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Most cancer cells exhibit high glycolysis rates under condi-
tions of abundant oxygen. Maintaining a stable glycolytic rate is
critical for cancer cell growth as it ensures sufficient conversion
of glucose carbons to energy, biosynthesis, and redox balance.
Here we deciphered the interaction between PKM2 and the
thermodynamic properties of the glycolytic pathway. Knocking
down or knocking out PKM2 induced a thermodynamic equil-
ibration in the glycolytic pathway, characterized by the recip-
rocal changes of the Gibbs free energy (AG) of the reactions
catalyzed by PFK1 and PK, leading to a less exergonic PFK1-
catalyzed reaction and a more exergonic PK-catalyzed reac-
tion. The changes in the AGs of the two reactions cause the
accumulation of intermediates, including the substrate PEP (the
substrate of PK), in the segment between PFK1 and PK. The
increased concentration of PEP in turn increased PK activity in
the glycolytic pathway. Thus, the interaction between PKM2 and
the thermodynamic properties of the glycolytic pathway main-
tains the reciprocal relationship between PK concentration and
its substrate PEP concentration, by which, PK activity in the
glycolytic pathway can be stabilized and effectively counteracts
the effect of PKM2 KD or KO on glycolytic rate. In line with our
previous reports, this study further validates the roles of the
thermodynamics of the glycolytic pathway in stabilizing glycol-
ysis in cancer cells. Deciphering the interaction between glyco-
lytic enzymes and the thermodynamics of the glycolytic pathway
will promote a better understanding of the flux control of
glycolysis in cancer cells.

Warburg effect is a metabolic hallmark of rapidly proliferating
cancer cells, characterized by high glycolysis rates even under
ample oxygen (1). The glycolytic rate in cancer cells is much
higher than that in normal differentiated cells (2, 3). The high rate
of glycolysis has three major metabolic purposes to support the
rapid growth of cancer cells (4). Firstly, the fast degradation of
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glucose transfers the energy to produce ATP. Secondly, the in-
termediates in the glycolysis flux shuttle to metabolic branches
subsidiary to glycolysis for biosynthesis, for example, G6P is used
to generate NADPH and ribose-5-phosphate through pentose
phosphate pathway, DHAP is used to generate glycerol
3-phosphate, 3-PG is used to generate serine via serine synthesis
pathway, and among others. Finally, NADPH generated from the
oxidative branch of the pentose phosphate pathway is the major
reducing power not only for supporting biosynthesis but also for
maintaining redox homeostasis.

Hence, a stably high rate of glycolysis is important for
supporting the rapid proliferation of cancer cells. Maintaining
such a stable rate depends on two factors. The first factor is the
glycolytic enzymes, whose activities should be sufficiently high
to keep the rate. In cancer cells, glycolytic enzymes are over-
expressed (4, 5). The second factor is the thermodynamic
properties of the glycolytic pathways, but its role in the flux
control of glycolysis is not well understood. We hypothesize
that the glycolytic enzymes and thermodynamic properties in
the glycolytic pathway tightly coordinate with each other and
through this coordination, the glycolytic rate may be stabilized
even when individual glycolytic enzymes are perturbed. We
used PKM2 knockdown as a model to test this hypothesis. The
rationale for choosing PKM2 as a model is based on the
following: firstly, the activity of PKM2 in cancer cells is highly
sensitive to regulations, including expression, allosteric regu-
lation, posttranslational modification, oxidation (6-17); sec-
ondly, PKM2 is considered as the last rate-limiting enzyme in
the glycolysis (6-9), as it catalyzes a highly exogonic reaction;
thirdly, according to previous reports, PKM2 inhibition may
lead to two possible consequences: glycolytic rate is sensitive
(6—17) or resistant (18-20) to PKM2 perturbation, but the
underlying mechanisms are not provided.

Despite the remarkable progress in understanding the role
of PKM2 in glycolysis, we noticed that the thermodynamics of
the glycolytic pathway were not taken into consideration in
previous studies. In theory, rate control is an issue of both
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kinetics and thermodynamics. Recently, we found that when
the glycolytic enzyme GAPDH is knocked down or inhibited
by iodoacetate (a GAPDH inhibitor), it induces concentration
changes in the glycolytic intermediates, which are controlled
by the built-in thermodynamic properties of the glycolytic
pathway (AGs of the reactions along the glycolytic pathway)
(21). The thermodynamic properties allow an automatic
regulation of the concentration of GA3P (the substrate of
GAPDH) and the concentration of GAPDH: As GAPDH
concentration decreases, GA3P concentration increases, and
vice versa. Knocking down another glycolytic enzyme, PGK1,
yielded the same results (22). These studies reveal the role of
thermodynamics of the glycolytic pathway in stabilizing the
rate of glycolysis. By analogy, the thermodynamic properties of
the glycolytic pathway may also stabilize the rate of PKM2 in
the glycolytic pathway. However, PKM2 is different from
GAPDH and PGK1 in two aspects: The reactions catalyzed by

GAPDH and PGK1 in the glycolysis pathway are at near-
equilibrium states, whereas PKM2 catalyzes a highly exer-
gonic reaction (AG < -20 kJ/mol), far from equilibrium (21,
22); Secondly, PKM2 is regulated by multiple intracellular
allosteric regulators. If thermodynamic properties in the
glycolysis pathway could stabilize the rate of this critical step of
glycolysis, it would further highlight its role in glycolysis.

Results

No or marginally significant effects of PKM2 KD or KO on
glycolytic rate

The first question addressed in this study is whether PKM2
knockdown would significantly affect the steady-state rate of
glycolysis. To investigate this, PKM2 in HeLa was knocked
down by 80% (Fig. 1A4), resulting in a 70% decrease in total PK
activity (Fig. 1A4). This difference is anticipated because, in
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Figure 1. PKM2 KD or KO does not significantly affect the glycolytic rate in cancer cells. A, Western blot of PKM2 and enzyme activity of PK of HeLa-NC
and Hela-siPKM2 cells. B, glucose consumption rate and lactate generation rate of HeLa-NC and Hela-siPKM2 cells. Cells were cultured in a complete RPMI-
1640 medium for 4 h, then glucose concentration and lactate concentration in the culture medium were measured and the rates were calculated. C, tracing
glucose carbon to lactate. After 48 h after siRNA transfection, HeLa-NC cells and HeLa-siPKM2 cells were incubated with 6 mM ["*C¢lglucose for 9 h, the
medium was collected and the percentages of generated lactate isotopologues were measured by LC-MS as described in Materials and Method under the
subheading of “Isotopic lactate determination by LC-MS/MS”. D, Western blot of PKM2 and enzyme activity of PK of HeLa-px459 and HelLa-PKM2-KO cells. E,
glucose consumption rate and lactate generation rate of HeLa-px459 and HelLa-PKM2-KO cells. F, PK activities of four cancer cell lines with or without PKM2
KD. G, Western blot of PKM2 of four cancer cell lines with or without PKM2 KD. H and /, glucose consumption rate and lactate generation rate of control and
PKM2 KD cells. Data represent the mean + SD of three independent experiments with each experiment performed in triplicates.
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addition to PKM2, HeLa cells also contain other PK isoforms.
The glycolytic rate (glucose consumption and lactate pro-
duction) of HeLa-siPKM2 was not significantly different from
that of HeLa-NC (Fig. 1B). There may be two reasons for this.
The first reason is that after PKM2 is knocked down, the
expression of other glycolytic enzymes in cells may be
increased, which offsets the knockdown of PKM2. This pos-
sibility was ruled out because the activities of other glycolytic
enzymes of HeLa-siPKM2 were not significantly different from
those of HeLa-NC (Table S1). The second reason is that some
lactate may be derived from other metabolic pathways, which
masked PKM2-KD-induced decrease of glycolytic rate. By
means of ['?Cg]-glucose tracing, we observed that the per-
centage of m3-lactate produced by HeLa-NC and HelLa-
siPKM2 was not significantly different (Fig. 1C). Thus, the
results support that PKM2 KD did not significantly affect the
glycolytic rate in HeLa cells.

We are curious if the residual PK activity in PKM2 KO cells
could maintain steady-state rate of glycolysis. We then
knocked out PKM2 in HeLa cells. In HeLa-PKM2-KO cells,
PKM2 was not detected (Fig. 1D), but 18% residual PK activity
remained (Fig. 1D). Glucose consumption was not significantly
altered in HeLa-PKM2 KO cells compared to control, and
lactate production was only reduced by about 10% (Fig. 1E).
The results demonstrated that even in the absence of PKM2,
the residual PK activity can still maintain the glycolytic rate.

