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Homeostasis and the glycogen shunt explains aerobic

ethanol production in yeast
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Aerobic glycolysis in yeast and cancer cells produces pyruvate beyond
oxidative needs, a paradox noted by Warburg almost a century ago.
To address this question, we reanalyzed extensive measurements
from *C magnetic resonance spectroscopy of yeast glycolysis and the
coupled pathways of futile cycling and glycogen and trehalose synthe-
sis (which we refer to as the glycogen shunt). When yeast are given a
large glucose load under aerobic conditions, the fluxes of these path-
ways adapt to maintain homeostasis of glycolytic intermediates and
ATP. The glycogen shunt uses glycolytic ATP to store glycolytic interm-
ediates as glycogen and trehalose, generating pyruvate and ethanol as
byproducts. This conclusion is supported by studies of yeast with a
partial block in the glycogen shunt due to the cif mutation, which
found that when challenged with glucose, the yeast cells accumulate
glycolytic intermediates and ATP, which ultimately leads to cell death.
The control of the relative fluxes, which is critical to maintain homeo-
stasis, is most likely exerted by the enzymes pyruvate kinase and
fructose bisphosphatase. The kinetic properties of yeast PK and mam-
malian PKM2, the isoform found in cancer, are similar, suggesting that
the same mechanism may exist in cancer cells, which, under these
conditions, could explain their excess lactate generation. The general
principle that homeostasis of metabolite and ATP concentrations is a
critical requirement for metabolic function suggests that enzymes and
pathways that perform this critical role could be effective drug targets
in cancer and other diseases.

Warburg effect | glycogen synthesis | Pasteur effect | glycolysis |
homeostasis

challenge to contemporary biological research was sounded by
Steve McKnight, who noted (1) that “the low lying fruit that
could be picked by molecular biologists without considering the
metabolic state of the cell, tissue or organism is largely gone.” He
proposed that now we must seek an understanding of the reciprocity
between the regulatory state driven by signals from transcription
factors and the dynamics of metabolic control. This was a timely call
because the interactions of genetics and metabolism, developed
in yeast research (2), was becoming paradigmatic in cancer studies
(3-5). Because both cancer cells and yeast derive metabolites and
energy from glucose, the relations of yeast metabolism with genetic
expression, rather well understood in the glucose pathways, are
providing an informative parallel for the study of cancer cells (6, 7).
The traditional approach attributes cellular metabolism to the
kinetic properties of the component enzymes, as summarized in
the comprehensive biochemistry textbooks, and then correlates
changes in enzyme activity with differences in cell phenotype (3, 4).
In our opinion, this approach neglects the interconnected nature of
biochemical pathways that can be measured noninvasively, using
magnetic resonance spectroscopy (MRS) (8-13), and the ability to
quantitatively understand the sharing of biochemical control be-
tween these pathways using metabolic modeling methods such as
metabolic control analysis (MCA). Of particular relevance to the
present analysis, MCA has shown that maintaining metabolite
homeostasis is of critical importance for cell survival and depends
upon all of the pathways that produce and consume the metabo-
lites in question, and not only on the one considered the “primary”
pathway (14-18).
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This paper analyzes carbon flows from glucose measured by
13C MRS in yeast to address the long-standing question as to why
respiratory-competent yeast convert most of their glucose to
ethanol rather than following the more efficient energy pro-
duction of mitochondrial oxidation. This question originated in
the mid-1920s when Otto Warburg (19) measured in yeast the
fermentation of glucose to ethanol in fully oxidized, respiratory-
competent yeast. Warburg also found that tumors, metabolizing
glucose aerobically, similarly fermented most of their glucose to
lactate, which, like the ethanol produced by yeast, is a measure of
the yield of pyruvate by aerobic glycolysis (20-22). We find that
the production of ethanol is driven by a coupling of the meta-
bolic pathways of glycolysis, futile cycling, and glycogen/trehalose
synthesis (which we refer to as the glycogen shunt). The glycogen
shunt acts in concert with glycolysis and futile cycling to maintain
homeostasis of glycolytic intermediates and to match ATP con-
sumption and glycolytic production, which prevents the high
glucose levels from creating excess ATP. The excess pyruvate
produced is beyond the yeast’s other metabolic needs, resulting
in ethanol accumulation.

