired with decreased PYK activity.
Intriguingly, this phenotype was abolished when the strains with varying PYK activity
were grown on media containing galactose instead of glucose (Fig. 2A). One has to note
that mitochondrial respiration is repressed in dependence of the available carbon source
in yeast, and that this effect is much stronger for glucose than for galactose although
both are fermentable carbon sources [106, 160, 161]. Thus, growth rescue of strains
with low PYK activity on galactose media could result from increased mitochondrial
respiration in those strains. For further validation of this assumption we measured
oxygen consumption in liquid cultures by using a Clark electrode (Fig. 2D). Indeed,
oxygen consumption was increased when PYK activity was low. Therefore, growth
phenotypes and elevated oxygen consumption pointed to an inverse correlation of PYK
activity and mitochondrial respiration rate.

However, we had to exclude the possibility that the observed elevation in
oxygen consumption was result of an increased activity of oxygen consuming enzymes
other than those being part of the respiratory chain (e.g. oxidoreductases). By streaking
the cells on the mutagen ethidium bromide, we disrupted mitochondrial DNA, and
thereby destroyed functional mitochondrial respiration (generation of p° strains) [162].
Depletion of mitochondrial respiration was confirmed by the absence of yeast growth
on media containing the non-fermentable carbon source ethanol, which has to be
metabolized via mitochondrial respiration in order to gain ATP. Disruption of
mitochondrial DNA led to the abolishment of the galactose rescue of strains with low
PYK activity, and thus underlined the importance of mitochondrial respiration for yeast
growth under low PYK activity (Fig. 2B).

In addition to the oxygen measurements, and the analysis of growth phenotypes
we performed quantitative rea-time PCR (QRT-PCRS) experiments to confirm the
PYK-activity dependent regulation of mitochondrial respiration. When wild-type cells
were shifted from glucose to gaactose media, and thus glucose repression of
mitochondrial respiration was released, genes of the respiratory chain (COX1, COX2,
COX3) and TCAC (CIT1) were regulated (up regulated: COX1, CIT1, down regulated:
COX2, COX3). The same pattern of mMRNA expression could be observed in cells with
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low PYK activity compared to cells with high PYK activity, although these cultures
were solemnly grown in glucose media and not shifted to galactose containing media
(Fig. 2C). This demonstrated direct influence of PYK activity on the regulation of genes
involved in mitochondria respiration. In summary, these experiments enabled us to
conclude that a change from PYK1 to PYK2 or low expression of either isoform shifted
yeast cells toward higher respiration.

Respiratory metabolism has a higher ATP yield than fermentation, but at the
same time, the mitochondrial electron transport chain is also maor source for ROS in
cells metabolizing oxygen. The cell possesses diverse defense mechanisms against ROS
in order to maintain the delicate redox-balance and protect its macromolecules from
oxidative damage. Indeed, by staining for superoxide, we showed that an increase in
respiration does not necessarily lead to increased intracellular ROS levels. When wild-
type cells were grown on galactose they were released from glucose repression and
respiration was activated. Noteworthy, they could balance their ROS level compared to
cells grown on glucose media (Fig. 3A, upper panel). However, we expected increased
sengitivity to oxidative stress in strains with low PYK activity and therefore elevated
mitochondrial respiration levels due to higher ROS leakage from the electron transport
chain. Surprisingly, the intracellular superoxide and hydrogen peroxide levels were
balanced in the four yeast strains with varying PYK activity (Fig. 3A, lower panel). We
therefore tested for increased antioxidative capacity by spotting the strains with varying
PYK activity onto media containing different external oxidants (diamide, H,O,, CHP,
TBH, menadione, juglone, Fig. 3B). Intriguingly, although strains with low PYK
activity respire at higher rates, their tolerance to oxidative stress was increased. Varying
grades of resistance to the tested oxidizing chemicals could be observed for the different
strains. Different oxidizing stressors cause diverse responses in yeast because of (i) the
type of free radical released, (ii) the different oxidant’s redox (Nernst) potential, (iii)
their primary targets and last but not least (iv) due to the varying grades of evolutionary
adaptation [163]. Additionally, it was reported that the glycolytic enzyme GAPDH,
located upstream of PYK, is inactivated to a different extent by different oxidants [18,
96]; an effect which might also modulate oxidant-resistance of strains with reduced
PYK activity. Growth advantages of yeast strains with low PYK activity under
oxidative stress could also be confirmed in photometrical determination of cellular
growth, and by measuring cell survival after exposure to a high oxidant dose (Fig. 3C,
D). It is aso notable that the PYK mutant strains exhibited tolerance to a remarkable
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broad spectrum of oxidizing chemicals. In an earlier study, only a small fraction of
yeast mutants was resistant to a comparable number of oxidants [163]. This fact points
to a general mechanism in the anti-oxidative machinery of the cell that is triggered by
low PYK activity.

To elucidate the molecular underpinnings of the phenomenon of increased
resistance to oxidative stress in yeast cells with low PYK activity, we performed
experiments in order to reveal possible metabolic rearrangements. Hydrophilic
interaction liquid chromatography/multiple reaction monitoring (HILIC/MRM)
measurements showed strongly increased levels of the PYK substrate phosphoenol
pyruvate (PEP) when PYK activity waslow (Fig. 4A). Before, there were hints that PEP
might interact with another glycolytic enzyme than only with PYK. It influenced an
enzyme-coupled enzyme assay of phosphofructokinase by inhibition of triosephosphate
isomerase (TPI) in Escherichia coli [164]. We aso knew from former studies that yeast
expressing TPl at a lower activity than the corresponding wild-type shows not only
increased resistance to oxidative stress, but aso elevated levels of PPP metabolites [18,
145]. As mentioned before, the PPP plays an essential role in the oxidative stress
response machinery of the cell. Importantly, it provides reducing equivalents in form of
NADPH, which is essential to maintain the cellular redox equilibrium and required by
cellular antioxidant mechanisms to neutralize ROS. Indeed, in enzyme activity assays,
we could show that PEP inhibits TPI activity at physiological PEP concentrations which
were reached when PYK activity was low (Fig. 4B). And furthermore, we could show
that PPP intermediates rise in PYK activity dependent manner by liquid
chromatography/multiple reaction monitoring measurements. The strain with the lowest
activity contained highest PPP metabolite levels in cells grown on media containing
glucose aswell asfor cells grown on media containing galactose (Fig. 5B).