To verify that the results based on HeLa cells are not a
special case, we knocked down PKM2 in four other cell lines,
including (Human lung cancer cell line A549, gastric cancer
cell line MGC80-3, liver cancer cell line SK-HEP-1, colon
cancer cell line RKO). The results demonstrated that PKM2
knockdown selectively and significantly decreased PK activity
(Fig. 1 F and G), but did not significantly affect the activities of
other glycolytic enzymes (Table S1). Similar to HeLa cells,
PKM2 KD did not significantly affect the rate of glycolysis
(glucose consumption and lactate production) in these cells
(Fig. 1 H and 1).

The above results demonstrated that PKM2 KD caused a
large drop in PK concentration, but did not cause a significant
change in the rate of glycolysis, indicating that there is no
dose-effect relationship between the glycolysis rate and the
concentration of PKM2, suggesting that the large change in
PKM2 concentration did not affect the actual activity of PK in
the glycolysis pathway. Moreover, the PKM2 KO experiments
demonstrated that even in the absence of PKM2, the residual
PK activity still could maintain the glycolytic rate. The results
are consistent with previous studies reported by us (18) and
others (20). However, this raises another question: how the
actual activity of PK is maintained in the glycolytic pathway.

The reciprocal relationship between the concentration of PK
and the concentration of its substrate PEP

Although PKM2 is the dominant isoform in cancer cells,
other PK isotypes (PKL, PKR, and PKM1) also exist (12, 23).
We did Western blotting to detect the expression of these
isoenzymes. The band of PKM2 was dominant, the band of
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PKLR (PKL + PKR, note that the antibody used cannot
distinguish PKL from PKR) was appreciable, while the band of
PKM1 was faint (Fig. S1).

Given that pyruvate kinase (PK) in these cancer cell lines
comprises PKM1, PKM2, PKL, and PKR, the activity of PK
within the glycolytic pathway is contributed by all four iso-
enzymes. The actual activity of PK in the glycolytic pathway is
determined not only by the concentrations of PK but also by
its substrate PEP. Although PKM2 KD or KO decreased the
concentrations of PK, it may induce an increase in the con-
centrations of PEP and ADP, the substrates of PK. The
increased concentration of PEP and ADP may maintain the
actual activity of PK by counteracting the reduced concen-
tration of PK. The concentrations of PEP in HeLa-NC and
HeLa-siPKM2 were 0.07 and 0.21 mM, respectively, while the
ADP concentrations in HeLa-NC and HeLa-siPKM2 were
comparable without significant difference (Fig. 2A4), hence it is
the concentrations of PEP but not ADP that affect the PK
activity. According to the kinetics of PK versus PEP (Fig. 2B),
the slope of the kinetic curve in the range of PEP concentra-
tion between 0.07 and 0.21 mM was steep, thus the increased
concentration of PEP in HeLa-siPKM2 may markedly increase
the catalytic velocity of PK and may compensate the decreased
concentration of PK. To consolidate the argument, we did an
enzyme assay to measure the activity of PK, in which the
concentration of PEP was set at the cellular concentration of
PEP, i.e., the activity of PK in the cell lysate was assayed at a
PEP concentration of 0.07 and 0.21 mM for HeLa-NC and
HeLa-siPKM2, respectively. Under such conditions, the ac-
tivity of PK in the cell lysate prepared from HeLa-siPKM2 was
even significantly higher than that from HeLa-NC (Fig. 2C).

PKM2 KO significantly elevated the concentration of PEP
but not ADP (Fig. 2D). When measuring the activity of PK in
the cell lysate prepared from HeLa-PKM2-KO and HeLa-
px459 using their cellular concentration of PEP (0.25 mM,
and 0.08 mM, respectively, for HeLa-PKM2-KO and HeLa-
px459), there was no significant difference from each other.
(Fig. 2E).

Then, we did the same experiments on four other cancer
cell lines, PKM2 KD significantly increased the concentrations
of PEP but not ADP (Fig. 2, F-I), and it did not significantly
reduce the activity of PK when assayed at their cellular con-
centration of PEP (Fig. 2, J-M).

Collectively, PKM2 KD or KO induced an increase in PEP
concentrations in the tested cancer cells, and the increased
concentration of PEP could compensate for the reduced con-
centration of PK. The next question is: since the actual activity
of PK in the glycolytic pathway is determined by both con-
centrations of PK and PEP, when PK is perturbed, how is the
concentration of PEP regulated in the glycolytic pathway.

The built-in thermodynamic properties in the glycolytic
pathway and the auto-equilibration of the intermediate
concentrations in the glycolytic pathway

The built-in thermodynamic properties in the glycolytic
pathway refer to the reaction quotients (Qs) and AGs of the
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Figure 2. PKM2 KD- or KO-induced elevation of PEP concentration compensate the decreased concentrations of PK. A, PEP and ADP concentrations
in HeLa-NC and HeLa-siPKM2 cells. B, kinetics of recombinant PKM2 and PK from Hela lysate versus PEP concentrations. C, Actual PK activity was measured
at cellular PEP concentrations for HeLa-NC lysate (0.07 mM) and HelLa-siPKM2 lysate (0.21 mM) cells. D, PEP and ADP concentrations in HelLa-px459 and
HelLa-PKM2-KO cells. E, Actual PK activity was measured at cellular PEP concentrations for HeLa-px459 lysate (0.07 mM) and HeLa-PKM2-KO lysate (0.25 mM).
F-I, PEP and ADP concentrations in control and PKM2 knockdown cells of A549, MGC80-3, RKO, and SK-HEP-1. J-M, PK activity in the cell lysates measured at
their corresponding cellular PEP concentrations (PEP concentrations for A549 with or without PKM2 KD, 0.07 and 0.05 mM; PEP concentrations for MGC80-3-
C with or without KD, 0.23 and 0.14 mM; PEP concentrations for RKO with or without PKM2 KD, 0.11 and 0.05 mM; PEP concentrations for SK-HEP-1 with or
without PKM2 KD, 0.15 and 0.09 mM). Data represent the mean + SD of three independent experiments with each experiment performed in triplicates.

reactions along the glycolytic pathway. We measured the
concentrations of the glycolytic intermediates in HeLa-
siPKM2 and HeLa-NC cells. The concentrations of PEP, 2-
PG, 3-PG, GA3P, DHAP, and FBP were significantly higher
in HeLa-siPKM2 than HeLa-NC (Fig. 34, the upper left panel).
These glycolytic intermediates were located in the segment
between PK and PFK1 (Fig. 3A, the lower panel). The con-
centrations of other intermediates including G6P, F6P, pyru-
vate, NAD, NADH, ADP, and ATP were not significantly
changed. This pattern of the concentration change of the
glycolytic intermediates was also seen in HeLa-PKM2-KO
(Fig. 3A, the upper right panel) and other PKM2 KD cells,
including A549-siPKM2, MGC80-3-siPKM2, RKO-siPKM2,
and SK-HEP-1-siPKM2 (Fig. S2A).

Figure 3, B and C are the Q values and AG values of the
reactions along the glycolytic pathway in HeLa-NC &
HeLa-siPKM2 and HeLa-px459 & HeLa-PKM2-KO, where
Qs are calculated using the measured data of the inter-
mediate concentrations (Fig. 3A) and the AGs are calcu-
lated by inserting Q values into the equation of Gibbs free
energy.

The thermodynamic properties in the glycolytic pathway are
similar between HeLa-NC and HeLa-siPKM2. In the pathway,
three reactions catalyzed by HK2, PFK1, and PK are highly
exogonic, providing the driving force for glucose converting to
pyruvate in the pathway (Fig. 3B, right panel). The AG of the
reaction catalyzed by LDH is about -7.8 kJ/mol, which is
thermodynamically favorable for converting pyruvate + NADH

4 Biol. Chem. (2024) 300(9) 107648

to lactate + NAD. The other reactions in the pathway are at a
thermodynamically near-equilibrium state, hence these re-
actions are responsible for maintaining the concentrations of
intermediates, meaning that the concentrations of the glyco-
lytic intermediates in HeLa-NC and HeLa-siPKM2 are in fact
determined by the thermodynamic properties in the glycolytic
pathway.

Despite the similarity, there are differences in thermody-
namics in the glycolytic pathway between HeLa-NC and HeLa-
siPKM2. In HeLa-siPKM2, the AG of the reaction catalyzed by
PK is -28.6 + 0.4 kJ/mol, in contrast to -25.1 + 1.4 kJ/mol in
HeLa-NC, meaning that this reaction is even more exogonic in
HeLa-siPKM2 than in HeLa-NC cells. On the other hand, the
AG of the reaction catalyzed by PFK1 in HeLa-siPKM2 cells
is —=10.8 + 0.9 kJ/mol, in contrast to -13.3 + 1.0 kJ/mol in
HeLa-NC, meaning that this reaction in HeLa-siPKM2 cells is
less exogonic than that in HeLa-NC. The differences could
readily explain that more free energy is accumulated in the
segment between PFK1 and PK in the glycolytic pathway in
HeLa-siPKM2 cells, manifested by the leveled-up Gibbs free
energy between this segment (Fig. 3B, right panel), and more
free energy in this segment is equivalent to more intermediate
accumulated in this segment. This is the thermodynamic basis
underlying the proportional increase of the concentrations of
FBP, DHAP, GA3P, 3-PG, 2-PG, and PEP in the glycolytic
pathway in HeLa-siPKM2.