We previously were able to explain aerobic lactate production
in active muscle and brain through an analysis of how the gly-
cogen shunt interacts with glycolysis during and between muscle
contractions and neuronal firing. Although there are substantial
differences from yeast, in all cases, the glycogen shunt acts to
maintain metabolic and ATP homeostasis during quasi-steady-
state conditions in which there are periodic large increases in
glycolysis (23-25). Results in cancer cells suggest that, under at
least transient conditions of high glucose, the glycogen shunt may
play a similar important role for maintaining homeostasis and
provide a basis for explaining excess lactate production.

Results

The measurements we analyzed (10) were made on respiratory-
competent derepressed yeast cells, grown on acetate, soon after
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Fig. 1. Metabolic fluxes of glucose consumption in yeast after exposure
to high glucose levels under aerobic (A) and anaerobic (B) conditions. The
fluxes are normalized to glucose uptake in the aerobic case, which is set to
100 (A). Respiratory-competent yeast grown on acetate were exposed to
50 mM glucose in a nongrowth medium. FBP, fructose 1, 6, bis phosphate;
FBPase, fructose biphosphatase; HK, hexokinase; HMP, sum of hexose
monophosphates glucose 6 phosphate, fructose 1 phosphate, and trehalose
6 phosphate; PFK, phosphofructokinase; PK, pyruvate kinase. Of particular
note in the aerobic case is the high amount of glucose uptake (100) relative
to the rate of oxidation in the TCA cycle to CO, (5), with a large fraction
converted to ETOH.

they were exposed to a high level of glucose in a nongrowth me-
dium. These conditions are a variation of the conditions studied by
Pasteur (20), often referred to as the Crabtree effect (22) or simply
as the Warburg effect in yeast. The addition of glucose triggers both
transcriptional and posttranscriptional changes in yeast that dras-
tically affect metabolism (26). After several hours, due to both
genetic transcription and posttranscriptional changes, the enzyme
activities (27) in the cells reach a steady-state value appropriate for
the new environment. However, before these changes, the cells
adapt to the increased glucose level using allosteric and other
nontranscriptional mechanisms. The data we use, shown in Fig. 1,
are from previous measurements by '*C MRS of the metabolic
fluxes and metabolite concentrations measured in vivo during the
first 20 min after the introduction of glucose (8-13), before sig-
nificant transcriptional modification of enzyme activities. Con-
centrations of relevant metabolites were generally measured in
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vivo by >C MRS but, for a few end products, were measured by
chemical analysis after extraction.

During the measurement period, the rate of glucose uptake was
constant, indicating metabolic steady state (8, 9). Separate studies
showed that the rate of glucose metabolism was constant
throughout the 20 min after glucose addition until levels dropped
below 2-3 mM (8, 9), indicating the ability of the system to
maintain metabolic flux steady state and homeostasis of in-
termediate levels over a wide range of glucose concentration. Due
to the ability of '*C MRS to follow the positional '*C enrichment
in metabolites, measurements included metabolic pathway rates,
as opposed to the majority of yeast studies to date, which only
have measured the rate of glucose uptake and lactate/ethanol
production. Fig. 1 compares the fluxes measured in the glycolytic
and glycogen/trehalose synthesis pathways calculated from the *C
MRS data during the sudden exposure to high glucose in aerobic
and anaerobic environments. In the aerobic state, in contrast to
the anaerobic state, there is an almost twofold reduction in total
glucose uptake and a significant storage of glucose as trehalose
and glycogen. In both states, there is an active pentose shunt,
measured by the loss of [1 — *C] glucose label, which is larger in
the anaerobic state, but which does not create a significant loss of
glucose moieties because of flow back into the glycolytic pathway.