Additionally, we searched for a TPI allele with different PEP sensitivity in order
to gain a tool for studying the physiologica effects of the TPI-PEP inhibition. In
humans, mutations in the TPl gene, located at chromosome 12pl3, cause a rare
metabolic syndrome called TPI-deficiency. Most patients that were diagnosed for TPI-
deficiency are homozygous or compound heterozygous for the TPlguiosasp alele. This
mutation causes dimerization defects of the enzyme and alters its stability [165].
Additionally, enzyme activity screens in erythrocyte extracts of different population
cohorts revealed various missense mutations that were responsible for TPl activity

reduction, but did not lead to manifestation of the disease in heterozygous individuals —
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even when TPI activity was decreased to about 50% compared to unaffected individuals
[144-147]. Testing the TPI aleles found in those screens and expressed in yeast in
enzyme-coupled enzyme assays, the TPl jq70va alele was shown to be deficient for PEP
inhibition (Fig. 4C). This TPI allele has reduced cataytic activity itself and leads to
elevated PPP levels and oxidant tolerance when expressed in yeast [18]. Simultaneous
reduction in PYK activity, and expression of this TPl isoform, did not lead to a further
increase in oxidant tolerance (Fig. 4D). Thereby, TPI inactivation was proven to be
essential for the PYK activated metabolic shift into the PPP. In course of these
experiments, we could reveal a metabolic feedback loop that is triggered by lowered
PYK activity and leads to subsequent PEP accumulation, TPl inhibition and
carbohydrate flux redirection into the PPP.

The functional oxidative branch of the PPP (OPPP) is required for an increase in
tolerance to oxidative stress upon GAPDH or TPI inactivation [31, 48-52]. Thus, we
hypothesized that PYK initiated TPl inhibition with subsequent redirection of the
carbohydrate flux into the PPP is a protective mechanism to prevent oxidative damage.
For experimental verification of this assumption, we generated strains deleted for the
first and rate-limiting enzyme of the OPPP, glucose 6-phosphate dehydrogenase
(Zwflp). As the OPPP is composed of irreversible reactions, deletion of this gene
separates this part of the PPP from glycolysis. In fact, yeast strains deficient for the
OPPP exhibited increased sensitivity to the oxidative stress causing agent diamide in
spotting tests (Fig. 6A), and increased levels of superoxide and hydrogen peroxide
under low PYK activity and thus elevated respiration (Fig. 6B). It is a well-known fact
that ROS damage cellular macromolecules by oxidization. Here, this was proven in
cells with high respiration due to low PYK activity and deleted for Zwflp compared to
cells with intact PPP. In those cells protein carbonylation — an irreversible damage of
proteins caused by high ROS levels — was strongly increased (Fig. 6C).

Due to close proximity, mitochondrial macromolecules are especially under
threat of elevated superoxide leakage from the electron transport chain [12, 166]. The
mitochondrial matrix enzyme aconitase, which is part of the TCAC, carries an iron-
sulfur-cluster in its substrate binding pocket and is thus redox prone [166-168].
Experiments with GFP-tagged yeast aconitase revealed changes in staining pattern due
to high ROS levels and OPPP deficiency (Fig. 6D). Fluorescence of unaffected yeast
aconitase shows a tubular shape of the mitochondrial matrix space (in cells with high
PYK activity and wild-type for OPPP), whereas an elevated ROS level induces
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fragmentation of the tubular staining pattern and formation of smaller roundish vesicle-
like structures (in cells with low PYK activity and deleted for OPPP). This indicates
ROS induced damage of yeast aconitase and, therefore, presumably impairment of
TCAC function. In summary, we could conclude that a functional OPPP is essential to
balance ROS levels in respiring yeast, and thereby increases resistance to oxidative
stress and protect cells from oxidative damage when PYK activity is low. Thus, we
discovered that pyruvate kinase triggers a metabolic feedback loop that synchronizes
energy with redox metabolism in respiring cells.

One could argue that dynamic activation of the PPP occurs aso when the
glycolytic enzyme GAPDH, upstream of PYK, is inactivated due to externally applied
toxic oxidant doses [18, 85], which would question the relevance of additionally
blocking TPI upstream of GAPDH. ROS leakage from the respiratory chain, however,
does not inhibit glycolysis and GAPDH activity was shown to be stable to continuous
oxidant exposure [169, 170]. Additionally, we showed in this manuscript that the
superoxide level is balanced in respiring cells (Fig. 3A), and therefore concluded that
they do not possess a redox-state which would lead to GAPDH inactivation, and require
another shunt for blocking glycolysis. Indeed, decreased TPl activity facilitates a
redirection of the carbohydrate flux from upper glycolysis into the PPP, but
carbohydrates can still be metabolized through lower glycolysis (they can enter at the
site of glyceraldehydes 3-phosphate, introduction Fig. 1), and thus both pathways
remain active. Inactivation of GAPDH, for example, might lead to decreased flux of
lower glycolysis and decreased NADH production, and therefore different metabolic
consequences. Furthermore, the PEP-TPI feedback loop might be biologically relevant,
because reduced catalytic turn-over of PYK aone may not be sufficient to accumulate
upstream metabolites. Vander Heiden and colleagues [171] published data that revealed
mammalian phosphoglycerate mutase (PGM) to be a PEP interaction partner that turns
PEP into pyruvate, and thus bypasses the PYK reaction. Blocking TPI that is located
further upstream, however, facilitates metabolite accumulation in upper glycolysis and
the PPP. Although we cannot exclude that PEP also functions as modulator on other
glycolytic enzymes, the feedback loop via TPl was shown to be sufficient to balance
elevated ROS level s through increased respiration.

It should be considered that there may be differences in the PYK mediated
regulation of mitochondrial respiration between yeast and mammalian cells. In contrast

to the yeast model, are results derived from mammalian cells that show increased
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oxidative phosphorylation and decreased excretion of lactate when PKM has high
activity [122]. Thus, there are contradicting results presented in the current literature
that yet hinder to determine a definite link between PKM2 activity and tumor
metabolism. Due to that, the underlying mechanisms that stimulate OXPHOS in
dependence of PYK dtill have to be elucidated. We exclude a direct role of the PPP
since deletion of PPP enzymes did not augment oxygen consumption under low PYK
activity (Suppl. Fig. 2). Thus, none of the deleted PPP enzymes, nor the metabolites
they generate, may function as transducer to activate respiration. Possible links between
reduced PYK activity and elevated OXPHOS could be changes in the NADPH/NADP*
ratio or reporter metabolites that are affected in concentration upon PYK activity
changes other than those belonging to the PPP (e.g. metabolites of upper glycolysis).