Based on the built-in thermodynamic properties in the
glycolytic pathway, we could make the following inferences.
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Figure 3. The relationship between PKM2 KD- or KO-induced concentration changes in the intermediates and the thermodynamic properties in
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First, in HeLa-siPKM2, the concentration of PKM2 is sub-
stantially lower than in HeLa-NC, resulting in a decrease in its
catalytic rate. On the other hand, since the upstream rate of
glycolysis is not inhibited, the concentration of PEP (the sub-
strate of PKM2) would increase, which in turn increases the
catalytic rate of PKM2 and eventually restore its catalytic rate.
The immediate upstream of PKM2 is a reaction catalyzed by
enolase, which catalyzes the conversion between 2-PG and
PEP. Because enolase-catalyzed reaction in the glycolytic
pathway is at a near-equilibrium state, an increase in the
concentration of PEP would lead to a proportional increase in
the concentration of 2-PG. By the same analogy, the upstream
of enolase are sequentially PGAM, PGK1, GAPDH, TPI, and
aldolase. Because these reactions in the glycolytic pathway are
all in a near-equilibrium state, the concentrations of 3-PG,
GA3P, DHAP, and FBP were also increased proportionally,
eventually reaching a kinetic and thermodynamic steady state.
Thus, the built-in thermodynamic properties in the glycolytic
pathway are responsible for equilibrating the intermediate
concentrations and autoregulating a reciprocal relationship
between the concentration of PKM2 and the concentration of
PEP: when the concentration of PKM2 reduces, the concen-
tration of PEP increases, and vice versa, enabling a stable ac-
tivity of PKM2 in the glycolysis.

Second, then why the concentrations of G6P and F6P re-
mains unchanged. Some previous reports demonstrated that
PKM2 inhibition can significantly increase the concentrations
of G6P and F6P in the glycolytic pathway in cancer cells (8,
17). In principle, this is unlikely to happen in HeLa cells,
because the AG of PFK1-catalyzed reaction in HeLa-siPKM2 is
still —10.8 kJ/mol, which is far from thermodynamic equilib-
rium. In other words, if PKM2 KD could cause an increase in
[G6P] and [F6P], according to the Gibbs Free Energy equation,
if the intracellular concentrations of ATP, ADP, and F6P were
maintained at cellular levels (Table S2), FBP concentration
would reach as high as 130 mM (e.g,, in HeLa cells); likewise, if
the intracellular concentrations of FBP, ADP, and F6P were
maintained at cellular levels (Table S2), ATP concentration
would be as low as 0.025 mM (e.g., in HeLa cells). This explains
that PKM2 KD-induced distribution of free energy is con-
strained in the segment of the glycolytic pathway between PK
and PFKI.

Finally, when PK resumes its catalytic rate, pyruvate con-
centration in HeLa-siPKM2 and HeLa-NC should be the same,
and indeed there were no significant differences in the
measured values (Fig. 3A upper left panel, Table S2).

The abovementioned findings and analysis were reproduced
in HeLa PKM2 KO model (Fig. 3, A and C) and PKM2 KD
models using other cancer cells (Fig. S2). The AGs of the re-
actions in this segment were at a near thermodynamic equi-
librium state, similar to control cells (Fig. S2C). Thus, the
thermodynamics in the glycolytic pathway responding to
PKM2 KD or KO is similar.

Collectively, we deciphered the thermodynamic basis for the
glycolytic pathway in cancer cells with or without PKM2 KD or
KO and interpreted the interrelationship between PKM2, the
intermediates, and the thermodynamic properties in the

6 . Biol. Chem. (2024) 300(9) 107648

glycolytic pathway. This could rationally explain why PKM2
KD or KO did not significantly or only marginally alter the
glycolytic rate.

Moderate increase of glucose carbon to serine synthesis
pathway in Hela-siPKM2

The above results demonstrated that in PKM2 KD or KO
cells, the concentrations of the intermediates (including 3-PG)
in the segment between PFK1 and PK in the glycolysis pathway
increases. As 3-PG is the precursor of serine, glucose carbon to
serine synthesis may increase. We traced [*C,]Glc to serine.
The mO species of serine and mO0 glycine are provided by the
culture medium, and the m3 serine and m2 glycine are
generated from [*Cg]Glc through 3-PG. Knockdown of PKM2
did not affect the glycolysis rate within 9 h (Fig. 4A), consistent
with the results in Figure 1B. HeLa-siPKM2 showed a higher
rate of both m0 serine consumption and m3 serine generation
than HeLa-NC (Fig. 4B). Serine could be converted to glycine
via serine hydroxymethyl transferase in cells. In consistency
with serine metabolism, HeLa-siPKM2 showed a higher rate of
both mO glycine consumption and m2 glycine generation than
HeLa-NC (Fig. 4C). In another of our studies (unpublished
data), we quantified the rate of glucose through 3-PG to serine,
which is about 1/80 of that of glucose to lactate, so the
increased rate of glucose to serine induced by PKM2 KD is not
high enough to significantly affect the rate from glucose to
lactate.

Marginally increased growth rate of Hela-siPKM2

It is well recognized that the rapid proliferation of cancer
cells is supported by the high rate of aerobic glycolysis (24).
Previous reports demonstrated that PKM2 KD could affect
cancer cell growth via regulating glycolytic rate (7, 17, 25) as
well as glycolytic intermediate 3-PG to serine synthesis
pathway (SSP), in other words, these studies strongly suggest a
cause-effect relationship between PKM2, glycolysis, and cell
growth. In our study, PKM2 KD did not significantly inhibit
glycolysis but significantly enhanced 3-PG to serine synthesis.
As serine De Novo synthesis occupies an important position in
cancer metabolism (26), we sought to confirm if PKM2 KD-
induced enhancement of SSP exerts an effect on cancer cell
growth. HeLa-siPKM2 harbored a marginally but significantly
higher percentage of S phase cells, a lower percentage of
GO0&G1 phase cells, and a comparable percentage of G2/M
phase cells, in comparison to HeLa-NC (Fig. 4, D and E).
HeLa-siPKM2 also showed a marginally but not significantly
higher growth than HeLa-NC (Fig. 4F), accompanied by a
marginally higher glucose consumption and lactate generation
(Fig. 4G).

Dominant allosteric regulation of PKM2 by FBP in enzyme
assay

Several models have been proposed to interpret how PKM2
switches between low- and high-activity forms. FBP, a glyco-
lytic intermediate, is a potent allosteric activator of PKM2 (10,
11). When FBP accumulates, PKM2 tetramerizes and this is a
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Figure 4. PKM2 knockdown moderately increases glucose carbon to serine synthesis pathway and marginally increases cell growth rate. A, glucose
consumption and lactate generation by HelLa-NC and Hela-siPKM2 cells. B, serine consumption and serine synthesis by HeLa-NC and Hela-siPKM2. Left
panel, consumption of mO0 serine provided by the culture medium; middle panel, percentage of m0 and m3 serine in medium; right panel, percentage of
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high-activity form, and it depletes upstream intermediates
including FBP, favoring energy production; when FBP is
depleted, PKM2 is dissociated to dimer, which is a low-activity
form, and then upstream glycolytic intermediates including
FBP are accumulating, favoring intermediates for biosynthesis
purpose. Serine and PKM2 also form a positive feedback loop
to regulate glycolysis. Serine is an allosteric activator of PKM2
(13): when serine concentration is low, PKM2 activity de-
creases, leading to the accumulation of upstream intermediates
including 3-PG and enhancing serine synthesis; when serine is
sufficient, PKM2 activity increases, decreasing the rate of 3-PG
converting to serine while increasing glycolytic rate to lactate.
In addition to allosteric activators, numerous allosteric in-
hibitors of PKM2 were defined, including alanine, phenylala-
nine, proline, tryptophan, valine, etc (14, 15, 27). In theory, the
activity of PKM2 in cells is constantly co-regulated by all these
allosteric inhibitors and activators.

