bioRxiv preprint doi: https://doi.org/10.1101/2022.12.28.522160; this version posted December 29, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY 4.0 International license.

The Warburg Effect is the result of faster ATP production by glycolysis than respiration

Authors: Matthew A. Kukurugya!-, Denis V. Titov!:23-*

"Department of Molecular & Cell Biology, University of California, Berkeley CA, 94720
2Department of Nutritional Sciences & Toxicology, University of California, Berkeley CA, 94720
3Center for Computational Biology, University of California, Berkeley CA, 94720
*Corresponding author. Email: titov@berkeley.edu

Abstract

Many prokaryotic and eukaryotic cells choose to partially metabolize glucose to organism-specific
byproducts instead of fully oxidizing it to carbon dioxide and water, even in the presence of
oxygen. This phenomenon was originally observed in tumor cells and is often referred to as the
Warburg Effect. The benefit to a cell has been unclear, given that partial metabolism of glucose
yields an order of magnitude less ATP per molecule of glucose than complete oxidation. Here, we
propose and test the hypothesis that the Warburg Effect stems from the optimization of energy
metabolism that allows cells to produce ATP at the highest possible rate in the presence of excess
glucose independent of cell growth rate. To test our hypothesis, we estimated the yield, specific
activity, and proteome occupancy of various versions of the glycolysis and respiration pathways
in three different organisms. We found that organism-specific glycolytic pathways produce ATP
ata 1.1-1.5 (E. coli), 1.4-2.0 (S. cerevisiae), and 2-4.8-fold (mammalian cells) faster rate per gram
of pathway protein than respective respiration pathways. For E. coli, only the respiro-fermentative
Pta-AckA version of glycolysis, not fermentative glycolysis, produced ATP faster than respiration,
explaining the preference for the Pta-AckA pathway in the presence of oxygen. We then showed
that a simple mathematical model that takes these estimates as the only inputs (i.e., model has no
free parameters) can accurately predict absolute rates of glycolysis byproduct secretion and
respiration in E. coli, S. cerevisiae, and mammalian cells under a variety of conditions irrespective
of growth rate. Taken together, our study suggests that the Warburg Effect is a manifestation by
which cells optimize the rate of energy generation.
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Introduction

The Warburg Effect remains one of the most well-documented, yet incompletely understood
phenomena in cancer biology. In 1924, Otto Warburg made the seminal observation that in vivo
tumors showed a preference for converting glucose to lactic acid via fermentation in the presence
of oxygen instead of complete oxidation to carbon dioxide and water!2. Although the initial
discovery was made in tumor cells, the Warburg Effect-like metabolism has since been described
for numerous proliferating cells, including acetate production through the Pta-AckA pathway in
E. coli, ethanol fermentation in S. cerevisiae, and lactic acid fermentation in non-transformed
mammalian cells. This phenomenon is also referred to as the Crabtree Effect in S. cerevisiae and
“overflow metabolism” in E. coli. To simplify nomenclature, here, we will collectively refer to
various organism-specific pathways for partial metabolism of glucose (i.e., fermentation in E. coli,
S. cerevisiae, and mammalian cells and respiro-fermentative Pta-AckA acetate pathway in E. coli)
as glycolysis, to organism-specific pathways for complete oxidation of glucose to carbon dioxide
and water as respiration, and to the preference for incomplete oxidation of glucose in the presence
of oxygen as the Warburg Effect. Respiration can yield more than an order of magnitude more
ATP per molecule of glucose than glycolysis. The rationale for why cells prefer a lower ATP-
yielding glycolysis and thus seemingly less efficient pathway for ATP production in the presence
of oxygen has remained elusive.