The Net Production per Glucose of ATP, NADH, and Pyruvate by the
Glycogen Shunt. We perform a mass balance calculation of the
carbon, redox, and ATP flows in the glycogen shunt, glycolysis, and
futile cycling to determine the fractional production of pyruvate,
NADH, and glycogen/trehalose per glucose. Our previous applica-
tion of this analysis to muscle and brain (23-25) was able to explain
aerobic lactate production as a consequence of the relative fluxes of
the glycogen shunt (both synthesis and degradation) and glycolysis.

The model system for yeast under aerobic conditions is shown in
Fig. 2. For clarity, we omit the effect of the pentose shunt, which
removes only a small amount of carbon from the system and does
not require ATP. We performed mass balance analysis on the re-
actions catalyzed by hexokinase (HK), phosphofructokinase (PFK),
fructose bis phosphatase (FBPase), the distal to FBP segment of
glycolysis that contains pyruvate kinase (PK), and the glycogen
shunt, which is the combined synthetic flow of G6P into glycogen
and trehalose via glycogen synthase (GS) and trehalose 6 phosphate
synthase (TPS1). In the equations below, the flux through each step
in Fig. 2 is expressed as a fraction of total glucose uptake. The
glycogen shunt flux is expressed as the fractional rate X, = V,/Vy.
The fractional rate of PFK is given by X5 = V3/V; and of PK is
given by X5 = Vs/V,. The reverse rate from FBP back to F6P by
FBPase is given by Xy = V4/V;. The overall carbon, redox, and
ATP balance per glucose for the system can be obtained by writing
balance equations for HK, PFK, FBPase, the glycogen shunt, and
PK and substituting for the fractional PK flux based on mass
balance X5 = 1 — X,. Similarly, by mass balance, the difference
between the fractional flux through PFK and FBPase is given by
(X3 — X4), which is the same as the fractional flux through PK,
which equals (1 — X,). Making those substitutions and adding the
balance equations yields

Glucose +2(1 — X, )NAD + [3 - 5X, — X3]ADP
+[3 - 5X; — X;]Pi - 2(1 - X;)NADH
+2(1 - X;)Pyruvate + [3 — 5X; — X3]ATP
+ (X;)glycogen/trehalose. 1]
The experimentally measured fractional flux through PFK (X3)
was ~1. Substituting into Eq. 1 yields
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Fig. 2. The glycogen shunt maintains ATP, G6P, and FBP homeostasis. The
diagram shows the relative fluxes calculated for glycolytic pathway, futile cy-
cling, and the glycogen shunt required to maintain glycolytic intermediate and
ATP homeostasis. The rate of ATP production or consumption for HK (Vy),
glycogen shunt (V,), PFK (V3), and the PK segment of glycolysis (Vs) are shown.
Comparison with Fig. 1 shows that within measurement error, the relative
fluxes measured in yeast under aerobic conditions are the same as the theo-
retical ideal values. The red arrows indicate the consumption of ATP by the
demand portion of the pathway, and the green arrow indicates production by
the supply portion. Adding the supply and demand together shows that there
is no net production or consumption of ATP in the system.

Glucose +2(1 — X5)NAD + [2 — 5X,]ADP
+[2 — 5X,]Pi — 2(1 — X2)NADH +2(1 — X,)Pyruvate
+ 2 — 5X,]ATP + (X;)glycogen/trehalose [2]

Substituting the measured value of the glycogen shunt (X, ~ 0.4)
into Eq. 3 yields the net stoichiometry of the system,

Glucose + 1. 2(NAD) — 1. 2(Pyruvate) + 1. 2(NADH)
+0.4(glycogen/trehalose). [3]

The canonic production of ATP, NADH, and pyruvate by glycolysis
is recovered when FBPase and GS/TPS1 are set to 0, as is the case
during anaerobic glycolysis (Fig. 1B). Examination of Eq. 3 shows
that net ATP produced by glycolysis is completely used to support
the glycogen shunt. Other energetic needs of the cell are met by the
oxidation of ~5% of the total glucose uptake (see Fig. 14). The
small fraction of glucose that is completely oxidized, based on the
standard stoichiometry for ATP oxidation, produces ATP at a rate
similar to that of glycolysis during the anaerobic conditions (Fig. 1B).