Furthermore, our experiments showed that the sensing of energy shortage falls
short of completely explaining a possible mechanism concerning the regulation of
respiration in yeast (Fig. 2). Cells growing in galactose media show higher oxygen
consumption, and therefore probably increased ATP production through mitochondrial
respiration, compared to cells growing in glucose media. Thus, a further increase in
oxygen consumption due to low PYK activity in galactose-grown cells is presumably
not attributable to energy sensing pathways (e.g. TOR/AMPK).

Nevertheless, although the link between PYK activity and regulation of
mitochondrial respiration still has to be found, we speculate that the PYK protein
abundance also plays a mgjor role in the regulation of metabolic rearrangements rather
than only its overall activity — in yeast as well as in human tissues. In Bluemlein et al.
2011 we demonstrated elevated total PKM (PKM2 and PKM1) expression levels in
cancer cell lines and tissues, when comparing PKM1 and PKM2 expression levels to
healthy control cells and tissues. This matches our recent and yet unpublished results
concerning the concentrations of diverse amino acids in cancer and healthy human
tissues as well as in the four different yeast strains expressing the here described PYK
plasmids. These data show dependence of the amino acid concentrations (e.g. glutamic
acid) on the total PYK expression level rather than on the overall activity in yeast and in
human cells. In accordance with our yeast model, it was shown by Luo and coworkers
[172] that fermentative gene expression is activated by PKM2 independently of its
activity.

In further support to the hypothesis that yeast and mammalian metabolisms

respond in asimilar way to changes in PYK activity and expression is evidence that the
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PYK mediated feedback loop, described by us, is evolutionarily conserved. Firstly,
metabolite content upstream of PYK rises in mammalian cells that exhibit the Warburg
effect [171] and when PYK is low in B. subtilis [173]. Furthermore, we demonstrated
that TPI inhibition by PEP was even more efficient for the rabbit and human enzyme
species than for the yeast one. This is in accordance with previous observations, where
transgenic yeast that expressed human TPl was more resistant to oxidative stress than
yeast expressing the yeast paralogue [18].

As mentioned above, most patients that were diagnosed for TPI deficiency carry
the TPlgumasy alele which leads to TPl dimerization defects [165]. However, the
pathogenesis of the TPl je70va alele is yet unknown. Since impaired redox metabolism
has been reported as symptom for TPl deficiency [174], the discovery that the
TPla7ova dleleisinsensitive for PEP feedback inhibition provides a new starting-point
for further research on TPI deficiency pathomechanisms in humans.

Additionally, as in yeast, depletion of the Zwfl paralogue (G6PD) decreases
oxidant tolerance and NADPH generation in mammalian cells [175, 176]. It is adso
assumed that the Warburg effect aso facilitates synthesis of macromolecules (nucleic
acids, amino acids, lipids) from metabolic intermediates that are required for cellular
growth and division [103, 171, 177]. The here described metabolic feedback |oop could
allow synthesis of these macromolecules because numerous metabolic intermediates
derive from the upper part of glycolysis and the PPP, and gives a base for further studies
concerning the molecular consequences that might be connected to this metabolic

reconfiguration.

Thereis No Switch in Pyruvate Kinase | soforms during Tumor Devel opment
(Bluemlein et al. 2011)

It has been postulated by Christofk et al. 2008 [119] that rapidly proliferating
and tumor cells exclusively express the PKM2 isoform and that a switch from PKM1 to
PKM2 is necessary for the shift from oxidative phosphorylation toward fermentation
and tumor development. This conclusion was drawn from immuno staining of
mammary gland tissue before and after tumor development from MMTV-NeuNT mice,
and western blot/immuno staining experiments with human cancer cell lines of different
origin (A549 and H1299 derive from lung carcinomas, 293T is a transformed
embryonic kidney cell line, the HeLa cell line derives from a cervical carcinoma and
MCF10a is an immortalized epithelia breast cell line) compared to unaffected mouse
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muscle lysate [119]. A single band for PK M1 was obtained from mouse muscle lysate,
and a band for PKM2, exclusively, from al shown cancer cell lines. It should, however,
be considered that semiquantitative blotting and the use of antibodies comprise
drawbacks that might lead to misinterpretations. Antibodies differ in affinity to their
target proteins. Thus, similar bands derived from different antibodies do not necessarily
indicate similar concentrations of the stained target proteins. Additionally, protein
expression strongly depends on the type of tissue [119, 178], and earlier studies reported
that PKM2 is also expressed in several healthy tissues [116]. Because of the methodic
drawbacks of western blot/immuno staining and the choice of a non-tissue matched
control by Christofk et al. 2008 [119], PKM1 and PKM2 expression needed to be re-
investigated in malignant tissues and cell lines and corresponding healthy controls.

We decided for absolute quantification (AQUA) by mass spectrometry with
isotope labeled standards to circumvent the possible drawbacks of the use of antibodies
in semiquantitive western blotting [179, 180]. The AQUA strategy involves the spiking
of chemically synthesized heavy-isotope labeled peptides (AQUA peptides) to the
samples and thereby facilitates absolute quantification of non-purified proteins at
physiological concentrations [181]. AQUA peptides are individually designed
standards that match the proteol ytic peptides of interest in sequence but differ in massto
the analytes [179, 180, 182]. We chose three different AQUA peptides. one peptide
specific for PKM1, one for PKM2 and one peptide specific for both isoforms.
M easurements were performed on a hybrid ion trap/triple quadrupol e mass spectrometer
operating in multiple reaction monitoring (MRM) mode. Transgenic yeast deleted for
endogenous yeast PYK paralogues and expressing exclusively either human PKM1 or
PKM2 was used to verify the sustainability of the chosen protein specific tryptic
peptides. The peptide specific for both PKM1 and 2 could be detected in yeast
expressing either PKM isoform, whereas the PK M1 and PKM2 specific peptides could
be detected only in the corresponding yeast strain - specific discrimination between the
different isoforms was therefore granted (Fig. 1A). To investigate PKM1 and PKM2
expression in healthy and carcinogenic human tissue and cell lines we analyzed 25
malignant cancers, 18 tissue-matched controls, 12 cancer cell lines, 4 non-cancer cell
lines and 6 benign oncocytomas. In 15 cases (12 malignant cancers, 2 benign tumors
and 1 cell line) affected samples and unaffected matched controls were available from

the same individual.
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PKM2 was the predominant PKM isoform in all analyzed cancer cell lines,
which aso included cell lines examined by Christofk et al. 2008 [119] (MCF10a, Hel a,
A549 and aHEK cell line HEK293). Our data were in agreement with those obtained in
western blots by Christofk et al. 2008 [119] as far as that PKM2 was the major isoform
as its expression varied between 95.8% and 99.0% of total PKM. However, the LC-
MRM technology proved to be more sensitive than western blot/immuno staining.
Although present in the lower femtomol range, we could aso clearly detect PKM1 in
the analyzed cell lines (table 1). Furthermore, PKIM2 accounted for a minimum of 94%
of total PKM in all malignant cancers and further cell lines included in this study. Thus,
transformed cells did not exclusively express PKM2 as up to 6% of total PKM
accounted for PKM1.