Currently, no hypothesis is widely accepted to describe why the Warburg Effect occurs®=S.
Warburg himself proposed that high glycolysis rates in cancer cells were due to an impairment in
respiration?. However, numerous studies have since demonstrated a prominent role of respiration
in ATP production during cell proliferation’®. Others have proposed that the transition from
respiration to glycolysis in proliferating cells could be a mechanism to limit reactive oxygen
species production®!?, to satisfy the demand for biosynthetic precursors'’!2, to regulate the
NADH:NAD" redox balance!*!3, or to help yeast out-compete other microorganisms by rapidly
consuming glucose!¢. Our hypothesis builds on two sets of observations. First, a trade-off between
yield and rate for ATP-producing pathways has been explored in theoretical studies, highlighting
the advantages of high rate over high yield ATP-producing pathways under some conditions!”-!%.
Second, several studies proposed competition for limited resources as an explanation for the
Warburg Effect. In E. coli, it has been suggested that competition for plasma membrane area drives
glycolysis, where glycolysis can produce more ATP per unit of limiting membrane area!® since
glucose transporters occupy less membrane space than the respiratory chain enzymes. Several
studies proposed that glycolysis might be more proteome efficient than respiration, and a switch
to glycolysis allows rapidly growing cells to allocate more of their proteome to ribosomes or other
enzymes required for rapid growth?’-2!, Similarly, it has also been suggested that the diversity of
glycolytic pathways in prokaryotes may represent a tradeoff between ATP yield and the enzyme
mass needed to support the pathway flux?2,

The current hypotheses for why the Warburg Effect occurs have three limitations that we sought
to address in this study. First, the current hypotheses assume that the Warburg Effect occurs in
proliferating cells while it is well known that it can occur irrespective of growth?*-26, Second, most
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of the hypotheses are specific to one organism, which limits their ability to provide a unifying
explanation for its occurrence in E. coli, S. cerevisiae, and mammalian cells. Finally, none of the
proposed hypotheses can quantitatively predict absolute rates of glycolysis and respiration for a
diverse set of organisms and conditions as would be required for a working theory.

Here we propose and test a unifying hypothesis for the occurrence of the Warburg Effect-like
metabolism in E. coli, S. cerevisiae, and mammalian cells. We propose that the Warburg Effect is
the result of the optimization of energy metabolism, specifically with respect to producing ATP at
a maximal rate for a given glucose availability. To test our hypothesis, we developed a
mathematical model that contains only five parameters including yield and specific activity of
respiration and glycolysis, and maximal proteome fraction that can be occupied by ATP-producing
enzymes. We estimated the values of these five parameters from experiments (i.e., our model has
no free parameters) and showed that our model can quantitatively predict the onset of the Warburg
Effect, as well, glycolytic and respiration rates under various conditions in E. coli, S. cerevisiae,

and mammalian cells irrespective of growth rate.
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Figure 1 -- Model predicts theoretical conditions for onset of the Warburg Effect

a) [llustration of model. b) Overview of mathematical model. ¢) Preferred ATP-producing pathways if parameters of
yield of ATP per molecule of glucose (y) and the specific activity of ATP production (y - V) are both higher for
respiration, d) both higher for glycolysis, e) or if the yield is higher for respiration (Vyesp > Vgi1yc), but the specific
activity of ATP production is higher for glycolysis (Vyesp * Viesp < Ygiye * Vgiye)- In each case, the maximal ATP
production rate is represented for the dashed line.

Results
Model that maximizes ATP production rate leads to the Warburg Effect
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We propose a hypothesis that the Warburg Effect results from cells switching between glycolysis
and respiration to achieve maximal ATP production rates at different environmental conditions.
Cells have to obey three biochemical constraints while optimizing ATP production (Fig. 1a): 1)
glucose and oxygen consumption are limited by glucose and oxygen availability in the surrounding
media, ii) a finite fraction of proteome is dedicated to ATP-producing enzymes while the protein
concentration of the cell remains constant as has been experimentally observed?’ 3!, and iii) the
maximal ATP production rate by glycolysis or respiration pathways is limited by respective
enzyme kinetics. To describe the maximal ATP production rate by respiration or glycolysis, we
introduce a new metric that we call the specific activity of the pathway. We define the specific
activity of the pathway as mmol of product produced (or substrate consumed) per hour by g of
pathway protein by analogy with a widely used specific activity of enzymes defined as pmol
product produced per min per mg of enzyme. We assume that cells are free to shift the relative
rates of glycolysis and respiration through a combination of changes in the expression of enzymes
and transporters, post-translational modifications, and allosteric regulation as long as the above
constraints are satisfied.