In Vivo Fluxes During Aerobic Glycolysis Ensure ATP, FBP, and G6P
Homeostasis. Eq. 2 indicates that when the fractional glucose stor-
age by the glycogen shunt (X) is larger than the measured value of
0.4, then external ATP is needed to fuel the glycogen shunt. Sim-
ilarly, if X, is smaller than 0.4, then ATP is generated by the system.
Therefore, when futile cycling (X4) equals the glycogen shunt, only
the measured value of X, of ~0.4 does not produce or consume net
ATP. In the Discussion, we will describe how net ATP production
by the system could be deleterious to cell survival under the
conditions of a sudden glucose load.

The flux ratios calculated above can also be derived from the
principle of maintaining steady state of G6P, FBP, and ATP. The
resultant steady-state equations are given by.

d[G6P]/dt=V1+V4—V2—V3=O [4]
d[FBPth=V3—V4—V5 =0 [5]
d[ATPth=4V5 -Vi=-V,-V3=0 [6]
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Vi—-V,-Vs5=0. [7]

Solving the above equations for V, in terms of V; and V4 and
setting V; to 100 yields

Va=(1/2)[100~ (1/2)V4]. (8]

Eq. 8 shows that the FBPase flux (V) determines the rate of V,. For
the in vivo case of V, = V, the only value that satisfies Eq. 8 is V, =
V, =40 (X, = X4 = 0.4). Similar equations can be derived relating
V, and V5 to the rates of V; and V,. These equations are plotted in
Fig. 3. Although a higher rate of glycogen/trehalose synthesis would
occur if there was no FBPase flux (V4 = 0, V, = 50), as described
in the Discussion, the FBPase flux may be necessary for maintain-
ing metabolic control of the system.

Discussion

The Glycogen Shunt Maximizes Glucose Storage Without Requiring
Oxidative ATP. The glycogen shunt stores 40% of the glucose as
readily available future energy in glycogen/trehalose. As shown by
the equations, and for the measured condition of FBPase being the
same as glycogen/trehalose storage, this is the only value for V; that
will maintain homeostasis of G6P, FBP, and ATP for the isolated
system. The use of glycolytic ATP to store glycogen/trehalose results
in the production of excess pyruvate and NADH beyond the needs
of the cell, which are then converted to ethanol and NAD™. The
small fraction of the pyruvate that is oxidized via the TCA cycle is
similar to the rate of the TCA cycle measured before the addition
of glucose when the carbon source was acetate (28). This fermen-
tation to ethanol in yeast, and similarly aerobic lactate production in
cancer cells, has been described as an inefficient energy pathway
compared with complete oxidation. These results show that fer-
mentation stores carbon as glycogen/trehalose for future use, not
simply burning it to CO,. From this perspective, fermentation is not
a wasteful pathway but a valuable storage of potential energy from
glucose, resolving Warburg’s paradox in yeast.

