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Abstract—There are two main pathways of ATP biosynthesis: glycolysis and oxidative phosphorylation. As a rule, the two
pathways are not fully active in a single cell. In this review, we discuss mechanisms of glycolytic inhibition of respiration
(Warburg and Crabtree effects). What are the reasons for the existence of this negative feedback? It is known that maximal
activation of both processes can cause generation of reactive oxygen species. Oxidative phosphorylation is more efficient
from the energy point of view, while glycolysis is safer and favors biomass synthesis. This might be the reason why quiescent
cells are mainly using oxidative phosphorylation, while the quickly proliferating ones — glycolysis.
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During glycolysis, one molecule of glucose is con-
verted into two molecules of pyruvate, and this is accom-
panied by reduction of two molecules of NAD* and phos-
phorylation of two ADP molecules [1]. Oxidation of
pyruvate and NADH in the Krebs cycle results in the for-
mation of additional 28-30 ATP molecules. This means
that from the energy point of view under aerobic condi-
tions, the main function of glycolysis is not the energetic
one but the conversion of glucose and other hexoses into
substrates of Krebs and oxidative phosphorylation [2].
The velocity and the direction of glycolytic flow are deter-
mined mainly by the regulation of enzymes responsible
for the irreversible steps: hexokinase, phosphofructoki-
nase-1, and pyruvate kinase. The excess of Krebs cycle
substrates such as acetyl-CoA or citrate, and ATP also,
carry on the negative feedback regulation of glycolysis by
inhibiting the activity of phosphofructokinase-1 to adjust
its activity to match the one of the respiratory chain [3].

At the same time, most of the cells possess mecha-
nisms disturbing such regulation, i.e. Crabtree and

Abbreviations: FCCP, carbonyl cyanide 4-(fluoromethoxy)phenyl-
hydrazone; ROS, reactive oxygen species; VDAC, voltage-
dependent anion channel; YP, yeast extract-peptone.
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Warburg effects. Crabtree effect was discovered by
Herbert Crabtree [4] and describes a reversible phenome-
non of yeast Saccharomyces cerevisiae. The phenomenon
is that under aerobic conditions during glycolysis . cere-
visiae (unlike, for example, Kluyveromyces yeast) cells
produce ethanol and do not channel the carbon flow
through the Krebs cycle. The Crabtree effect is typical not
only for S. cerevisiae but also for proliferating cells, in
particular, cancerous ones, and cells infected with certain
viruses. A similar phenomenon, described for cancer
cells, was called the Warburg effect. It was noticed that
even under aerobic conditions cancer cells repress respi-
ration and produce lactate, which is synthesized during
anaerobic glycolysis, indicating that the energy metabo-
lism of cancer cells is based on glycolysis [5].

Therefore, glycolysis can inhibit respiration, or res-
piration can inhibit glycolysis. Thus, the question arises:
why do the cells not prefer to use both pathways simulta-
neously at full power? We think that the most likely expla-
nation is the following. Active respiration under the con-
ditions of high ATP/ADP ratio (when glycolysis is active)
can cause mitochondrial hyper-polarization as in such
case the membrane potential is not being consumed for
ATP production. As a result, the formation of reactive
oxygen species (ROS) in the respiratory chain is strongly
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increased [6]. Interestingly, a number of cancerous cell
lines that need ROS for proliferation use this mechanism
for ROS production. Nevertheless, even in this case there
is no simultaneous activation of glycolysis and respira-
tion. Instead of raising ATP/ADP ratio, such cells inhib-
it mitochondrial ATP synthase and in this way prevent the
dissipation of mitochondrial membrane potential and, as
a result, cause mitochondrial hyperpolarization [7].