To test the feasibility of our hypothesis, we constructed a mathematical model (Fig. 1b). Our aim
was to keep the mathematical model as simple as possible to keep the interpretation of results
straightforward. The main output of the model is the prediction of glycolysis and respiration rates

that lead to maximal ATP production rate V;/AT», with units of mmol ATP per g cellular protein per

hour under the constraints described above. The V/4TP is a sum of the ATP production rate from

glycolysis ngg‘g and the ATP production rate from respiration Vr‘;‘sT;,’

ATP __ y7ATP ATP
Vtotal — Yglyc + Vresp (1)

The V35, and V;41F are the product of the specific activity of glucose consumption (Vg;y or Vs
with units of mmol glucose per g pathway protein per hour), the ATP yield per molecule of glucose

(Ygiyc O Vresp), and the fraction of the proteome that is occupied by respective pathway enzymes

(¢g lyc or ¢resp)
(2)

ATP __ . .
Vglyc - Vglyc )/glyc ¢glyc

3)

ATP _ . .
Vresp - Vresp Vresp ¢resp

Substituting equations 2 and 3 into equation 1 then describes the cellular VATF, which is the

objective function of the model

thgz:gl = Vglyc “Yglyc ¢glyc + V;"esp “Yresp ¢resp 4)
The model uses linear programming to find the values of ¢, and ¢4, that produce maximal

VAP, for a given glucose uptake rate. The objective function is subject to two mathematical

constraints. First, the fraction of the proteome that is occupied by the sum of glycolysis (¢ferm)
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and respiration (¢yesp) enzymes must not exceed the maximal fraction of proteome dedicated to

ATP-producing enzymes (¢,

ATP
¢glyc + ¢resp < ¢total (5)
Second, the sum of glucose consumption rates by glycolysis and respiration must not exceed the
given maximal glucose uptake rate (V,;?Cllicose)
l
Vglyc ’ ¢glyc + V;"esp ’ ¢resp < Vrr?aljccose (6)

Our model predicts that if both the yield of ATP per molecule of glucose (y) and the specific
activity of ATP production (V' - y) are higher for one pathway over another (€.€., Vresp > Vgiyc
and Viesp * Vresp > Vgiye * Ygiye)s then that pathway will be the preferred ATP-producing
pathway regardless of glucose availability (Fig. 1c,d). However, if the yield of ATP per molecule
of glucose is higher for respiration (Vyesp > Vgiyc), While the specific activity of ATP production
is higher for glycolysis (Vyiyc * Vgiye > Vresp * Vresp )» then respiration produces ATP faster at
low glucose uptake rates, while glycolysis produces ATP faster at high glucose uptake rates (Fig.
le). In other words, the cell can produce ATP at the fastest rate using high yielding respiration at
low glucose availability (Fig. le and Extended Data Fig. la,e), a mixture of high yielding
respiration and high rate glycolysis at intermediate glucose availability (Fig. 1e and Extended Data
Fig. 1b,c,f,g), or even with glycolysis alone to achieve the maximal ATP production rate (Fig. le
and Extended Data Fig. 1d,h).

Our simple model assumes that glucose is used as the substrate for both glycolysis and respiration;
however, the conclusions stay the same if a saturating concentration of a respiratory substrate other
than glucose is present such as acetate, glycerol, fatty acids, or amino acids (Extended Data Fig. 2
and Supplementary Discussion 1). The latter can be intuitively understood by considering that the
majority of respiratory ATP is produced by tricarboxylic acid (TCA) cycle and electron transport
chain (ETC) enzymes regardless of the specific substrate, and thus, the specific activity of
respiratory ATP production is similar for different substrates.

In summary, our model predicts a transition from respiration to glycolysis as the glucose uptake
rates increases (i.e., the Warburg Effect) under certain combinations of yield and specific activity
of glycolysis and respiration.