In cancer cells, PKM2 is co-regulated by numerous allo-
steric effectors. As the concentrations of these allosteric ef-
fectors could change dynamically, it is generally conceived that
PKM?2 is dynamically equilibrated between different states, for
example, T and R state, tetramer and dimer, enabling highly
dynamic change of PKM2 activity (7, 13-16, 28, 29). Never-
theless, PK activity exposed to the mixture of allosteric acti-
vators and inhibitors at their cellular concentrations is
unknown. In order to investigate the combined effect of these
allosteric effectors on PKM2 activity in different cancer cells,
we should answer the following questions:

First, the effect of these allosteric regulators on PKM2 in
different cancer cells may be different, e.g, PKM2 could be
modified (e.g., phosphorylation, acetylation, etc.) (17, 30)
differently in different cells, and the different modifications
may change the kinetic properties of PKM2. Indeed, the
sensitivity of PK from different cancer cells to allosteric reg-
ulators differed from each other, as manifested by the ICsgs
(alanine, phenylalanine, proline, tryptophan, valine) or ACso
(FBP and serine) (Fig. S3, Table S4), e.g, at saturating con-
centrations of FBP or serine, the magnitude of activity change
of PKM2 could differ significantly between different cells
(Fig. S3, B and C).

Second, the concentrations of these allosteric regulators in
different cells may differ from each other. We show that the
concentrations of alanine, phenylalanine, proline, tryptophan,
valine, FBP, and serine were significantly different from each
other (Table S5). Among the five allosteric inhibitors, the
concentration of alanine was the highest on average and the
concentration of tryptophan was the lowest on average. The
concentration of alanine ranged between 1.36 + 0.50 mM
(HeLa) and 5.78 + 1.57 mM (RKO). According to the curves of
PK activity versus alanine (Fig. S3), we could estimate PK ac-
tivity exposed to such alanine concentration in cells. In the five
cancer cells, alanine alone could inhibit PK by 98% (SK-HEP-
1) to 89% (MGCB80--3) (Table S5). In the same way, we could
estimate PK activity according to the cellular concentration of
each allosteric inhibitor or activator (Table S5).

Third, the combined effect of these allosteric regulators on
PKM2 activity in these cells is unknown. We assayed PK
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activity in the cell lysate in the presence of these allosteric
regulators at their cellular concentrations (Table S5). For
example, in HeLa cells, the concentrations of alanine,
phenylalanine, proline, tryptophan, valine, serine, and FBP
were 1.36 £ 0.50, 0.29 + 0.04, 1.39 = 0.15, 0.12 = 0.01, 0.70 £
0.21, 1.39 + 0.34, and 0.38 + 0.04 mM, respectively, so when
determining PK activity in the HeLa cell lysate, the assay
mixture contained these regulators at the above-indicated
concentrations, and so forth for other cells (Table S5). Un-
less otherwise stated, the cellular concentrations of FBP,
serine, and amino acid mixture in the subsequent figures and
text are the same as above. PK activity was enhanced by serine
and FBP in the absence of an allosteric inhibitor mixture
(alanine, phenylalanine, proline, tryptophan, and valine;
Fig. 5A4), which is termed AIM in the manuscript. The potency
of serine and FBP to activate PK activity was comparable.
When PK activity was assayed with AIM and without serine or
FBP, the residual PK activities were in the range between (16 +
5.5) % (RKO) and (3.0 + 1.9) % (A549) (Fig. 5A). The addition
of serine did not significantly reverse the inhibition. The
addition of FBP not only completely reversed the inhibition
but also activated PK activity to the level without AIM. The
effect of FBP plus serine on PK inhibition by AIM was the
same as that of FBP alone (Fig. 54).

Further, we sought to determine the ACgOBP and ACZB;; for
PK with or without saturating concentration of AIM. The
concentration of each allosteric inhibitor in this assay is about
10 folds of the ICsq (2.0 mM alanine, 0.7 mM phenylalanine,
2 mM proline, 1 mM tryptophan and 1.0 mM valine for cell
lysate; 2.0 mM alanine, 0.7 mM phenylalanine, 5 mM proline,
2.5 mM tryptophan, and 3.0 mM valine for pure recombinant
PKM?2). According to the curves (Fig. 5B), without AIM, the
ACEBP is 28.9 + 21.0 nM (SK-HEP-1) to 67.2 + 32.4 nM (RKO),
the minimum concentration for maximal activation is 216.4 +
52.8 nM (HeLa) to 279.0 + 143.1 nM (A549) (Table S6). With
AIM, 349.6 + 31.2 nM (MGC80-3) to 585.2 + 99.0 nM (HeLa)
FBP could completely reverse the inhibition of PK by the AIM
(Fig. 5B, Table S6), ACES” were 682.1 + 126.2 nM (A549) to
1066.1 + 393.6 nM (RKO), ACi?2 was 1258.9 + 2454 nM
(A459) to 2293.7 + 503.7 nM (HeLa). Note that the maximal
activity of PK activated by FBP with or without AIM were
comparable without statistical significance (Fig. 5B).

Based on the above results, because intracellular FBP is
between 0.21 mM (RKO)-0.80 mM (SK-HEP-1) in the tested
cancer cells (Table S2), which are all much higher than ACﬁfﬁc,
we speculate that FBP plays a dominant role in the allosteric
regulation of PKM2 in cells.

Estimation of PK activity in the glycolysis pathway by taking
allostery into consideration

It is noted in Figure 2 that the activities of PK in the cell
lysates (HeLa-siPKM2, RKO-siPKM2, and SK-HEP-1-siPKM2)
by taking cellular PEP concentration into consideration were
significantly higher than those of controls. This is probably
because PKM2, PKL, and PKR are all allosteric enzymes
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Figure 5. The dominating role of FBP in the allosteric regulation PK. A, The dominating role of FBP in the allosteric regulation of cell lysate PK or
recombinant PKM2. For measuring the activity of PK in the cell lysate, cellular concentrations of FBP, serine, and AIM were used (see Table S5 for cellular
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(31, 32) and the allostery should be also taken into
consideration.

To address this issue, we first measured the PK activity in
the cell lysate prepared from cancer cells with or without
PKM2 KD or KO under conditions as described in Figure 5A.
Despite the markedly loss of the total activity (Fig. 64), when
converting to percentage-wise, the allostery of PK in cell lysate
prepared from cells with or without KD or KO were virtually
the same (Fig. 6B), supporting that the remaining PK activity
are mostly allosteric enzymes, consistent with the Western
blot results (Fig. S1). Then we assayed the PK activity in the
cell lysate prepared from the cells with or without PKM2 KD/
KO in the condition described in the Figure 2 with allosteric
regulators at their cellular concentrations. Under such condi-
tions, the PK activity in the cell lysate prepared from cells with
or without PKM2 KD/KO was not significantly different from
each other (Fig. 6C). The data in Figure 6, in line with those in
Figure 2, support that by taking cellular concentrations of PK,
PEP, and allosteric regulators (FBP and AIM) into consider-
ation, the actual activities of PK activity in the glycolytic
pathway with or without PKM2 KD or KO are comparable.

The interrelationship between PK, intermediates, and
thermodynamic properties in the glycolytic pathway in cell-
free glycolysis system

In cells, glycolysis is connected to its subsidiary pathways
and it is integrated into a whole network of metabolism, hence
perturbations of PKM2 may exert a complex effect on meta-
bolism, which then could feedback to affect PKM2 and
glycolysis. To observe a pure effect of PKM2 perturbation on
glycolysis, we need an isolated system for this purpose. We
used a cell-free glycolysis, which could be considered an iso-
lated glycolysis system (18, 21, 22).

The total activity of PK in the HeLa-siPKM2 lysate was
about 30% of that in the HeLa-NC cell lysate (Fig. 1A4). HeLa-
NC or HeLa-siPKM2 cell lysate was added into a reaction
buffer containing all the substrates and cofactors to initiate
glycolysis. The glucose consumption rate and lactate genera-
tion rate were comparable between the two groups (Fig. S4A).
The concentrations of FBP, DHAP, GA3P, 3-PG, 2-PG, and
PEP were significantly higher in HeLa-siPKM2 lysate group
than in HeLa-NC lysate group (Fig. S4B). In the HeLa-siPKM2
lysate group, the AG of PFKl-catalyzed reaction was less
negative (less exogonic) and the AG of PK-catalyzed reaction
was more negative (more exogonic) than those in the HeLa-
NC lysate group (Fig. S4C), the other reactions in the glyco-
lytic pathway were all at near equilibrium state, indicating that
the concentrations of the intermediates were well equilibrated
by the thermodynamic properties in the glycolytic pathway in
both groups (Fig. S4C). The above thermodynamic states of
the reactions along the pathway explain why the concentra-
tions of FBP, DHAP, GA3P, 3-PG, 2-PG, and PEP were pro-
portionally higher in the HeLa-siPKM2 lysate group than those
in the HeLa-NC lysate group.