The energy metabolism of resting cells differs signifi-
cantly from the one of proliferating cells. Cancerous and
other actively dividing (e.g. embryonic [8]) cells frequent-
ly demonstrate active glycolysis even under the physiolog-
ical concentration of oxygen [5, 9]. Possibly, the glycolyt-
ic bias of proliferating cells can be explained by their needs
for biomass production: inhibition of respiration directs
carbon flow into lactate production instead of carbon
dioxide [10]. Another possible explanation is that glycolyt-
ic bias of the proliferating cells is a precaution against a
sudden hypoxia: a drop of oxygen in a dividing cell can
cause a sharp decrease of ATP/ADP ratio leading to
mitotic catastrophe. Apart from this, damage to actively
respiring mitochondria can cause a sharp decrease of ROS
production. Possibly, repression of mitochondrial activity
is a precaution against their malfunctioning [11, 12].

Similar to proliferating cells, the S. cerevisiae yeast
when growing on glucose produce ethanol and grow
much faster than when they grow on non-fermentable
carbon sources. What are the molecular mechanisms of
respiration-to-glycolysis switch in proliferating cells? As
aforementioned, high ATP/ADP ratio was shown to
inhibit glycolysis [13, 14]. Therefore, a decrease in cyto-
plasmic [ATP] is a necessary step for switching to glyco-
lysis. Otto Warburg suggested that the damage to mito-
chondria in cancer cells is the primary reason for such
decrease [5]. Experimental evidence did not support this
idea: the mitochondria isolated from cancer cells are
capable of conducting oxidative phosphorylation like the
ones isolated from the normal cells [15, 16]. One way to
repress mitochondrial activity in cancer cells is reversible
closure of the voltage-dependent anion channels (VDAC)
by tubulin molecules [17]. VDAC is the major channel in
the outer mitochondrial membrane responsible for
metabolite transport. It was shown that the elevated con-
centration of free tubulin (which is typical for cancer
cells) is able to block VDAC and in this way to slow mito-
chondrial activity and in this way to decrease cytoplasmic
ATP/ADP ratio [18].

An increase of free tubulin concentration in the pro-
liferating cells is because in mitosis microtubules are
much more dynamic than in the interphase: fast growth
and shrinking are necessary to establish the correct chro-
mosomal centromeric regions [19]. Switching from respi-
ration to glycolysis renders cancer cells independent of
oxygen concentration and helps them avoid apoptosis
[20]. There are multiple ways to execute this switching. To
increase the rates of glycolysis, cancer cells can overex-
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press the high-affinity glucose transporters Glutl and
Glut3 [21].

In line with this, it was shown that high levels of glu-
cose induced by diabetes result in p90RSK (p90 14 ribo-
somal S6 kinase)-dependent blockage of mitochondrial
response to high glucose concentration. This signaling
module is a part of the glucose - MEKS5 — ERKS5 —»
p90RSK cascade. Importantly, MEKS and ERKS kinases
are typically activated in proliferating, including cancer-
ous, cells [22]. It was also shown that p90RSK targets
p53, one of the general factors affecting mitochondrial
functioning. Apart from this, there is a link between the
Crabtree effect and mitochondrial morphology, i.e. mito-
chondrial fragmentation and generation of ROS in
response to high glucose concentration [23]. Possibly,
mitochondrial fragmentation is an intermediate step
between p90RSK activation and inhibition of respiration
[24].

The comparison of transcriptomes of S. cerevisiae
strains growing on glucose and galactose showed that
transcription factors Baslp, Pho2p, and Gcndp play the
central roles in the regulation of the respiration-to-gly-
colysis switch. Baslp and Pho2p are responsible for the
distribution of metabolic flows that accompany the switch
from galactose to glucose consumption. When glucose
concentration is high, the expression of Baslp is also
high. Apart from this, mutations in RAS2 gene decrease
the levels of Crabtree effects and the rate of growth on
glucose by decreasing of Gendp activity [25].

The Warburg effect in cancer cells and the Crabtree
effect in yeast display several similarities: suppression of
oxidative metabolism and active fermentation even in the
presence of available oxygen. Moreover, both types of
cells overexpress glycolytic enzymes in the presence of
glucose. The only difference is that the cancer cells typi-
cally overexpress cytoplasmic lactate dehydrogenase,
while high glucose in yeast causes overexpression of pyru-
vate dehydrogenase, causing accumulation of acetalde-
hyde that is then transformed into ethanol by alcohol
dehydrogenase [26].