Glycolysis produces ATP at a faster rate than respiration

We next estimated the yields and specific activities of ATP production of glycolysis and
respiration to determine if their values fall into the range where our hypothesis predicts the
occurrence of the Warburg Effect (i.. Vresp > Vgiye @0d Viesp * Vresp < Vgiye * Vgiye)- To test
the general applicability of our hypothesis, we chose to focus on three organisms, E. coli, S.
cerevisiae, and mammalian cells, since they span multiple kingdoms of life, exhibit Warburg
Effect-like metabolic switch, have unique bioenergetic pathways, and have been extensively
studied.
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We first compiled the ATP yields of each pathway per molecule of glucose (Extended Data Table
2). Glycolysis yields two molecules of ATP per glucose (ygyyc) for E. coli, S. cerevisiae, and
mammalian cells. In addition to glycolysis, E. coli can utilize the respiro-fermentative Pta-AckA
pathway>2-3* that uses glycolysis and ETC but not TCA cycle enzymes to produce acetate and
carbon dioxide with a yield of 11 ATP per molecule of glucose. All three organisms have unique
ATP yields per molecule of glucose for respiration (¥;esp) due to the variable proton pumping
ability of their ETC complexes as well as the proton / ATP stoichiometry for their ATP synthases.
While the maximum theoretical yield for respiration is well-known for all three organisms, the
actual yield is uncertain due to the presence of the proton leak®. For mammalian cells, we
estimated the proton leak to be 25% using the oxygen consumption data (Extended Data Table 3).
The ATP yield for mammalian respiration is then 28 ATP per glucose. Due to a lack of independent
estimates, we also assumed 25% proton leakage for E. coli and S. cerevisiae, yielding 24 and 20
ATP per glucose, respectively. In summary, respiration yields 12- (2.2- for Pta-AckA pathway),
10-, and 14-fold more ATP per glucose than glycolysis in E. coli, S. cerevisiae, and mammalian
cells, respectively (Extended Data Fig. 4a-c).

Next, we used two orthogonal approaches to estimate whether the specific activity of ATP
production for glycolysis is larger than for respiration (i.e., Viesp * Vresp < Vgiye * Vgiyc)- In the
first approach, we estimated the specific activities of the pathways by summing up specific
activities of individual enzymes that make up the pathway adjusted for pathway stoichiometry. We
made a simplifying assumption that the kc.; of enzymes in glycolysis and respiration are similar so
that they will cancel out when we look at the ratios of pathway specific activities. Therefore, the
ratio of the specific activities of ATP production of glycolysis and respiration would be driven by
differences in molecular weights of individual enzymes, pathway stoichiometries and yield of ATP
per glucose.

yglyc ’ Vglyc _ yglyc ’ Z?:l MVViresp ) StOiCh:esp
Vresp " Vresp  Vresp * STy MW - Stoich9™*
This approach is a conservative estimate since (1) we assumed the rates of all enzymes are equal,
when the ETC complexes are typically slower than glycolytic enzymes and (2) our approach only

considered the total molecular weight of core ETC proteins and does not include other
mitochondrial proteins that are required for biogenesis and maintenance of mitochondria.

(7

Adjusting for slower ETC enzyme rates or adding other mitochondrial proteins would further
increase the ratio of specific activity of ATP production of glycolysis to respiration.

The estimates based on the first approach show that, despite a much larger ATP yield per glucose
for respiration compared to glycolysis, the molecular weight and stoichiometry of respiratory
enzymes are so large that the ratio of specific activities of ATP production of glycolysis to
respiration are 0.8 (1.1 for Pta-AckA pathway), 2, and 2 for E. coli, S. cerevisiae, and mammalian
cells, respectively (Fig. 2a-c). Extended Data Fig. 3 illustrates the large mass and stoichiometry
differential of the two ATP-producing pathways in E. coli, S. cerevisiae, and mammalian cells.
For the second approach, we used experimental data to estimate the specific activities of ATP
production of glycolysis and respiration (Extended Data Fig. 4g-1). The specific activity of glucose
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consumption was calculated by taking the maximal cellular glucose consumption rate by a given
pathway (mmol glucose per gram of cellular protein per hr) and dividing it by the fraction of the
proteome occupied by the pathway (¢ gy OF Presp)