The Glycogen Shunt Maintains Homeostasis of Glycolytic Intermediates.
Examination of Fig. 2 and the mass balance and steady-state
equations shows that the glycogen shunt, consistent with the acti-
vation of yeast GS by G6P (29), takes up excess G6P that would
otherwise accumulate due to the mismatch of the HK and PK
segments of the pathway. We (30, 31) and others (32) have shown
that glycogen synthesis in muscle similarly prevents G6P accumu-
lation in mammalian muscle when glucose entry is increased rapidly
by high postmeal insulin levels. The importance of the homeostatic
role of the glycogen shunt has been shown dramatically in yeast by a
lethal mutant of the cifl gene (33) that led to cell death in a glucose
medium despite normal enzymatic activity in the glycolytic pathway.
Studies of the cifl mutant and trehalose by Thevelein and Hoh-
mann (7) showed that the mutations were in the TPS1 enzyme
(trehalose phosphate synthase), considered a paradoxical finding at
the time, because that enzyme has no direct role in the glycolytic
pathway. However, a >'P MRS study of yeast with cif mutations (33)
grown in a glucose-free medium found that under aerobic condi-
tions, when they were challenged with a glucose load, they had large
increases in G6P relative to wild type (0.1 mM WT, 5.4 mM cif).
There were also larger increases in FBP (6.8 mM WT, 48.9 mM
cif), and a drop in the ATP concentration to 1/5 of WT levels due to
sequestration of phosphate in the glycolytic intermediate pools.
Blocking the flow of hexose monophosphates (HMP) into treha-
lose by a mutation illustrates how the shunt stores the glycolytic
intermediates resulting from the mismatch between fluxes in the HK
and PK regions. In addition, the cif mutation blocks the synthesis of
trehalose-6-phosphate (T6P), which is an allosteric inhibitor of yeast
HK (7), furthering the loss of homeostasis by preventing feedback
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Fig. 3. Calculated relative flux values (with glucose phosphorylation set to
100 units) for the glycogen shunt (V;), PFK (V3), and PK (Vs) as a function of
the futile cycling flux through FBPase (V,). It is seen that when the system is
constrained so that there are no changes in HMP, FBP, and ATP concentra-
tions, the rate of futile cycling and the requirement for homeostasis de-
termine the other fluxes in the system.

inhibition of the supply flux into the HMP pool. The mismatch be-
tween HK and PK (shown in Fig. 1 by the glycolytic flux of 100 units
through HK being reduced to ~60 through PK) would, in the ab-
sence of a shunt, lead to a continuous increase of phosphorylated,
glycolytic intermediates until ATP levels collapsed, leading to cell
death. This example illustrates the limitations of examining meta-
bolic pathways based only on the kinetics of enzymes in a single
pathway of interest without taking interactions with pathways sharing
common intermediates into account. As shown theoretically by
MCA (34) and experimentally by this and many other examples, to
retain viability, the cell needs to maintain metabolite homeostasis
throughout the cellular metabolic network.

The Glycogen Shunt Protects Against Glucose-Driven Excessive ATP
Production. Respiratory-competent yeast switched from acetate
to high glucose have the capacity to use glycolysis to generate an
abundance of additional ATP, beyond that generated by mito-
chondrial oxidation of acetate in their initial condition. In an-
aerobic conditions, where there is little glycogen and trehalose
synthesis, as shown in Fig. 1B, the lethality of cif mutations has
been analyzed by Westerhoff and Teusink and colleagues (35).
They found that the excessive glycolytic intermediate accumu-
lation could be partially explained by the loss of inhibition of HK
due to the block in T6P synthesis. However, they also found that
the rate of accumulation of glycolytic intermediates was wors-
ened by an increase in the ATP/ADP ratio due to excessive ATP
production by glycolysis, further accelerating the rate of glucose
phosphorylation, which they called the turbo effect.

Recently (36), Teusink and colleagues showed that although it
was not possible, under all conditions, to explain the properties of
the system based upon HK and TPS1 kinetics, the behavior of the
system could still be explained by supply and demand pathway
analysis. With the additional pathways of futile cycling and glyco-
gen/trehalose synthesis revealed by the rich NMR data, the balance
of supply and demand pathways also explains the ability to maintain
homeostasis under the conditions studied here of yeast being
challenged with glucose under aerobic conditions, which was first
studied by Crabtree (22). ATP supply from the PK pathway is
balanced by ATP demand in the HK, futile cycling (PFK, FBPase),
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and the glycogen/trehalose synthesis pathways. This balance, which
suggests that the local ATP/ADP level is sensed within the system,
protects against excess, glucose-driven ATP production. ATP for
other cellular functions is supplied by glucose oxidation, and, within
experimental error, the production of oxidative ATP from glucose
was similar to what was measured experimentally when the cells
were in an acetate-containing medium (28). In principle, the yeast
cell could support glycogen/trehalose synthesis more efficiently by
supplying the ATP needed via glucose oxidation in the TCA cycle,
which would only require a small increase in the TCA cycle rate.
However, the isolation of glycolytic ATP production to meet the
needs of glycogen/trehalose synthesis suggests that preventing the
risk of excess glycolytic ATP production is more important for
survival than maximizing efficiency of glucose use.