The molecular mechanism of Crabtree effect is still
not known. Originally, it was thought to be due to the
competition between ATP/ADP antiporter and glycolytic
enzymes for ADP [27], but later studies did not confirm
this: the Michaelis constant of the antiporter for ADP is
approximately 100 times lower than the one of the gly-
colytic enzymes [28]. Because in several cancer cell lines
the Crabtree effect can be inhibited by the addition of
extracellular phosphate, it was suggested that phosphate
per se is the inhibitor [29]. This was in agreement with the
fact that in cancer cells the addition of glucose decreases
the levels of intracellular phosphate [30]. It was suggested
that the value of thermodynamic phosphate potential,
ATP/ADP-P, which affects the majority of metabolic
processes in the cells [28], also regulates the onset of the
Crabtree effect [31].

BIOCHEMISTRY (Moscow) Vol. 80 No. 5 2015



NEGATIVE FEEDBACK OF GLYCOLYSIS AND OXIDATIVE PHOSPHORYLATION

Calcium ions were also suggested to be a mediator of
Crabtree effect [32]. In Ehrlich tumor cells, glucose addi-
tion stably increases cytosolic [Ca®*], while in these cells
even micromolar [Ca?*] completely inhibits mitochondr-
ial ATPase activity. It appeared that calcium binds the
inhibitor protein of mitochondrial ATPase, thus repress-
ing respiration and ATP synthesis [33].

Oxygen concentration also affects the Crabtree
effect. It was shown that an increase of [O,] in the media
from 1.2 to 2.7 uM induces the fermentative-to-mixed
(fermentative—oxidative) metabolic switch in yeast. This
is accompanied by activations of the Krebs cycle and
NADH transport from mitochondria to cytoplasm. Thus,
high concentrations of oxygen stimulate respiration even
in the presence of high concentration of glucose.
Nevertheless, under such conditions the enzymatic pro-
duction of ethanol is still the main pathway of oxidation
of intracellular NADH. For these reasons, the authors of
this study suggest that a decrease in the rate of mitochon-
drial NADH oxidation is the main mechanism behind the
Crabtree effect [34].

The yeast Pichia guilliermondii lacks the Crabtree
effect and does not show mixed metabolism under aero-
bic conditions. Nevertheless, it was shown that a deleteri-
ous mutation in the CATE gene coding for a global activa-
tor of transcription causes a 20-fold increase in the pro-
duction of ethanol. It appeared that the expression of the
Krebs cycle enzymes, respiratory complexes, and activa-
tors of respiration (e.g. Hap4) was repressed in the
mutant, while the genes responsible for fermentation
were overexpressed. Thus, a simple genetic manipulation
can activate the Crabtree effect [35].

It was also suggested that an intermediate product of
glycolysis under certain conditions could inhibit respira-
tion and serve as a mediator of the Crabtree effect. One of
the candidates is fructose-1,6-diphosphate. Under physio-
logical conditions, fructose-1,6-diphosphate decreases
the activity of mitochondrial complexes I11 and IV [36].
It was shown that the Crabtree effect can be modeled on
mitochondria isolated from rat liver by incubating them
with fructose-1,6-diphosphate at concentrations similar
to the ones present in hepatoma cells [36]. These results
also demonstrate that the activation of the Crabtree effect
does not require any permanent damage to mitochondria,
but that its induction is reversible.

How does fructose-1,6-diphosphate interact with
mitochondria? It was shown that both glucose-6-phos-
phate and fructose-1,6-diphosphate interact with mito-
chondrial unspecific channel (ScMUC): glucose-6-phos-
phate binds the channel, opens it partly causing proton
leakage, uncoupling respiration and oxidative phosphory-
lation and increasing oxygen consumption. On the con-
trary, fructose-1,6-diphosphate addition closes the chan-
nel and decreases the rate of respiration. It appeared that
fructose-1,6-bisphosphate reverses the effect of glucose-
6-phosphate, which suggests that fructose-1,6-bisphos-
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Fig. 1. A scheme of glycolysis.

phate is the key molecule regulating the activity of
ScMUC and the Crabtree effect itself [37].