Max cellular glyc/resp rate

Vg lyc/resp —

®)

We determined the maximal glycolysis and respiration rates for E. coli, S. cerevisiae, and
mammalian cells by compiling an extensive dataset from 38 independent publications containing
57 measurements of production rate of glycolysis products (i.e, acetate, ethanol, lactate) and
oxygen consumption rates, which were converted to glucose consumption rate using known

¢glyc/resp

stoichiometry of the pathways (Extended Data Table 1). For each organism, we calculated ¢y,
and ¢,y from proteomics data (Extended Data Fig. 4d-f; Extended Data Table 4). We made
corrections to .5, to account for mitochondrial proteins that are required for mitochondrial
biogenesis and function but are not core respiration components by including into ¢,y
mitochondrial proteins whose expression was significantly (p < 0.05) and positively correlated (p
> ()) with the sum of the TCA and ETC proteins. In addition, we corrected proteomics data for E.
coli and S. cerevisiae grown in minimal media by subtracting fractions of glycolysis and the TCA
cycle that are used for biosynthesis. We note that like the first approach, this estimation is
conservative as membrane-bound ETC complexes are expected to be underrepresented in
proteomics data. We also did not correct for the use of glycolysis and TCA cycle for biosynthesis
in rich media, and we did not include all mitochondrial proteins in ¢,,. Correcting for any of
these observations would further increase the ratio of specific activities of ATP production by
glycolysis to respiration.

The estimates from the second approach are consistent with the first approach and show that the
ratios of specific activities of ATP production of glycolysis to respiration are 0.3 (1.5 for Pta-AckA
pathway), 1.4, and 4.8 for E. coli, S. cerevisiae, and mammalian cells, respectively (Fig. 2a-c). In
addition to the ratios, the second approach also yielded absolute values of specific activities of
ATP production (Fig. 2d-f). We note that the specific activities of ATP production increase from
mammalian cells to S. cerevisiae to E. coli by over an order of magnitude for respiration and four-
fold for glycolysis, suggesting that there might be an evolutionary pressure in microbes to increase
the specific activity of ATP production pathways.

In summary, we used two independent approaches to show that the specific activity of ATP
production by glycolysis is 0.3-0.8-fold (1.1-1.5-fold for Pta-AckA pathway), 1.4-2-fold, and 2-
4.8-fold faster than respiration in E. coli, S. cerevisiae, and mammalian cells, respectively. To the
best of our knowledge, these are the only estimates of the specific activities of ATP production for
any organism. Previously, Basan et al. 2! estimated the ratio of specific activity of ATP production
of Pta-AckA pathway vs respiration in E. coli (called ratio of proteome efficiencies & /¢, in that
study) to be 1.5, consistent with our estimate of 1.1-1.5. Our estimates for ATP yield (Vresp >

Ygiyc) and specific activity of ATP production (Viesp * Vresp < Vgiye * Vgiye) satisfied the

lyc
parameter requirements in which our model predicts the switch from respiration to glycolysis for
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respiro-fermentative Pta-AckA pathway in E. coli, and redox-neutral fermentative glycolysis in S.
cerevisiae and mammalian cells. Importantly, our results do not predict a benefit for switching
from respiration to redox-neutral fermentative glycolysis in E. coli. Thus, in addition to explaining
why S. cerevisiae and mammalian cells exhibit the Warburg Effect, our hypothesis provides an
explanation for why E. coli exclusively use the respiro-fermentative Pta-AckA pathway in the
presence of oxygen and not redox-neutral fermentative glycolysis as is the case for S. cerevisiae,
and mammalian cells.
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Figure 2 — Pathway-specific ATP production rates for E. coli, S. cerevisiae, and mammalian cells

a) Ratio of the maximal ATP production rate using estimates of cumulative molecular weight of the pathway or and
experimental estimate of the maximal pathway rate for glycolysis (red) or the Pta-AckA pathway (green) in E. coli.
b,c) Ratio of the maximal ATP production rate using estimates of cumulative molecular weight of the pathway or and
experimental estimate of the maximal pathway rate for glycolysis in S. cerevisiae and mammalian cells, respectively.
d) Maximal ATP production rate (mmol gpaway™' hr!) for fermentative glycolysis (red), Pta-AckA pathway (green),
and respiration (blue) for E. coli. e,f) Maximal ATP production rate (mmol gpamway™ hr'!) for fermentative glycolysis
(red) and respiration (blue) for S. cerevisiae and mammalian cells, respectively. Error bar is the 95 percent confidence
interval calculated from 10000 bootstrap iterations.