Potential Metabolic Control Points of the System. Although complete
MCA studies under the conditions described remain to be per-
formed, some insight into control can be obtained by examining the
relative fluxes measured in the different segments of the pathways
involved. Fig. 3 shows that if homeostasis is maintained, there are
only fixed ranges of relative values allowed for the glycogen shunt,
futile cycling, and the PK portion of glycolysis. From the standpoint
of the supply and demand pathway analysis of Hofmeyr and col-
leagues (15-17), around the conservation of the ATP moiety (see
steady-state equations), the pathway in Fig. 2 can be broken up into
a demand side (HK/PFK/GS/TPS1) and a supply side consisting of
the PK branch. However, the control mechanisms coupling these
branches remain to be elucidated. Some insight into control may be
obtained based upon previous studies that have shown that PFK
under similar conditions has minimal control over the glycolytic
flux, as does GS and TPS1 over the shunt flux (29, 31). Based on
elimination, the relative fluxes between the pathways in the system
are most likely determined by PK and FBPase. In yeast, the pre-
dominant form of pyruvate kinase, Pyklp, is controlled by the
PYK1 gene. Yeast defective in this gene fail to grow on glucose,
but they can grow on ethanol or other gluconeogenic carbon
sources (37). Boles et al. (37) discovered the existence of an isoform
of PK, Pyk2p, which they reported “is subject to glucose repression
and... is catalytically almost insensitive to FBP.” They suggested
that this inactive form of PK was needed to prevent further glyco-
Iytic flux and to support the glycogenesis that prevailed before
glucose addition. The present results suggest that the low sensitivity
of Pyk2p to FBP allows it to maintain flux control during the high-
glucose transition period and send 40% of the flux entering FBP
back to glycogen/trehalose synthesis.

Evidence from Previous Studies for Lack of Flux Control by PFK. Be-
cause the activity of PFK exhibits extensive allosteric regulation, it
has traditionally been assumed to control the glycolytic flux. Al-
though formal flux control studies were not performed in the pre-
sent case, several studies have shown, under similar conditions, that
PFK exerts little flux control (38-40). For example, Schaaff et al.
(39) changed the amount of enzyme expressed in Escherichia coli,
and Davies and Brindle (40), using plasmids, overexpressed PFK in
yeast, all of which showed no change in the rate of glycolysis. The
absence of flux control by PFK, and its role in the absence of such
control, can be understood from the quantitative experimental
evaluation of the allosteric effectors of PFK made under the con-
ditions reported here showing how PFK adapts to match the flux
input from HK rather than controlling the glycolytic flux (13).

Potential Role of Futile Cycling at FBPase in Maintaining FBP
Homeostasis. In principle, steady state conditions can be met with
no futile cycling, resulting in greater glycogen and trehalose storage.
The lower efficiency due to futile cycling may reflect the inability of
the yeast to inactivate FBPase by transcriptional regulation over the
short time period after glucose addition during which the mea-
surements took place. However, as shown in Fig. 3, the fluxes in the
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system are determined by the flux through FBPase. In addition,
futile cycling may be important for allowing feedback from the PK
supply pathway to the proximal demand pathways because, in the
absence of FBPase, there is no way to divert the flux from FBP to
glycogen/trehalose synthesis. Instead, it would be necessary for ac-
cumulation of FBP to inhibit PFK, resulting in a greater fraction of
glucose carbon going directly from G6P to glycogen. The resultant
high level of FBP, even under homeostatic conditions, may nega-
tively impact metabolic regulation.