According to the concentrations of PEP and FBP in the cell-
free glycolysis system (Fig. S4B), we can measure the actual PK
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activity. The assay condition for PK actual activity in the cell-
free glycolysis system using HeLa-NC cell lysate, the PEP
concentration and FBP concentrations were 8.2 UM and
34.9 UM, respectively, while the assay condition for actual PK
activity in the cell-free glycolysis system using HeLa-siPKM2
cell lysate, the PEP and FBP concentrations were 16.0 uM
and 38.8 LM, respectively. Under such conditions, the actual
PK activities between HeLa-NC and HeLa siPKM2 were not
significantly different (Fig. S4D). This thermodynamic equili-
bration of the intermediates concentration well interpreted the
reciprocal relationship between the concentration of PK and
the concentration of PEP which stabilizes the activity of PKM2
in the glycolytic pathway (Fig. S4D), even the total PK activity
between the two groups differed by 3.3 folds, i.e., the increased
concentration of PEP could compensate the decreased con-
centration of PK in the cell-free glycolysis system.

Using the same procedure, we repeated the experiment of
cell-free glycolysis by using cell lysate of HeLa-px459 and
HeLa-PKM2-KO and obtained similar results. Although the
total activity of PK in the HeLa-PKM2-KO lysate was about
18% of that in the HeLa-px459 cell lysate (Fig. 1D), the glucose
consumption rate and lactate generation rate were only about
10% lower in the HeLa-PKM2-KO group (Fig. S4E). In the
PKM2 KO group, the concentrations of FBP, DHAP, GA3P, 3-
PG, 2-PG, and PEP were significantly increased (Fig. S4F), the
AG of PFK1-catalyzed reaction was less negative (less exo-
gonic) and the AG of PK-catalyzed reaction was more negative
(more exogonic) than those in the HeLa-px459 lysate group
(Fig. S4G), the other reactions in the glycolytic pathway were
all at near equilibrium state, indicating that the concentrations
of the intermediates were well equilibrated by the thermody-
namic properties in the glycolytic pathway in both groups
(Fig. S4G). The PK actual activity in the cell-free glycolysis
between the two groups was not significantly different from
each other (Fig. S4H).

Collectively, the results based on the cell-free glycolysis fully
support the conclusion that the auto-equilibration of the in-
termediate concentrations by the thermodynamic properties in
the glycolytic pathway can compensate for the decreased
concentration of PKM2 or PK.

Dominant allosteric regulation of PKM2 in the glycolytic
pathway by FBP

Although FBP is dominant over multiple allosteric effectors
in enzyme assays (Fig. 5), it is unknown if FBP also plays a
dominant role in the regulation of PKM2 in the glycolysis
pathway, as the regulation of PKM2 in enzyme assay and in the
glycolytic pathway are two different questions. To investigate
this issue, we made the following inferences. In the presence of
multiple allosteric effectors, if FBP plays a dominant role in the
allosteric regulation of PKM2 in the glycolysis, there would be
no significant changes of the AGs of reactions catalyzed by
PKM2 and PFK1, and neither proportional change of the
concentrations of glycolytic intermediates including FBP,
DHAP, GA3P, 3-PG, 2-PG, and PEP. Otherwise, there would
be significant changes in the AGs of reactions catalyzed by
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PKM2 and PFK1 and there would be proportional changes in
the concentrations of glycolytic intermediates including FBP,
DHAP, GA3P, 3-PG, 2-PG, and PEP.

We treated HeLa cells with AIM. The cellular concentra-
tions of the alanine, phenylalanine, proline, tryptophan, and
valine in the treated cells were increased to 258%, 321%, 368%,
1402%, and 194% relative to control cells (Fig. 7A), respec-
tively. The concentration of FBP generated in the glycolytic
pathway was around 0.4 mM (Fig. 24), far higher than its A
CIPP to PKM2 (Table S6). If AIM inhibits PKM2 in the
glycolytic pathway, we would observe a significant change of
the AGs of the reactions catalyzed by PKM2 and PFKI,
coupled with a proportional increase of concentrations of FBP,
DHAP, GA3P, 3-PG, 2-PG, and PEP. If FBP produced in the
glycolytic pathway holds dominant allosteric regulation of
PKM2, we would not observe these changes. The results
demonstrated that AIM did not significantly alter the con-
centration of glycolytic intermediates (Fig. 7B), the Q values

(Fig. 7C), nor the AG values (Fig. 7D) of the reactions along the
glycolytic pathway. In addition, AIM did not significantly
change glucose consumption or lactate generation (Fig. 7E).
Therefore, AIM did not significantly inhibit the activity of
PKM?2 in the glycolytic pathway, and FBP played a dominant
role in the allosteric regulation of PKM2 in the glycolytic
pathway.

Next, we used cell-free glycolysis assay to further verify
whether AIM exerts a significant effect on PKM2 in glycolysis,
and whether FBP produced in the glycolysis pathway plays a
major allosteric regulation on PKM2 effect. The addition of
AIM did not have any significant effect on glycolysis: including
glucose consumption rate, lactate production rate (Fig. 7F),
concentration of glycolytic intermediates (Fig. 7G), Qs
(Fig. 7H), and AGs (Fig. 7I) for each reaction in the glycolytic
pathway. These results further verified that AIM has no sig-
nificant regulatory effect on PKM2 in the glycolysis pathway.
This is because the concentrations of FBP generated in the

2500 10000
A o Ctr B S 0.8 . . ctl C "] . ctrl
o = 20007 = AM £ .= AM 1001 = AM
2038 QO 7, 061 101
s «~ 1500+ '; [+ 11
c 1 =] o 1
2 S 8 o4 0:1
0.01
2 — 1000- 1 >0 0.001-
&5 O £ o2 0.0001-
~ 500 ° '
i) 0.00001
0- £ 00 B &g Q«"‘ g & 0“},* & EL
¢ O & 5 FELLFFLLE S & €
e < RO P Al A &
[
D° E F
—ctrl 37 e ot
- —AIM w1 - on = =AM
= = AM = 2
8 1.5 == O 24 +
o
2 = - T
) T
AG 40 Enolase € 10 = o I g’ - =
< 31
g 0.5 g_
60 LDH S
0.0 0 !
Glucose consumption Lactate generation Glucose consumption Lactate generation
80t
Pathway progress
G H 10000 | ©°
- e Ctrl A
g 0.25 1000+ . AM 1 —HelLa-ctrl
100 = :
£ 0.20- e Ctrl b4 55 HeLa-AIM
- @ =AM 14
_:TU' 0.15+ ([« INXE AG
o _E 0.014 40
>0 0.104 0.001 Aldolase
(G} E 0.0001+
0.05+ 0.00001 1
[ 2 601
‘ 0.000001-L+H-H1} m 4
== 0.00- N v{- 3 S e X
S q° « & /8 v & &9
& &
& S EFFLLE S v 80L
M Y W
Pathway progress

0?'

Figure 7. No significant effect of AIM on glycolysis. A-E, Hela cells were cultured in regular RPMI-1640 medium with or without additionally added AIM
(2.0 mM alanine, 0.7 mM phenylalanine, 2 mM proline, 1 mM tryptophan, and 1 mM valine) for 5 h. Supernatant and cells were collected and subjected for
analysis. A, intracellular amino acids. B, intracellular glycolytic intermediates. C and D, Qs and AGs of the reactions along the glycolytic pathway (data from
Table S9). E, Glucose consumption and lactate generation. (F-/) Cell-free glycolysis assay using HelLa cell lysate with or without AIM (2.0 mM alanine, 0.7 mM
phenylalanine, 2 mM proline, T mM tryptophan and 1 mM valine). F, glucose consumption and lactate generation. G, Glycolytic intermediates. H and /, Qs
and AGs of the reactions along the glycolytic pathway (data from Table S9) Data represent the mean + SD of three independent experiments with each

experiment performed in triplicates.
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glycolysis flux were about 50 UM (Fig. 7G), which is sufficient
to dominate the allosteric regulation (Table S6).