Model quantitatively predicts the onset of Warburg Effect

Having demonstrated that our hypothesis predicts the benefit of the Warburg Effect, we next tested
whether our model is able to quantitatively predict the onset of the Warburg Effect as well as
glycolysis and respiration rates measured under different experimental conditions in E. coli, S.
cerevisiae, and mammalian cells. The additional model parameter that we needed for this test was
the total fraction of the proteome dedicated to ATP-producing enzymes (¢;y¢4:) that we estimated
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from proteomics data (Extended Data Fig. 4d-f). We used glucose uptake rate as the only input.
For each given glucose uptake rate, the model used the four organism-specific model parameters
as described in the last section (Vgiyc, Vresps Vgiyc» and Vegp) and the total fraction of the proteome
dedicated to ATP-producing enzymes (¢;otq;) to determine the onset of the Warburg Effect as
well as the glycolysis and respiration rates that allow cells to achieve a maximal ATP production
rate (Fig. 3). We have manually compiled an extensive dataset of glucose uptake, glycolysis
byproduct production, and respiration rates from 29 publications containing different strains, cell
types, and experimental conditions to test the general applicability of our hypothesis (Extended
Data Table 5). We want to highlight three important points before describing the results: (1) Figure
3 shows the predictions of the model (shaded region or line) over experimental data (points) with
no model fitting, (2) model parameters were estimated from different experiments, (3) model
equations were the same across organisms and model parameters (¢¢otar> Vgiyes Vresps Vgiye> and
Vresp) for each organism were those described in the previous section, (4) our hypothesis assumes

that the proteome fraction allocated to ATP-producing enzymes ¢;,¢,; is a constant value as we
wanted to keep our model as simple as possible, but it is known that ¢;,:,; can change under
different conditions?!-¢,
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Figure 3 — Organism-specific model predictions of the Warburg Effect
a,b,c) Comparison of the model prediction (shaded region) for the glucose uptake rate in which glycolysis occurs
d,e,f) Comparison of model predictions (lines) and experimental observations (points) for glycolysis (red) and
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respiration (blue) rates of E. coli, S. cerevisiae, and mammalian cells, respectively. Note that each unique point shape
represents data from a distinct publication.

Our model was able to accurately predict the glucose uptake rate range where the Warburg Effect
is observed (Figure 3a-c). Furthermore, our model accurately predicted the absolute rates of
acetate, ethanol, and lactate production, and oxygen consumption over a two-order of magnitude
range of glucose consumption rates in E. coli, S. cerevisiae, and mammalian cells (Figure 3d-f).
Most of the experimental data are within the 95% confidence interval of model predictions,
especially given the experimental errors of data points not displayed here for clarity. We note that
for E. coli our predictions of acetate production and respiration at a low glucose uptake rate were
accurate, but our simple model overestimated the point where the shift to acetate production occurs
by ~30%, which we speculate is due to the known decrease in the proteome fraction allocated to
ATP-producing enzymes ¢ ,:q; at high glucose availability?!-¢. We verified that the results for S.
cerevisiae and mammalian cells are largely unaffected if we use only the core respiratory enzymes
or the full mitochondrial proteome to estimate ¢4t and V..p, showing that our conclusions are
independent of our assumptions about mitochondrial proteome fraction that is tied to ATP-
production (Extended Data Fig. 6). The latter is in part expected as changing the mitochondrial
proteome fraction that is tied to ATP production will affect the specific activity V.., and the

fraction of the proteome dedicated to ATP-producing enzymes ¢;,:q; in the opposite directions,
thus, partially canceling each other out.