Remarkably, PKM2 turned out to be also the predominant isoform in matched
control tissues, cell lines and slowly proliferating tumors (oncocytomas). In heathy
kidney, lung, liver and thyroid tissue PKM2 accounted for at least 93% of total PKM,
for 79.8%-96.2% of PKM in colon and for 54.7%-60.6% of PKM in bladder. Also, the
slowly proliferating oncocytomas contained 94.1%-98.9% PKM2 of total PKM. Hence,
it can be concluded that there is no switch in PKM isoform expression during
tumorigenesis or in rapidly proliferating cells as suggested by Christofk et al. 2008
[119]. Bladder was the only analyzed healthy tissue that showed alower relative PKM2
expression level (54.7% PKM2 of total PKM) than the corresponding malignant sample
(97.1% PKM2 of total PKM). However, the difference resulted mainly from PKM2 up-
regulation in the tumor tissue (20.8 fmol in the healthy control and 181.9 fmol in the
cancer) rather than from a switch in isoforms. Bladder tissue might inherently express
PKM1 as the mgor spliceform as it consists of smooth muscle. It had been reported
before that PKM1 is the dominating PKM isoform in muscle tissue [116].

In general, total PKM (PKM1+PKM?2) expression was increased in malignant
tissues and cancer cell lines compared to the corresponding unaffected controls. We
detected a three-fold up-regulation in transformed samples, but PKM1 and PKM2 were
equally affected (an increase of 3.1 fold of PKM1 and of 3.1 fold of PKM2). The total
PKM amount strongly varied between different tissues (e.g. 16.0-25.2 fmol/ug protein
in healthy lung tissue and 70.8-72.9 fmol/ug protein in unaffected colon tissue). This
underlines the importance of tissue-matched controls in the comparison of PKM1 and
PKM?2 expression levels between cancer and healthy cells, and proofs that Christofk et
al. 2008 [119] did not use the appropriate controls in their western blot experiments.
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Nevertheless, an up-regulation of overall PKM matches the reported high glycolytic
activity of tumor cells [119]. Although of lower specific activity compared to PKM1
[171], PKM2 is probably responsible for most of the overal PKM activity as it is
expressed at higher level. Thus, an exchange of PKM2 to PKM1 at its endogenous level
would mean an overall PKM activity reduction; whereas the observed PKM up-
regulation would result in an increase of total PKM activity. Along this line of thought,
it would be concelvable that some tumors possess higher PKM activity than their
untransformed counterparts.

Quantitative analysis of PKM1 and PKM2 in different transformed samples and
unaffected controls demonstrated that tumor development is not associated with a
switch in PKM spliceforms. Thus, PKM2 is not specific for rapidly proliferating or
tumor cells. We conclude that the main determinant for PKM2 and PKM 1 expression
levels is the type of tissue, rather than the state of proliferation. Therefore, our data
challenge the postulation of a switch in PKM isoforms during tumor development stated
by Christofk et al. 2008 [119], and suggest reassessing of experimental results and
conclusions based on this assumption.

The new results presented by Bluemlein et al. 2011 show that the current model
of glycolysis regulation during tumorigenesis has to be revisited, but it does not exclude
that PKM activity regulation may rely on posttranslational modifications. The PKM2
enzyme species inherits pre-conditions for tuning of its activity. Upon allosteric binding
of FBP, PKM2 can change from alow-active dimeric to a higher-active tetrameric state.
Furthermore, different variants in the electrophoretic shift of PKM2 point to
posttransational modified versions of the enzyme [183], and phosphorylation was
shown to tune PKM?2 activity in cancer [122]. In summary, dynamic tuning of PKM
activity as well as the overall PKM expression level seem to be more important for the
adjustment of metabolic cellular demands during proliferation than an exchange of

PKM isoforms.

Dynamic PPP Activation is Essential for Accurate Timing of the Cellular Anti-
Oxidative Stress Response (Kruger et al. 2011)

Dynamic metabolic rearrangements are fundamental mechanisms in cellular
self-adaptation to changing conditions and environmental perturbations, such as
oxidative stress [18, 92]. Responses to an imbalance in the cellular redox-state can be

split into two categories. i) acute reactions, which maintain the cell’s survival under
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sudden oxidative stress situations, and ii) balancing processes, which continuously keep
naturally occurring levels of oxidants in the physiological range [19]. Although many
biochemical details of anti-oxidative defense and repair mechanisms are well
understood, there is sparse knowledge about the transducers and cellular redox-sensors
which monitor the redox-state, and induce and control defense and balancer systems.
Changing conditions often affect the metabolic network at first [2]. The fact that the
metabolome is closely interconnected with the transcriptome and proteome [2, 184]
suggests that redox-sensors might have evolved around metabolic reactions or pathways
that underly variations in turn-over upon oxidative stress situations.

The PPP is a mgor target for regulation under oxidative conditions. Earlier
studies showed an up-regulation of this pathway on the transcript, protein, enzyme-
activity and metabolic levels when cells were exposed to an oxidant [18, 85, 90, 95].
Contact with oxidants (e.g. H.O,) leads to inactivation of at least one glycolytic
enzyme, GAPDH, and to aredirection of the glycolytic flux into the PPP and thereby to
an increase in the concentration of PPP metabolites [18]. The speed at which an
elevation in PPP metabolite content occurs (within seconds) is of unique importance in
the cellular oxidant-defense reaction as it grants the cell’s survival in an acute oxidative
stress situation [92]. Thisis due to irreversible enzymatic reactions of the OPPP, which
reduce two molecules NADP' to NADPH for every metabolized glucose molecule.
Thus, the elevated release of NADPH, by the above described immediate metabolic
transition, provides anti-oxidative defense mechanisms with adequate amounts of their
redox cofactor NADPH [22, 23]. In contrast, the reversible reactions of the NOPPP
operate independently of the cofactors NAD(H) or NADP(H), and an active
participation of the NOPPP in cellular antioxidative response mechanisms had not been
reported until recently. However, LC-MRM measurements revealed that metabolites of
the NOPPP accumulate under oxidative stress [18, 92], and that distortion of several
NOPPP reactions impairs the cell’s tolerance to oxidants [163, 185]. Thus, we
questioned whether the PPP's role in the cellular reaction to oxidants goes beyond
providing NADPH.