Using the same procedure, we checked if serine could affect
PKM2 activity in the glycolytic pathway. HeLa cells were
treated with 5 mM serine and the cellular serine was increased
by 8.3 folds (Fig. 84) relative to control cells, which were about
12 folds higher than AC;™ toward PKM2. If serine could

Glycolysis and PKM2 in cancer cells

activate PKM2 in the glycolytic pathway, PFK1-catalyzed re-
action would be more exogonic while PKM2-catalyzed reac-
tion less exogonic, leading to a proportional decrease in the
concentrations of FBP, DHAP, GA3P, 3-PG, 2-PG, and PEP. If
FBP produced in the glycolytic pathway had dominant allo-
steric regulation of PKM2 in the glycolytic pathway, there
would be no significant change of the AGs of the reactions
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Figure 8. No significant effect of serine on glycolysis. A-E, Hela cells were cultured in RPMI-1640 medium with or without additionally added 5 mM
serine for 5 h. Supernatant and cells were collected and subjected for analysis. A, intracellular amino acids. B, intracellular glycolytic intermediates. C and D,
Qs and AGs of the reactions along the glycolytic pathway (data from Table S10). E, Glucose consumption and lactate generation. F-/, HelLa cells were
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catalyzed by PKM2 and PFK1, neither significant change of the
concentrations of FBP, DHAP, GA3P, 3-PG, 2-PG, and PEP.
The results demonstrated that the concentration of glycolytic
intermediates (Fig. 8B), the Qs (Fig. 8C), and AGs (Fig. 8D) of
the reactions along the glycolytic flux were comparable be-
tween treated and control cells. Moreover, with or without
serine treatment, glucose consumption and lactate generation
were also comparable (Fig. 8E). Conversely, deprivation of
serine did not significantly change the concentration of
glycolytic intermediates, the Qs and the AGs of the reactions
in the glycolytic pathway (Fig. 8, F-H), and the glucose con-
sumption and lactate generation (Fig. 8[). Using cell-free
glycolysis assay, we did not observe serine exert any signifi-
cant effect on glycolysis, including glycolytic rate (Fig. 8)),
intermediate concentrations (Fig. 8K) and the AGs along the
glycolytic pathway (Fig. 8L). The results confirmed that FBP
generated from the glycolytic pathway exerts a dominant
allosteric regulation of PKM2 over serine.

We then applied the same principle to check the effect of
TEPP-46, a well-defined potent activator of PKM2 with
ACIEPP=46 £ 0.47 UM (9). First , we tested PK activity in HeLa
cell lysate with or without TEPP-46. Without FBP, TEPP-46
markedly enhanced PK activity by about 2.8 folds; with FBP
at cellular concentrations (0.4 mM), TEPP-46 did not signifi-
cantly enhance PK activity (Fig. S5A). Second , we used cell-
free glycolytic assay to determine the effect of TEPP-46
(1 pM, the saturating concentration for activating PK activity
according to Fig. S5A) on glycolysis. The results demonstrated
that, with or without TEPP-46, the parameters of glycolysis
were comparable, including glucose consumption and lactate
generation (Fig. S5B), the concentrations of the glycolytic in-
termediates (Fig. S5C) , the Qs and the AGs of reactions along
the glycolytic pathway (Fig. S5, D and E), indicating that FBP
generated from glycolysis is sufficient to exert dominant
regulation on PKM2. Finally, we tested the effect of TEPP-46
on cellular glycolytic flux. HeLa cells were treated with or
without TEPP-46 (1 uM). The results showed that TEPP-46
exerted no significant effect on glycolytic rate (Fig. S5F), nor
intermediate concentrations (Fig. S5G), nor the Qs (Fig. S5H),
nor the AGs of the reactions along the pathway (Fig. S51). The
three levels of experiments confirmed each other that TEPP-46
did not significantly regulate PKM2 in the glycolysis pathway
in the presence of FBP and that FBP generated from the
glycolytic pathway is sufficient to dominate the allosteric
regulation of PKM2.

Discussion

In summary, we have elucidated the interaction between
PKM2 and the thermodynamics in the glycolysis pathway.
PKM2 KD or KO exerts an effect on thermodynamic prop-
erties of the glycolytic pathway, characterized by the recip-
rocal changes of the AGs of the reactions catalyzed by PFK1
and PK. The changes in the AGs of the two reactions cause
the accumulation of intermediates in the segment between
PFK1 and PK. This mechanism maintains the reciprocal
relationship between PK concentration and its substrate PEP
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concentration, by which, PK activity in the glycolytic pathway
can be stabilized via constant autoregulation, similar to
‘feedback’ regulation. Although PKM2 is the dominant iso-
form in cancer cells, other PK isotypes (PKL, PKR, PKM1)
also exist (12, 23) (Fig. S1). Thus, the PK activity in these cells
is the sum of the activities of four isozymes, ie., in the
glycolytic pathway, the reaction (PEP + ADP + Pi to
pyruvate + ATP) is catalyzed by 4 PK isoenzymes. In control
cells, PKM2 accounts for most of the PK activity, in PKM2
KD cells, PKM2 activity is reduced and the relative activity of
other PK isoenzymes increased, and in PKM2 KO cells,
PKM?2 is absent, this reaction is catalyzed by other PK iso-
enzymes. Thus, the thermodynamics of the glycolytic
pathway is intrinsically linked to the total concentration of
PK, not limited to the concentration of PKM2 alone.

Unlike previously published studies investigating the rate
control of glycolysis by PKM2, we took into account the
thermodynamic properties of glycolysis. The new perspective
reveals that thermodynamic properties serve as systemic
regulators of glycolysis that participate in stabilizing the rate
of glycolysis in cancer cells and it can effectively counteract
perturbations of PKM2, as illustrated in Figure 9. The find-
ings provide fresh insight into the rate control of glycolysis
but inevitably lead to conceptual arguments as described
below:

First, we introduce new explanations for PKM2 KD/KO-
induced changes in the concentrations of glycolytic in-
termediates, which is different from those in the previous
publications (9, 11, 13, 17). The reason for this divergence
stems from whether or not to take into account the thermo-
dynamics of glycolysis. In the published literature, since the
thermodynamic properties of glycolysis were not counted, the
PKM2 inhibition-induced increases in the concentration of
upstream intermediates were interpreted as proof of concept
that glycolysis was inhibited. However, in essence, the increase
of the concentrations of the upstream intermediate (PEP, 2-
PG, 3-PG, GA3P, DHAP, FBP) reflects thermodynamic
equilibration in the pathway responding to PKM2 depletion.
Depletion of PKM2 causes its catalyzed reaction in the
pathway more exogonic, leading to the accumulation of up-
stream intermediates. On the other hand, because the PFK1-
catalyzed reaction is far from thermodynamic equilibrium,
the increase in the concentration of intermediates is con-
strained in the segment between PKM2 and PFK1. Because the
reactions lying between PFK1 and PKM2 are all in a state of
thermodynamic equilibrium, the concentrations of PEP, 2-PG,
3-PG, GA3P, DHAP, and FBP increase proportionally. In the
previous reports, PKM2-perturbation could also significantly
alter the concentrations of G6P and F6P (8, 17), apparently, the
AG of PFKl-catalyzed reaction was not taken into
consideration.

Second, the above discussion introduces a fresh explanation
regarding the relationship between PKM2 or PK, glycolytic
rate, and the distribution of glycolytic intermediates to energy
and biosynthesis. Most studies reported that the glycolytic rate
in cancer cells is sensitive to changes in PKM2 activity. When
PKM2 activity fluctuates, the glycolytic rate, the distribution of
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Figure 9. Schematic diagram to demonstrate the autoregulation of PKM2 activity in the glycolytic pathway. PKM2 activity in the glycolytic pathway is
stabilized by two mechanisms. First, when PKM2 is inhibited (e.g., PKM2 KD), through the auto-equilibration of the intermediate concentrations by the built-
in thermodynamic properties in the glycolytic pathway, the increased concentration of PEP could compensate the reduced concentration of PKM2 (for
details, please refers to ‘The built-in thermodynamic properties in the glycolytic pathway and the auto-equilibration of the intermediate concentrations in
the glycolytic pathway’ under the Results Section). Second, FBP generated from glycolysis dominates the allosteric regulation of PKM2, making the enzyme
not affected by other allosteric regulators in cells. The sizes of the blue oval (@) represent the relative concentrations of intermediates according to the Q
values or A G values of the reactions along the glycolytic pathway; the size of the rectangle () represents the relative concentrations of PKM2 in control
and PKM2 knockdown cells; the pink allow (1) represents the rate; the arrow (3) represents allosteric dominance of PKM2 by FBP over other allosteric

effectors ().

glycolytic intermediates to energy and biosynthesis changes
accordingly (8, 9, 11, 13, 17). However, there are also reports to
the contrary (18-20). Our study pointed out that the activity of
PK or PKM2 in the glycolytic pathway in tumor cells is
different from its activity in isolation as in enzyme assay. If PK
or PKM2 exhibits activity in isolation (such as in enzyme
assay), its activity would be linearly related to its concentra-
tion. On the other hand, as PKM2 exhibits activity in the
glycolytic pathway, its activity is regulated by the built-in

SASBMB

thermodynamic properties of the glycolytic system, which
has not been recognized in the previous literature. As such, the
activity of PKM2 does not have a linear relationship with its
concentration, instead, its activity is determined by the recip-
rocal relationship between its concentration and its substrate
concentration, and this reciprocal relationship is maintained
by the AGs of a series of reactions along the glycolysis, not by
PKM2-catalyzed reaction alone. In other words, this reciprocal
relationship is autoregulated by the thermodynamic properties
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in the glycolytic pathway, through which the activity of PKM2
in the glycolytic pathway is stabilized. Therefore, even after
depleting 80% of PKM2 by knockdown, the rate of glycolysis
was not significantly affected. When depleting 100% of PKM2
by knockout, the residual PK activity can maintain 90% rate of
glycolysis. Overall, it is reasonable to speculate that if PKM2
activity only fluctuates up and down at a baseline, its effects on
glycolysis rate and the distribution of glycolytic intermediates
to energy and biosynthesis would be minimal.