Model predicts the onset of Warburg Effect independent of growth rate

Our hypothesis proposes that glucose availability and not the growth rate is driving the onset of
the Warburg Effect. To tease apart the role of growth rate and glucose availability, we have used
E. coli and S. cerevisiae datasets from nitrogen, and phosphorus-limited growth conditions where
glucose uptake rate and growth rate diverge significantly. In these datasets, the correlation between
growth rate and glycolysis is weak (p = 0.47 and p = 0.41 for E. coli and S. cerevisiae, respectively)
(Fig. 4a,b) as compared to the correlation between the glucose uptake rate and glycolysis (p = 0.70
and p = 0.99, respectively) (Fig. 4c,d). Our model accurately predicted the relationship between
the glucose uptake and glycolysis rates in S. cerevisiae irrespective of growth rate (Fig. 4d). For
E. coli, our model once again overestimated the shift to acetate production, which we believe is
due to a known decrease in the proteome fraction allocated to ATP-producing enzymes ¢;,¢q; at
high glucose availability and, separately, under nitrogen-limited conditions®’ (Fig. 4b). These
results suggest that, under nitrogen- and phosphorus-limited conditions in E. coli and S. cerevisiae,
glycolysis is utilized as a major ATP production strategy as compared to the glucose-limited
culture with the same growth rate due to the excess availability of glucose (Fig. 4c,d). A hypothesis
dependent on growth rate instead of glucose availability would fail to capture this phenomenon.
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Figure 4— The Warburg Effect occurs independent of growth rate

a) E. coli growth rate (hr'!) vs. the observed acetate production rate (mmol per g cellular protein per hr) or b) glucose
consumption rate (mmol per g cellular protein per hr) for carbon- and nitrogen-limited cultures (grey and yellow,
respectively). ¢) S. cerevisiae growth rate (hr!) vs. the observed ethanol production rate (mmol per g cellular protein
per hr) or d) glucose consumption rate (mmol per g cellular protein per hr) for carbon-, nitrogen-, phosphorus-limited
cultures (grey, yellow, green, respectively). Note that each unique point shape represents data from a distinct
publication

Conclusion

In summary, we propose and test a hypothesis that the Warburg Effect arises from the optimization
of energy metabolism in which the cell maximizes the ATP production rate for a given glucose
availability. Our results suggest that while respiration has a higher yield of ATP per molecule of
glucose, the ATP production rate per pathway mass is higher for Pta-AckA pathway in E. coli, and
redox-neutral fermentative glycolysis in S. cerevisiae, and mammalian cells. In other words,
glycolysis is more compact than respiration, which allows glycolysis to produce ATP faster than
respiration when both pathways occupy the same fraction of the proteome and excess glucose is
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available. Our hypothesis also explains the preferential use of the Pta-AckA pathway in E. coli as
only the Pta-AckA pathway, and not redox-neutral fermentative glycolysis, can produce ATP at a
faster rate than respiration in E. coli. Our conclusions are strongly supported by our mathematical
model that quantitively predicted the onset of the Warburg Effect as well as absolute rates of
acetate, ethanol, and lactate production, and oxygen consumption under a large range of
experimental conditions in three distinct model organisms. Importantly, our model suggests that
the onset of glycolysis occurs irrespective of growth, but instead due to an excess of glucose
relative to the quantity that respiration can utilize. The ability of our hypothesis and corresponding
model to make quantitative predictions using only five experimentally determined parameters
provides a path for further validation of our hypothesis with additional experiments to improve
estimates of the five model parameters and to generate more data connecting glucose uptake rate
to glycolysis and respiration rates under different experimental conditions. Finally, we believe that
our hypothesis can be used to explain a host of other observations beyond the Warburg Effect and
Pta-AckA pathway preference, including the use of glycolysis by fast-twitch muscle cells*>?® and
the use of proton-pumping (high yield) and non-proton pumping (high rate) respiratory chain
components under different conditions that is ubiquitous among microbes.

Supplementary Information is available for this paper.
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