We decided to test the hypothesis that fructose-1,6-
diphosphate represses mitochondrial activity. To do that
we used yeast strains with inactivated phosphoglycerate
mutase (Agpml1). The enzyme belongs to the glycolytic
machinery; it catalyzes the reversible transfer of a phos-
phate group from C-2 to C-3 glycerol group forming 2-
phosphoglycerate (Fig. 1). The Agpm I strain can grow in
the presence of a mixture of glycerol and acetate (or
ethanol) as carbon sources. In this case acetate (or
ethanol) is metabolized downstream of phosphoglycerate
mutase and produces substrates for the Krebs cycle, while
glycerol is consumed by the enzymes upstream of phos-
phoglycerate mutase and serves as a substrate for gluco-
neogenesis [38]. It was shown that addition of glucose
inhibits growth of Agpm I cells [39]. The authors suggest-
ed that glucose repression is the reason for the inhibition
[39]. It is known that in the presence of glucose, S. cere-
visiae yeast cells repress mitochondrial biogenesis at the
level of transcription, and this phenomenon was called
glucose repression. Indeed, repression of mitochondrial
energy function must be lethal for Agpm1 cells because
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Fig. 2. Growth of the wild type (wt) and Agpm I cells on solid media containing ethanol and glycerol; ethanol, glycerol and galactose, or
ethanol, glycerol and glucose as carbon sources. The strains were grown on solid YP/ethanol/glycerol medium, resuspended in water at 107
cells/ml, and then plated (10-ul samples) in serial 10-fold dilutions as shown by the figure. The colonies were photographed after 3 days of
incubation at 30°C. Ethanol, glycerol, and the sugars were used at 1% concentration.

the active fragment of the glycolytic pathway is unable to
generate ATP when the cells are growing on the mixture
of glycerol and acetate (Fig. 1). We confirmed the data of
Papini et al. [38] and showed that, similar to glucose,

Rates of oxygen consumption (nmol O,/min x 2-107) by
wild-type and Agpm I cells

Oxygen consumption rate,
Additions nmol O,/min x 2-107
wild type Agpm 1
Glucose 4108 2108
Glucose + ethanol 21+ 1.5 32+0.9
Glucose + ethanol + FCCP 32+1.5 19.7 £ 0.7
66 + 3.5 47 £ 1.5

Note: Measuring of respiration of intact cells. Glucose and ethanol
were used at 0.2% concentrations, FCCP at 2 uM. The measure-
ments were performed as described in [34] with the following
modifications. The cells were grown in YP/ethanol/glycerol
medium. To deplete the intracellular respiration substrate prior
to the measurements, the cells were incubated with 2 mM dini-
trophenol at room temperature for 45 min.

galactose inhibits the growth of Agpm 1 cells (Fig. 2). As
galactose does not activate glucose repression [40], one
can speculate that the inhibition was due to the Crabtree
effect. Indeed, as in Agpm 1 cells the metabolism of six-
carbon sugars is blocked at the level of phosphoglycerate,
an addition of such substrates is expected to induce accu-
mulation of fructose-1,6-diphosphate (Fig. 1).

Unexpectedly, it appeared that neither galactose
(data not shown) nor glucose suppresses the oxygen con-
sumption rate by Agpm I cells (table). At the same time,
when glucose is added to wild-type cells, activation of
respirations takes place very rapidly — within seconds
(data not shown). These data argue against the role of
fructose-1,6-diphosphate as an intermediate of the
Crabtree effect. It is important to mention that relatively
slow mechanisms of the Crabtree effect have also been
described, e.g. the ones relying on transcriptional changes
[41]. Possibly, something similar takes place in our exper-
imental system. We are currently screening for genes
whose deletions allow Agpm I cells to grow in the presence
of galactose. Hopefully, the results of this work will help
to understand the mechanisms of mitochondrial repres-
sions during activation of glycolysis.

This work was supported by the Russian Science
Foundation grant 14-24-00107.
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