Finally, there is a concern about the effect of allosteric
regulation of PKM2 on glycolysis. Because there are
numerous allosteric effectors of PKM2 in cancer cells and the
concentrations of these allosteric effectors change dynami-
cally (13-15, 29), it is generally conceived that PKM2 exists
in dynamic equilibrium between low- and high-activity form,
and this dynamic equilibrium is closely associated with the
glycolytic rate and distribution of glucose carbon to biosyn-
thetic and energy purpose. When the allosteric inhibitors are
relatively dominant, the activity of PKM2 is low, and the rate
of glycolysis decreases, resulting in the accumulation of up-
stream intermediates, which flux into subsidiary metabolic
branches, such as pentose phosphate pathway, serine syn-
thesis pathway, and among others (13, 25). When allosteric
activators are relatively dominant, the rate of glycolysis in-
creases, the upstream intermediate concentrations decrease,
and glucose carbons flow toward pyruvate and lactate (13,
33). Our study argues with this conception. The concentra-
tion of FBP in the glycolysis pathway in cancer cells was at
0.21 to 0.8 mM, and the intracellular FBP concentrations
were even higher when PKM2 was genetically depleted. Thus,
intracellular FBP is at much higher concentrations than
ACIPP for PKM2 (Table S6). It should be noted that the
concentrations of FBP is maintained by the thermodynamic
equilibration in the glycolytic pathway. At such concentra-
tions, FBP dominates the allosteric effect, rendering other
allosteric regulators ineffective on PKM2. This dominant
allosteric regulation of PKM2 by FBP is validated at three
levels, enzyme assays, cell-free glycolysis, and cell glycolysis,
which have been explained in detail in the Results section.
Our results are also supported by the dissociation constants
of allosteric regulators with PKM2. The dissociation constant
of PKM2 with FBP is at nM level, whereas the dissociation
constants of PKM2 with other allosteric regulators are at pM
levels, as listed below: FBP 174 nM, serine 191 uM, phenyl-
alanine 507 UM (34), asparagine 11 + 2 UM, aspartate
35+7 uM, valine 757 + 120 UM (35), and cysteine 5.5 pM
(27). The dissociation constants are also consistent with the
AC and IC data of various allosteric modulators determined
in our experiments (Figs. S3 and S4).

The fundamental point in the above debate is whether the
thermodynamic properties of glycolysis should be taken into
consideration when studying the flux control of glycolysis, and
whether the thermodynamic properties of glycolysis play an
important role in the flux control of glycolysis in cancer cells.
Our study shows that the thermodynamic properties should be
regarded as a system property of glycolysis that participates in
stabilizing the glycolytic rate in cancer cells.
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Experimental procedures
Chemicals and enzymes

Reagents were from Sigma, including ATP (#A3377), ADP
(#A5285), NAD (#N0632), NADH (#N8129), NADP (#N8035),
NADPH (#N7505), Glucose (#G8270), G6P, (#G7879), F6P
(#V900924), GA3P (#G5251), 3-PG (#P8877), 2-PG (#19710),
PEP (#P7001), Pyruvate (#V900232), lactic acid (#L1750), HK
(#H4502), PGI (#P5381), PFK (#F0137), Aldolase (#A8811),
TPI (#T6258), GAPDH (#G2267), PGK (#P7634), Enolase
(#E6126), PK (#P7768), LDH (#L.2500), G6PDH (#G8404), o-
GPDH (#G6751). FBP were purchased from aladdin (China,
#F111301).

Cell lines

Human lung cancer cell line A549, cervical cancer cell line
HelLa, gastric cancer cell line MGC80-3, liver cancer cell line
SK-HEP-1, and colon cancer cell line RKO were obtained from
Cell Bank of Type Culture Collection of the Chinese Academy
of Science (Shanghai, China) and were all authenticated by
DNA fingerprinting and free from mycoplasma contamination.
One note is that the DNA fingerprinting of MGC80-3 is not
separable from that of HeLa cells. However, the morphology of
HeLa and MGC80-3 were different from each other and the
allostery of PK in the cell lysate from HeLa and MGC80-3 were
also different from each other. Cells were cultured in RMPI-
1640 medium with 10% FBS and maintained in a humidified
incubator at 37 °C with 5% COs,.

PKM?2 knockdown and knockout

For PKM2 KD, 1.6 x 10° cells were seeded into each well of
6-well plates and cultured overnight. Cells were transfected
using Lipofectamine 3000 (Thermo Fisher Scientific) accord-
ing to manufacturer’s protocol, with either negative control
siRNA (NC) or siPKM2 (Ribobio, China). The siRNA se-
quences were as follows: siPKM2, sense, GUGGUGAU-
CUAGGCAUUGAJdTAT; antisense, UCAAUGCCUA
GAUCACCAC dTdT; NC, sense, UUCUCCGAACGUGU-
CACGUdTdT; antisense, ACGUGACACGUUCGGAGAA
dTdT. 48 h after transfection, cells were washed with PBS and
2 ml fresh complete RMPI-1640 plus 8 mM glucose were
added to each well. Then we collected 10 |l media at 4 h and
determined glucose & lactate afterwards using the method
described by us previously (22). The cells were counted and
collected for enzyme activity assay, Western blot, or intracel-
lular intermediates determination. For PKM2 KO, we used the
Crispr-Cas9 system according to Feng Zhang’s protocol (36)
and the procedure was described elsewhere (37). The designed
sgRNA sequences were as follows: forward, CACCGATTT-
GAGGAACTCCGCCGCC; reverse, AAACGGCGGCGGAG
TTCCTCA AATC.

PK activity assay

PK activity was assayed under condition as below: cell lysate
or purified recombinant PKM2, or PKL was added to a mixture
containing 2 mM ADP, 0.2 mM PEP, 0.1 mM NADH, 5 U/ml
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LDH in 0.8 ml 37 °C pre-warmed reaction buffer (200 mM
HEPES, 0.5 mM EDTA, 100 mM KCl, 5 mM MgCl,, 5 mM
Na,HPO,, pH 7.4) in a cuvette, to start the assay and absor-
bance at 340 nm was recorded using a spectrophotometer (DU
700, Beckman Coulter). To determine the allostery of PK,
allosteric inhibitors (alanine, phenylalanine, proline, trypto-
phan, valine) and allosteric activators (FBP, serine) were added
into reaction mixtures as described above to desired concen-
trations, and then cell lysate, or recombinant PKM2 or PKL
were added into the reaction mixture to start the reactions. To
determine the knockdown efficiency of siRNA, the PEP con-
centration used was 2 mM.

Purification of human source recombinant PKM2 and PKL

The ¢cDNA of PKM2 and PKL was cloned into pQE-30
(Qiagen) with 6xHis tag and expressed in M15 (pREP4)
(AngYuBio) as reported by us previously (38). Expression was
induced by 0.8 mM Isopropyl-B-D-Thiogalactoside (Beyotime)
for 6 h at 32 °C. The cells were collected and sonicated, and
lysate was added to a Ni-NTA SefinoseTM Resin column
(Sangon Biotech), washed with wash buffer (100 mM Tris-
HCI, pH 7.6, 0.5 M NaCl and 20 mM imidazole) and eluted
by elution buffer (100 mM Tris-HCI, pH 7.6, 0.5 M NaCl and
250 mM imidazole).

Western blot

Cells were washed with cold PBS, then lysed with M-PER
Mammalian Protein Extraction Reagent (Thermo Fisher
Scientific) supplemented with cocktail (MedChemExpress)
on ice for 30 min. Protein concentration was determined
using BCA protein assay kit (Thermo Fisher Scientific). The
protein was boiled for 5 min with loading buffer and 20 ug
was subjected to 10% SDS-PAGE, transferred to PVDF
membrane, and incubated with primary body PKM1 (CST,
#7076), PKM2 (HuaBio, #ER1802-70)and PKLR (Proteintech,
#22456-1-AP). GAPDH (Proteintech, #60004-1-1g) was used
as internal control.