The Glycogen Shunt Under Conditions of Anaerobic Glycolysis. Fig. 1B
shows the fluxes measured under anaerobic conditions where there
is no futile cycling and a low synthesis of glycogen/trehalose. Ap-
proximately half of the ATP produced by the supply PK branch of
glycolysis is fueling ATP needs outside of glycolysis and the glyco-
gen shunt. As shown by Teusink et al. (35), under these conditions,
yeast protect themselves from excessive ATP production and G6P
accumulation via inhibition of HK by T6P (and potentially trehalose
and glycogen synthesis, as in the aerobic glycolysis case). However,
the intrinsic protection against ATP overproduction provided by the
match between supply and demand fluxes observed under aerobic
conditions is lost.

The Glycogen Shunt in Yeast, Brain, and Muscle. We have previously
used the glycogen shunt to explain aerobic lactate production in
activated muscle and brain cells (23-25). In brain and muscle, gly-
cogen supplies the substrate for rapid glycolytic energy needed
during contraction (muscle) or glutamate uptake (brain). During
the intercontraction/firing period, glucose uptake and glycogen
synthesis rebuilds the glycogen lost in the process. By using glycogen
to produce G6P during the contraction, glucose transport activity
can be kept low and low intercontraction levels of glucose and G6P
can be maintained. Because little energy is needed for glycogen
resynthesis, only a small amount of the lactate generated from
glycogen is oxidized to produce ATP, resulting in excess lactate that
can be shuttled to other cells for oxidation (41). Although ener-
getically unfavorable, the glycogen shunt allows muscle and brain to
have relatively low levels of glucose, allowing tight control of G6P
concentration, a critical first step for several pathways.

In yeast, the glycogen shunt also provides an important homeostatic
function. By storing excess G6P, which accumulates due to the sudden
large increase in glucose, it buffers the GO6P pool, similar to what
we have observed with insulin-stimulated muscle glycogen synthesis
(31, 32). ATP homeostasis is maintained, and therefore the turbo
effect is prevented (35), by the match between ATP consumption and
production. The excess ethanol that is produced in yeast from pyru-
vate is then released or, in the case of lactate in mammalian cells, is
oxidized by neighboring cells or goes to the liver to be converted to
glucose in the Cori cycle (41). The required stoichiometry for having
no net ATP production or consumption by the system results in py-
ruvate production beyond that needed for oxidative ATP generation,
a production that is converted to ethanol. The balance between gly-
colytic ATP production and consumption supports glycogen/trehalose
synthesis as the primary purpose of the excess glycolytic pyruvate/
ethanol production. That conclusion differs from previous proposals
that the purpose of excess pyruvate/ethanol generation is to increase
intermediates for biosynthesis [e.g., the pentose phosphate shunt (3,
4)] or from the suggestion that it is needed for specialized cellular
reactions that require glycolytic ATP (42).

Potential for a Similar Role of PK in Cancer as in Yeast. The presence
in yeast of forms of PK sensitive and insensitive to FBP potentially
allows PK to exert flux control over both the glycogen shunt (the
excess energy storage of the backward flow) and the demand
portion (the excess energy production to pyruvate) of the glycolytic
pathway. The form of PK found in mammalian cells with a high
growth rate, such as cancer cells, is PKM2, which exists either as an
active tetramer with a high activity for its substrate, phosphoenol
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pyruvate (PEP), or as a low-affinity, inactive dimer. The activity and
fractional existence of the tetramer are regulated by early-stage
metabolic intermediates such as FBP, amino acids, and possibly
genetic factors (43). FBP at high concentrations can convert the
enzyme from the inactive dimer to the active tetramer. However, if
FBP concentrations are not allowed to rise to high levels, as is the
case in yeast due to the combined action of the glycogen shunt and
futile cycling, PK can potentially play an important role in control-
ling pyruvate and ATP production and glycogen synthesis. The
presence of a high fraction of inactivated PK in cancer cells is
consistent with this possibility, although it would be paradoxical
from the viewpoint of cancer cells wanting maximal glycolytic en-
ergy production. The quandary has been summarized as “these
studies support a model in which the ability of PKM2 to be inac-
tivated is important for cancer cell proliferation” (44).