In order to investigate this hypothesis, we generated a yeast strain deleted for the
first rate-limiting enzyme of the OPPP (Zwflp) and for the NOPPP enzyme
transaldolase 1 (Tal1p). Therefore, this double mutant strain (AzwflAtal 1) was incapable
of NADP' reduction through the OPPP, and had impaired flux through the NOPPP. It
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had been reported before that deletion of Zwfl causes hypersensitivity to various
oxidants in different organisms, including yeast [175, 185]. Those results could be
confirmed by our studies which showed that the two single mutants exhibited sensitivity
toward H,O, (Azwfl and Atall, Fig. 1b). Remarkably, the double mutant (AzwflAtall)
exhibited an even more pronounced sensitivity to H>O, than the single mutants.
Furthermore, we increased influx to the NOPPP by transgenic expression of
sedoheptul okinase (SHPK). SHPK is a mammalian enzyme and, therefore, normally not
present in yeast. It converts the non-PPP sugar sedoheptulose into the PPP-metabolite
sedoheptulose 7-phosphate, and thus increases NOPPP metabolite load. This SHPK-
expressing yeast showed a higher resistance to H,O, than wild-type cells (Fig. 1C).
Thus, the decreased tolerance toward H,O, in a yeast strain with disturbed NOPPP
which cannot utilize the PPP for NADP" reduction and the increased tolerance toward
H.O, achieved by an influx to the NOPPP, indicate that the NOPPP, beside the OPPP,
might also play an important role in the anti-oxidative machinery of the cell.

To investigate the influence of different oxidants on the phenotype and also to
address the question whether deletions of OPPP and NOPPP enzymes cause divergent
or similar redox phenotypes, we spotted various yeast strains deleted for enzymes of the
OPPP and NOPPP onto media containing different oxidants. Indeed, each PPP deletion
mutant exhibited a specific phenotype to the oxidants applied. For example, Atall cells
were sensitive to H,O,, but resistant to diamide; whereas Asol4 cells were resistant to
H.O, and cumene hydroperoxide (CHP), and sensitive to diamide. These phenotypes
were observable irrespectively whether the enzyme was deleted from the OPPP or
NOPPP. In summary, these results gave strong reason to postulate a NADP(H)-
independent role of the PPP in the cellular response to oxidants.

In yeast, PPP metabolites elevate in content within seconds [92], whereas the
first transcriptional changes can be observed not until ~2-3 min after exposure to an
oxidizing stressor. All gene expression changes which follow show a strict time-course
in occurrence characteristic for stress induced mRNAs [6]. Since fast rising of PPP
intermediates precedes transcriptional adaptation, we questioned whether PPP activation
is connected to the induction and timing of the transcriptiona control machinery during
the oxidative-stress response. As shown in previous studies, deletion of endogenous
TPI1 and expression of the mutant TPl a7ova alele causes a TPI activity reduction to
~30% of the wild-type activity level, and thus a constitutive redirection of the glycolytic
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flux into the PPP [186]. It was demonstrated that the TPlja7ova €xpressing strain
contains elevated PPP intermediate levels, an increased NADPH/NADP' ratio and
shows increased resistance to oxidants [18, 145]. In order to elucidate transcriptional
changes that entail the metabolic shift (glycolysis/PPP), we compared the transcriptome
profiles of H,O, treated wild-type cells with TPl a7ova expressing cells. Therefore, we
isolated mMRNA, transcribed these into cONA and generated global mMRNA expression
profiles by quantitative shotgun sequencing on a Genome Analyzer Il (Illuming). By
massive paralel sequencing, the RNA-Seq expression profiles provide information
about the whole set of transcripts expressed in a cell in a qualitative and quantitative
way [187]. Remarkably, we could detect a~40% overlap of regulated target genesin the
cells with constitutive PPP activation (TPlja7ova €xpressing strain) and H,O, treated
wild-type strain.

Exposure to H,O, causes an oxidizing environment, whereupon constitutive
activation of the PPP the NADPH/NADP" ratio is shifted towards reducing molecules.
This raises the question whether an overlap of transcriptional changes could be
attributable to redox balancing processes. Indeed, 60 of 140 transcripts were regulated
according to the redox-state — in the wild-type strain they were down-regulated upon
H.O, treatment and up-regulated in the TPljeg70va €Xpressing strain or vice versa.
However, the larger fraction (80 of 140 transcripts) was changed in the same direction
and therefore in line with the metabolic transition. Examination of these transcripts in
oxidant-untreated PPP deletion strains (Atall, Atkll, Azwfl) demonstrated their
dependence on regulation of the PPP. Comparison of the TPl e170va/H20, and PPP
deletion mutant transcriptome profiles reveded a substantial overlap of target
transcripts; e.g., 92% of transcripts that correlate with the metabolic shift were affected
in at least two PPP deletion mutant strains. Gene ontology (GO) comparison of the
transcripts regulated upon the metabolic shift unveiled components involved or
dependent on energy metabolism to be enriched. Two predominant GO categories
comprised genes related to chromatin assembly and disassembly (e.g. transcripts HHT1
and HHO1) and genes that are part of the cellular respiratory chain (e.g. transcript
COX1). Smaller gene subsets pointed to involvement of the PPP in regulation of protein
biogenesis. Interestingly, analyzing of GO terms which correlated with the redox-state
revealed also factors of protein biosynthesis to be enriched. However, transcripts that

responded to the metabolic shift included factors of early processes like assembly and
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biosynthesis of ribosomes, whereas transcripts correlating with the redox-state related to
successive mechanisms like trandation (Fig. 3d).

The induction of initial components of protein biosynthesis, which are followed
by processes of other regulatory origin, indicates arole of the PPP in the coordination of
early events in the stress response. To pursue this hypothesis, gqRT-PCR experiments
and targeted proteomics by MRM measurements were performed for wild-type, Atall,
Atkll and Azwfl cells in time courses after H,O, treatment. PPP deletion mutants
exhibited delayed and disturbed time-courses in the expression of chromatin
components, enzymatic subunits of the respiratory chain and transcripts related to
ribosome biogenesis and trandation. Therefore, PPP integrity and activation upon an
oxidative burst is required for correct timing and regulation of the transcriptional stress
response.

Currently, the best understood redox-sensors that modulate the cellular
transcriptional program upon an oxidative burst are redox sensitive transcription factors.
Those transcription factors (e.g., the AP-1-like transcription factor YAP1 [188]) contain
regulatory cysteines whose thiol-groups can be oxidized - either directly or indirectly
via transfer of redox-equivalents by an interaction partner such as glutathione
peroxidase 3 (Gpx3). Transcriptionfactor oxidation induces transcription of anti-oxidant
enzymes [188-190]. However, this system does not explain transcriptional changes
upon PPP activation in strains that did not experience an oxidative stress situation (e.g.
TPler70va €xpressing strain). In wild-type cells transcriptional changes occurred early
after the oxidative treatment (~2 min). This matches the time-course of the metabolic
shift whose amplitude can be observed ~1 min after the oxidative burst [92]. However,
transcriptional changes in PPP deficient mutants reached its amplitudes much later
(~15 min). Thus, the metabolic transition probably fulfills a functional role in the early
response and other mechanisms follow in the time-course of the response to oxidative
perturbations. In accord with this assumption are regulated genes whose promoters
contain binding sites for redox sensitive transcription factors. The metabolic transition
and the activation of oxidative-responsive transcription factors presumably work with
different kinetics, but complement and overlap.

Possibly, one or various PPP intermediates act as reporter metabolites and bind
to stressresponsive mediators which regulate transcription. So-called reporter

metabolites are small molecules whose concentration changes are entailed by
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transcriptional changes. Their existence has been reported for glycolysis, but reporter
metabolites are not yet known for the PPP [2]. Perhaps, PPP enzymes or metabolites
modulate the binding affinity of transcription factors. A strong correlation between
transcription factor binding affinity and timing of transcriptiona events has been
reported before [98].

Posttrandational modifications or protein-protein interactions of PPP enzymes
with components of signaling cascades are other possibilities that might be initiated by a
PPP enzyme. An example for an interaction of a metabolic enzyme with a regulatory
protein has been reported for GAPDH. Under high glycolytic flux, the level of the
GAPDH substrate glyceraldehyde 3-phosphate rises. This causes release of the GTPase
Rheb from GAPDH. Then, Rheb acts as activator for the mTOR complex 1 which takes
part in signaling cascades, e.g., those involved in cell growth and proliferation [191].

Main transcriptional targets of the metabolic shift (glycolysis’/PPP) were
processes involved or directly connected to energy metabolism, such as ribosome
biogenesis, subunits of the respiratory chain and chromatin components. Regulation of
those factors could have impact on stress signaling. Chromatin rearrangements are
important parts of the cellular response to energy shortage. Histone modifications are
under direct influence of central carbohydrate metabolism [192]. As reported before, the
NADH concentration has a strong impact on histone modifications such as catalyzed by
HDACs [30]. Thus, chromatin structure reacts to and changes under metabolic
variations and stress [193]. For instance, heat stress causes domain-wide displacements
of histones which facilitates transcription of heat shock genes independent of the yeast
nucleosome remodeling complex Swi/Snf [194]. Such processes might also play roles
under oxidative stress. Hence, the PPP plays a crucial role in transmitting information of
oxidative threat to the transcriptional adaptation program of the cell and, thus, takes a

central position in the cellular regulome.

A Rare Combination of Mutations in the PPP Enzyme RPI Causes Severe
Physiological Disordersin a Single Diagnosed Patient (\Wamelink et al. 2010)
Pathways of central carbohydrate metabolism, such as the PPP, take pivota
positions in the metabolic network. Thus, dysfunctions of enzymes of these pathways
can lead to disturbance of the whole metabolic network and cellular homeostasis. In
humans, inheritable defects of metabolic enzymes can cause severe physiological

disorders. Although mutations in the mammalian genome occur non-directed and at a
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frequency of ~10° per locus and gamete [141], numerous deficiencies of carbohydrates
metabolizing enzymes are diagnosed far less frequently or never [140] — pointing to
lethality of homozygous classic null aleles. Frameshift mutations, which often lead to
total loss of protein expression or activity, can occur al aong the coding sequence
[142]. However, point mutations of specific bases, which modulate or partially retain an
enzyme' s expression or activity, occur far less frequently.

There are three PPP enzymopathies reported that are associated with clinical
symptoms. With more than ~400 million diagnosed cases worldwide, Glucose 6-
phosphate dehydrogenase (G6PD)-deficiency is the most common human enzymopathy
[139]. Transaldolase deficiency has been reported to be present in few unrelated
families of Turkish, Arabian, Pakistani, and Polish origin [195, 196]. However, the third
PPP enzymopathy, ribose 5-phospahte isomerase (RPI)-deficiency, appears to be
exceptionally rare. Since description of RPI-deficiency in 1999 [150] and 2004 [151],
only asingle patient, born in 1984, was diagnosed to suffer from that disease.

Via magnetic resonance imaging, the patient was diagnosed for brain white
matter disease (leukoencephal opathy) with peripheral neuropathy, resulting in epilepsy,
progressive deterioration in vision, speech clarity, seizure control and intellectual
abilities. When he was fourteen, a neuropsychological test (Snijders-Oomen non-verbal
intelligence test [197]) disclosed a developmental age of 2.6-4.8 years. Hope for
improvement of the patient’s condition was lost by that time [150].

RPI is an enzyme of the NOPPP that interconverts ribulose 5-phosphate and
ribose 5-phosphate. The patient was diagnosed for atered levels of the PPP metabolites
ribulose 5-phosphate/xylulose 5-phosphate and ribose 5-phosphate. Also, elevated
levels of the polyols D-arabitol, xylitol and ribitol were detected in brain and body
fluids [150, 151], and could function as RPI-deficiency biomarkers.

Sequencing of the RPI gene cDNA revealed two heterozygous mutations. One
alele carries a frameshift mutation resulting in premature trandlation termination at
codon 180 (¢.540delG), and the other allele carries a missense mutation (¢.182-C > T)
that leads to the exchange of an aanine for a valine residue at position 61 [151].
However, classic total loss of enzyme activity, which could also occur due to frameshift
mutations everywhere in the RPI coding sequence, would lead to more than only one
diagnosed case of RPI deficiency. Extensive laboratory work-up of the basic molecular
defect seemed necessary in order to give certainty about the cause for the patient’s

suffering. Additionally, elucidating the anomaly that makes RPI-deficiency occur less
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frequently than the natural mutation frequency would predict was interesting from the
scientific point of view. In Wamelink et al. 2010, we describe a detailed analysis of the
molecular etiology of RPI-deficiency.