The additional function of PK to divert glucose carbons into
glycogen storage fueled by glycolytic ATP would resolve the
quandary of Mazurek (43) that “Due to the high rate of lactate
production in tumor cells it would at first glance appear paradoxical
that in tumor cells PKM2 was found to be mainly in the inactive
dimeric form.” The active form of PK would allow the formation of
glycolytic ATP that would provide energy for the formation of
glycogen, whose carbon molecules were formed from the back flux
through the inactive form of PK. This differs from the suggestion by
Eigenbrodt and Glossman in 1980 (42) that the low-PEP-affinity
dimeric form leads to an accumulation of glycolytic intermediates
ahead of the PK reaction, to provide metabolic precursors for
biosynthesis. Although these explanations are not mutually exclu-
sive, the activities of the glycogen shunt must be evaluated before
any of the back flow can be assigned to biosynthesis.

Answering Warburg's Paradox for Yeast and Cancer Cells. Warburg’s
puzzlement came from his assumption that rapidly dividing cells,
such as cancer cells and yeast, would maximize their energy pro-
duction by full oxidation to support their enhanced biosynthesis.
However, it was an assumption about what would be valuable for a
cell that we now see is trumped by the fundamental cellular need
to maintain metabolite homeostasis during changing conditions.
Homeostasis of glycolytic intermediates and ATP is maintained by
the coupling of the glycogen shunt to glycolysis and futile cycling
(Fig. 2). The importance of homeostasis is shown by the glucose
toxicity induced in the cif mutants by the loss of trehalose synthase
activity, in which glycolytic intermediates continue to rise until
ATP levels collapse due to lack of available P; for synthesis. Ho-
meostasis is also maintained by the ratios of the glycogen shunt
flux to the fluxes of glycolysis and futile cycling leading to no net
ATP synthesis, despite the surge in glucose supply, preventing
accelerated loss of homeostasis and cell death via the turbo effect
(35). Furthermore, the consequences of the shunt make a valuable
contribution to the future energy needs of the cell.

Potential Role of the Glycogen Shunt in Cancer Cells. Due to simi-
larities of yeast and cancer cells, the glycogen shunt observed in
yeast could play a similar mechanistic role for maintaining ho-
meostasis in cancer cells exposed to changes in substrate. There are
a number of papers that have shown that glycogen is important for
cancer cell growth (5, 45). Schwartz et al., in 1975 (46), reported the
time course of the disappearance of a 5-mM glucose load followed
by the lagging formation and disappearance of glycogen in a sus-
pension of C-6 glioma cells. These results, in which the glycogen
was first formed from glucose and then served as an energy source,
are in accord with the observations in yeast and the expectation of
subsequent glycogenolysis. These examples cannot be considered to
be universal explanations of the different conditions of the Warburg
effect. However, they do illustrate that the glycogen shunt provides
a valuable concept for studying the conditions of the Warburg effect
where cancer cells face a glucose load.
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Conclusions

We have analyzed the extensive flux measurements by '*C and *'P
MRS in yeast during the aerobic glycolysis to address the long-
standing questions of why the yeast only partially oxidize the glucose
they take up and why mutations in the glycogen/trehalose pathway
are lethal under these conditions. We summarize here the conclu-
sions of this study. (i) The explanation of excess ethanol production
noted by Warburg and others in aerobic yeast exposed to high
glucose is the coupling of the energy requirements of the glycogen
shunt to net ATP production by glycolysis. Due to the inefficiency
of glycolytic ATP production, excess pyruvate above the cell’s need
is made, which is converted to ethyl alcohol (ETOHR). (ii) As shown
by the lethality of the cif mutation, the glycogen shunt prevents the
cellular toxicity that would have been the consequence of simply
catabolizing the glycolytic load, and it does so without perturbing
cellular energetic needs. (i) The relative rates of the glycogen shunt,
glycolysis, and futile cycling ensure that close to the maximum frac-
tion of glucose taken up is stored for future energy needs without
requiring ATP generated by oxidation. (iv) The flux through the
glycogen shunt is most likely determined by the enzymes PK and
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