We started with the examination of two patient derived cell lines — lymphoblasts
and fibroblasts — with focus on basic features resulting from the RPI mutations: mRNA
expression, protein concentration and enzyme activity. Western Blot experiments
revedled a reduced enzyme amount in patient lympho- and fibroblasts compared to
healthy controls (Fig. 1A). The truncated version of the enzyme, encoded by the
frameshift alele, was not detectable. Presumably, it is not expressed or rapidly
degraded. The western blot experiments were confirmed by MRM measurements on a
QTRAP5500 (AB/Sciex) mass spectrometer, and demonstrated a decrease of RPI
protein content to ~30% of wild-type level in patient lymphoblasts (Fig. 1B).
Furthermore, gRT-PCR experiments demonstrated a strongly reduced RPI mRNA
expression level in patient cells. Interestingly, there was a large difference in RPI
MRNA expression levels between both patient derived cell lines. Patient lymphoblasts
contained ~40% of RPI mRNA compared to healthy control cells; patient fibroblasts
contained even only ~1% (Fig. 1C). Due to the frameshift mutation on one alele, a 50%
RPI mRNA expression reduction would be expected. However, an even lower mRNA
content pointed to a decline in RPI expression compared to wild-type aso from the
second allele. Consistent with these results were data derived from subsequent enzyme-
coupled enzyme activity assays. Patient lymphoblasts possessed ~30% residual RPI
activity compared to healthy control cells, whereas in patient fibroblasts, RPI activity
was below the assay’s detection limit (Fig. 1D). It was still possible that RPI enzyme
amount and activity varied between different fibroblast cell lines. Nevertheless, this
assumption could be ruled out by control enzyme activity assays that demonstrated
similar RPI activities in four different unaffected fibroblast cell lines. In summary, these
results confirmed that the patient does not suffer from a total lack of RPI activity.
Expression of a certain amount of functional RPlais1va €nzyme is strongly cell type
dependent. Different RPI expression levels in different cell types could be an
explanation for the severe neuronal defects of the RPI patient. Perhaps, the CNS
consists of a higher percentage of cells expressing RPI at a lower level than other
organs. Due to the lack of biopsy material, this issue could not be analyzed in

experiment.
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From the cell culture system, we could not distinguish whether reduced overall
RPI activity was due to the lower expression level of the enzyme or the Ala6lVval
missense alele. For this reason, a transgenic yeast model was generated and used for a
comparison of the physiological effects of low-level RPI expression and the amino acid
exchange. Deletion of the endogenous yeast RPI orthologue RKI is lethal. However,
transformation of centromeric plasmids expressing either human wild-type RPI or
human RPI 5jas1va rescues yeast growth. Thiswas proven in plasmid shuffle experiments
in order to validate the suitability of the yeast model for studying RPI deficiency (Fig.
2A).

The RPIajs1va €xpressing Arki strain exhibited RPI activity which was reduced
to ~30% of wild-type level (Fig. 2C). Thus, the amino acid exchange Ala61lVal led to
reduced specific RPI activity and was comparable to the overall RPI activity detected in
patient lymphoblasts. To examine the metabolic consequences of varying RPI
expression levels, the human RPI wild-type gene was cloned into centromeric plasmids
either harboring astrong (GPD1) or aweak (CYCL) promoter. When RPI was expressed
under control of the weak CYC1 promoter, its overal activity was ~18% compared to
RPI activity detected in cells expressing RPI under control of the GPD1 promotor (Fig.
2C). In order to examine the impact of the Ala6lVa mutation and low-level RPI
expression on yeast’'s physiology, their growth in liquid cultures was monitored
spectroscopically. As long as human RPlajs1va Was expressed at high level, residual
activity was sufficient to allow growth similar to yeast expressing human wild-type RPI.
However, expression of human wild-type RPI placed under control of a weak promoter
led to much slower growth (Fig. 2D). These results demonstrated that the RPIajss1va
allele complements for the loss of yeast Rkilp to an extent that enabled normal growth,
and that low expression of human wild-type RPI did not fully compensate for the |oss of
the essentia yeast enzyme. Thus we conclude that the extremely low RPI activity in
patient fibroblastsislargely attributable to the expression defect of the RPI allele.

In summary, we could show that the RPIlas1va alele has two defects. The
AlablVal point mutation results in reduction of RPI specific activity, and also causes
cell type dependent mRNA expression deficits. The mechanism that is causative for the
MRNA expression defect has to be investigated in future studies. The C — T exchange
is located in the first codon of exon three, and thus close to the spliceacceptor site.
Therefore, the mutation could affect the maturation of RPI mRNA. Alternatively, the
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amino acid residue exchange could destroy or generate a binding site for a yet unknown
transcription regulator.

As mentioned above, the RPI patient shows a clear metabolic pattern.
Nevertheless, secondary effects besides the RPI defect leading to the metabolic
phenotype could not be excluded due to the fact that no comparable cases have been
diagnosed up to date. The yeast model allowed metabolite measurements by LC-MRM
which could confirm the metabolic profile typical for RPI deficiency. Measurements of
PPP metabolites and polyols in the described transgenic yeast strains demonstrated that
the changes in metabolite concentrations also occur in the yeast model and are therefore
indeed attributable to reduced RPI activity (Fig. 3A and B). Confirmation of polyols as
suitable biomarkers for RPI-deficiency could facilitate diagnosis of further cases in the
future. The strain expressing wild-type RPI at low level displayed an even stronger
metabolic phenotype than the strain expressing RPIlajs1va, and therefore underlined
again the importance of a norma RPI expression level for integrity of the cell’s
metabolism.

In conclusion, we could demonstrate low-level expression of RPI in combination
with an enzyme activity reducing missense mutation as RPI deficiency etiology, and
that the extent of RPI activity reduction is cell type dependent. As there are no
homozygous RPI patients, and since Rkil knock-out is lethal for yeast, we speculate
that total loss of RPI enzyme activity is not accordable with life in humans. Rather the
compound heterozygous combination of mutated RPI alleles is reason for the extremely

rare incidence of the disease.
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Summary

The metabolic network responds rapidly to changing conditions in order to self-adapt
and ensure cellular survival. Metabolic modules such as pathways of carbohydrate
metabolism can gain activity when required by varying demands. In Grining et al. 2011
we demonstrated a metabolic feedback loop that synchronizes energy- and redox-
metabolism in respiring yeast cells. The activity of the glycolytic enzyme PYK plays a
crucia role in the regulation of mitochondrial respiration and simultaneous PPP
activation. Coordinated activation of both processes protects yeast cells from oxidative
damage by ROS produced through the respiratory chain. However, the question for the
connecting mechanism between low PYK activity and elevated mitochondria
respiration is still unanswered. Also, elucidating the sources that fuel mitochondria
when PYK activity is low will be subject of continuative projects. In cancer cells, an
isoform switch of pyruvate kinase (PKM1 and PKM2) was stated to be causative for
increased fermentation and lowered respiration - the tumor-typical Warburg effect. In
Bluemlein et al. 2011 we could refute this postulation. The comprehensive LC-MRM
dataset did not confirm an exchange in PKM isoforms, but an upregulation of PKM1
and PKM2 in human malignant cells. These data point to importance of the total PKM
expression level for cancer cell metabolism. Future studies have to elucidate the
mechanisms that require PKM upregulation in proliferating cells, and therefore provide
an advantage for growing cells. Metabolic rearrangements such as caused by varying
PYK activities or oxidative stress lead to wide-ranging effects on the whole cellular
reaction network. In Kriger et al. 2011, regulatory importance of PPP activation in
timing of the transcriptional oxidative-stress program could be proven. Therefore, the
PPP does not only provide the cell with NADPH as immediate reaction to counter-act
the oxidative stress situation, fast changes in PPP metabolite levels aso function as
mediator for the stress signal to regulatory components of the transcriptional machinery
which follow in time. The sensors that are stimulated by changes in line with PPP
activation are still to be found. Disruptions in central pathways of the metabolic
network can lead to severe physiological dysfunctionsin humans. Deficiency of the PPP
enzyme RPI was reported as the rarest inheritable human disease to date. In Wamelink
et al. 2010 we revealed the molecular RPI-deficiency pathogenesis, to our knowledge,
with a single diagnosed patient, the rarest disease on earth. A combination of two

mutations that cause cell-type dependent reduced RPI expression levels and decreased
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specific RPI activity lead to the manifestation of RPI-deficiency symptoms. Finaly,
investigating metabolic transitions gives insight into fundamental biological
organizational principles that mostly affect not only the metabolome, but aso other
hierarchical layers such as the transcriptome and proteome. Regarding the cell as

complex reaction network, that dynamically reacts to changing conditions, has always
to be considered in tackling biological questions.
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Zusammenfassung

Das metabolische Netzwerk reagiert schnell auf sich andernde Bedingungen, um sich an
die neuen Umstdnde anzupassen und so das Uberleben der Zelle zu ermdglichen.
M etabolische Module, wie Stoffwechselwege des zentralen Kohlenhydratstoffwechsels,
kénnen an Aktivitét gewinnen, wenn dies durch die sich andernden Bedingungen
erforderlich ist. In dem Manuskript Grining et al. 2011 zeigen wir einen metabolischen
feedback-loop in atmenden Hefezellen, der den Energie- mit dem Redox-Stoffwechsel
koordiniert. Das glykolytische Enzym Pyruvatkinase (PYK) spielt eine entscheidende
Rolle in der Regulierung der mitochondrialen Atmung und der zeitgleichen Aktivierung
des Pentosephosphat Weges (PPP). Durch die mitochondriale Atmungskette kommt es
zu einer erhohten Produktion freier Sauerstoffradikale (ROS). Die koordiniert
Aktivierung von Zellatmung und PPP schiitz Hefezellen jedoch vor Schaden, die durch
ROS verursacht werden konnen. Allerdings konnte bislang nicht geklart werden, wie
ein Wechsel in der PYK Aktivitét die mitochondriale Atmung reguliert. Auf3erdem wird
die Frage nach den Nahrstoffen, die eine erhohte mitochondriale Atmung bei geringer
PYK Aktivitéat ermdglichen, Gegenstand zukunftiger Arbeit sein. In Krebszellen wurde
ein Wechsel von Pyruvatkinase Isoformen (PKM1 und PKM2) as urséchlich fur den
Tumor-typischen Warburg Effekt, eine Reduzierung der Zellatmung und Erhdhung der
Fermentation, erklart. In dem Manuskript Bluemlein et al. 2011 konnten wir diese
Behauptung widerlegen. Ein umfassender Datensatz, der mittels LC-MRM erstellt
wurde, konnte keinen Austausch beider Isoformen wéhrend der Tumorigenese
bestdtigen. Vielmehr kommt es, im Vergleich zu gesunden Kontrollen, zu ener
Hochregulierung beider Isoformen in Tumorzellen. Diese Daten verweisen auf eine
entscheidende Rolle des PKM Expressionslevels im Krebsstoffwechsal. In zukinftigen
Studien soll geklat werden, welche zelluldren Mechanismen ene PKM
Hochregulierung erfordern und dadurch Krebszellen einen Proliferationsvorteil
verschaffen. Metabolische Verschiebungen, wie sie z.B. durch eine Veranderung der
PYK Aktivitdét oder oxidativen Stress verursacht werden, haben weitreichende
Konsequenzen fur das gesamte zelluldre Reaktionsnetzwerk. In Kriger et al. 2011
konnten wir die regulatorische Bedeutung der PPP Aktivitat flur das anti-oxidative
transkriptionelle Stressprogramm der Zelle beweisen. Es konnte gezeigt werden, dass
der PPP nicht nur NADPH bereitstellt, um sofort auf die oxidative Stresssituation zu

reagieren - die schnellen Anderungen der PPP-Metabolitkonzentrationen fungieren auch
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als Signale fur regulatorische Komponenten der Transkriptionsmaschinerie, welche fir
die langerfristige Anpassung an oxidativen Stress benétigt wird. Die Sensoren, die
durch eine erhdhte PPP Aktivité aktiviert werden, bleilben Fokus zukinftiger
Forschung. Stérungen des zentralen Kohlenhydratstoffwechsels kénnen zu schweren
physiologischen Beeintréchtigungen im Menschen fihren. Die Defizienz des PPP
Enzyms RPI gilt bisang, mit einem diagnostizierten Patienten, als die seltenste
Erbkrankheit. In Wamelink et al. 2010 konnten wir die Atiologie dieser Krankheit
entschlisseln. Die Manifestierung der RPI-Defizienz Symptome basiert auf der
Kombination zweier Mutationen, die zu einer Zeltyp-spezifischen Reduzierung des
Expressionslevels und zu einer Reduzierung der spezifischen Enzymaktivitét fihren.
Abschlief3end l&sst sich sagen, dass die Untersuchung metabolischer Verschiebungen
Einblicke in fundamentale biologische organisatorische Prinzipien bietet. Diese
Verschiebungen betreffen dabei nicht nur das Metabolom, sondern ebenfalls andere
hierarchische Ebenen der Zelle wie das Transkriptom oder Proteom. Bei der
Untersuchung biologischer Fragestellungen sollte daher die Zelle stets as komplexes
Reaktionsnetzwerk, welches sich dynamisch an andernde Bedingungen anpasst,
betrachtet werden.
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