Determination of NAD, NADH, ADP & ATP in cell

Cells in 6-well plates were washed with ice-cold PBS twice,
and 0.6 ml 80% (vol/vol) pre-cold (-20 °C) methanol was
added per well to extract the intracellular metabolites. Then a
scraper was used to collect the cells and the cell debris was
discarded by 20,000g centrifuge at 4 °C. The supernatant was
evaporated by a vacuum centrifugal concentrator and was
dissolved in 100 pl water for following UPLC analysis. Waters
ACQUITY UPLC system with an ACQUITY UPLC HSS T3
column was used to perform the Liquid Chromatography.
Mobile phase A was 20 mM Triethylamine in 99%/1% water/
acetonitrile (pH 6.5) and mobile phase B was 100% acetonitrile.
The gradient program was as follows: 0 to 9 min, 100% A-90%
A; 9 to 10 min, 90% A-0% A; 10 to 11 min, 100% B; 11 to
12 min, 0% A-100% A. 12 to 20 min, 100% A.10 pl sample or
standard solution was injected to perform the analysis with a
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flow rate at 0.3 ml/min. During the performance, the column
was kept at 40 °C.

Cell-free glycolysis assay

Previously we had described an in vitro cell-free system as a
glycolysis model (18, 39). We used the reaction buffer con-
taining 200 mM HEPES, 0.5 mM EDTA, 100 mM KCl, 5 mM
MgCl,, 5 mM Na,HPO,, 4 mM ADP, 1.5 mM ATP, 5 mM
glucose, 0.1 mM NADH, and 2 mM NAD for this glycolysis
system. 70 pl lysate (8—10 Lg/Jul protein) was added to 630 |
reaction buffer, and the mixture was incubated at 37 °C for
30 min. Then we added 600 pl 1 M HCIO, to the mixture to
terminate the reaction and later 100 pl 3 M K,CO;3; was added
to neutralize the buffer. The mixture was kept on ice for 20 min
further. The supernatant was obtained by 10,000¢ centrifuge at
4 °C and was used for glycolytic intermediates determination.

Determination of glycolytic intermediates, glucose and lactate

Unless otherwise stated, all glycolytic intermediates,
glucose, and lactate in cell extracts and cell-free models were
measured in this way. For intracellular intermediates, three
10-cm dish cells were washed with PBS, and glycolytic in-
termediates were extracted using 0.6 ml 1M HCIO,. Super-
natants were collected by centrifugation and neutralized with
K,COs3. A second centrifugation was performed to collect the
supernatant to measure the intermediates, glucose, and lactate.
The detailed methods to determine the glycolytic in-
termediates, glucose, and lactate were described by us earlier
(21, 22).

Determination of intracellular glycolytic intermediates by
cycling method

Intracellular glycolytic intermediates (Glucose, G6P, F6P,
FBP, DHAP, GA3P, 3-PG, 2-PG, PEP, Pyruvate) in control and
PKM2 knockdown cells were determined by cycling method.
Negative control or siPKM2 transfected cells were washed by
ice-cold PBS twice, and 600 [l 1 M pre-cold HCIO,4 was added
to every five wells of a 6-well plate. Cells were collected by a
scraper, incubated on ice for 30 min, and neutralized by 100 Ll
3M K,COs;. Then supernatant was obtained by 10,000 g
centrifuge at 4 °C to perform measurement of the intermediates.
The detailed protocol was described by us previously (21, 22).

Calculation of the Gibbs free energy change AG of glycolytic
reactions

AG was calculated as previously reported (22) according to
the equation

AG =AG 5,)+RTnQ

where A G, is the standard transformed Gibbs free energy at
37 °C and Q was calculated according to intermediate con-
centrations and was listed in Supplementary Tables. NAD/
NADH was set as 78 according to our previously reported
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study (18) and [Pi] in the cell was 1.5 mM according to (40).
According to AG = AH-TAS, since the change of AH and
AS is negligible between 37 °C and 25 °C (41), we deduced
the equation to a new form that

/0 310 /0 310 /0
AG 310 — ﬁAG 2087 (1_ﬁ> AH 298

AG;%B and A Hé%s are available in references (42-45).

Isotopic lactate determination by LC-MS/MS

[*Ce]Glucose was purchased from Sigma. 48 h after
transfection, HeLa-NC, HeLa-siPKM2 were washed with PBS
twice, and cultured in glucose-free RPMI-1640 supplemented
with 10% ultrafiltrated FBS and 6 mM [*3Cg] glucose for 6 h.
Then culture medium was collected and diluted 40 times with
100% acetonitrile and centrifuged at 25,000¢ for 10 min at 4
°C. The supernatant was collected for LS-MS/MS analysis
according to methods reported previously by us (46, 47).
Briefly, an ACQUITY BEH Amide column was used to
perform liquid chromatography, kept at 50 °C during analysis
and the injection volume was 7.5 pl. Mobile phase A was
10 mM ammonium acetate in 85% acetonitrile, 15% water, pH
9.0, and mobile phase B was 10 mM ammonium acetate in 50%
acetonitrile, 50% water, pH 9.0. The gradient program was as
follows: 0 to 0.4 min, 100% A; 0.4 to 2 min, 100-30% A; 2 to
2.5 min, 30-15% A; 2.5 to 3 min, 15% A; 3 to 3.1 min, 15 to
100% A; 3.1 to 7.5 min, 100% A. A 4000 QTRAP mass spec-
trometer (AB SCIEX) equipped with an ESI ion source (Tur-
bospray) operated in negative ion mode was used for MS
detection and the same parameter setting was employed (46).

Amino acid measurement using UPLC

For determination of regular serine, phenylalanine, alanine,
valine, proline, and tryptophan in cell, cells in 6-well plates
were incubated with or without amino acid mixture (AIM) or
serine for 5 h, washed with PBS three times, and intracellular
intermediates were extracted by adding 80% pre-cold meth-
anol. Cells were collected by a scraper and 20,000g centrifuge
at 4 °C was performed and the supernatant was evaporated by
a vacuum centrifugal concentrator and was dissolved in 100 pl
water. 10 pl dissolved metabolites or amino acid standard was
mixed with 20 pl AQC (#ab145409, abcam, amino acid
derivatization agent) and 120 pl borate buffer, incubate in 60
°C for 20 min and the AQC derivatized samples were sub-
jected to Liquid Chromatography analysis using Waters Acq-
uity UPLC system with an AccQ-Tag Ultra RP Column. The
mobile phase A was 25 mM ammonia formate with 1%
acetonitrile, pH 3.05 and mobile phase B was 100% acetoni-
trile. The gradient program was as follows: 0 to 0.54 min,
99.9% A, 0.1% B; 0.54 to 5.74 min, 99.9% A-90.9% A; 5.74 to
7.74 min, 90.9% A- 78.8% A; 7.74 to 8.04 min, 78.8% A-40.4%
A; 8.04 to 8.64 min, 40.4% A. 8.64 to 8.73 min, 40.4% A-99.9%
A; 8.73 to 9.5 min, 99.9% A. 1 pl sample or standard solution
was injected to perform the analysis with a flow rate at 0.7 ml/
min. During the performance, the column was kept at 55 °C.

18 J Biol Chem. (2024) 300(9) 107648

For determination of isotopic serine and glycine, after 48-h
transfection, cells were cultured with glucose-free RMPI 1640
medium supplemented with 10% FBS and 6 mM [**Cg]glucose
for 3, 6 and 9 h. Medium at 0, 3, 6, 9 h were collected.
Meanwhile, cells at 0, 3, 6, 9 h were washed with PBS three
times, and intracellular amino acid were extracted and samples
were prepared as above mentioned for LC-MS/MS measure-
ment. The Liquid Chromatography conditions were the same
as regular amino acids determination, while the following
parameters were optimized and used for MASS analysis: 40 psi
curtain gas, medium collision gas, 5500V ionspray voltage,
temperature of the ion source 500 °C, 40 psi ion source gasl
and 40 psi ion source gas2.

Determination of glycolytic enzyme activity

We determined glycolytic enzyme activity at saturating
substrate concentration according to previously reported
methods (48) with some modifications. Briefly, 0.8 ml reaction
buffer was added to the cuvette, and substrates were added as
below. The reaction was started by adding cell lysate and
mixed, and then absorbance at 340 nm was recorded using a
spectrophotometer (DU 700, Beckman Coulter).

HK: 0.2 mM NADP, 2 mM ATP, 10 mM glucose, 1 U/ml
G6PDH, 30 pug protein of lysate;

PGIL: 2 mM F6P, 0.2 mM NADP, 1 U/ml G6PDH, 5 g
protein of lysate;

PFK: 0.1 mM ADP, 2 mM ATP, 2 mM F6P, 1 U/ml
Aldolase, 0.1 mM NADH, 1 U/ml a-GPDH, 10 ug protein of
lysate;

Aldolase: 0.1 mM NADH, 1.5 mM FBP, 1 U/ml o-GPDH,
15 pg protein of lysate;

TPI: 2 mM GA3P, 0.1 mM NADH, 1 U/ml a-GPDH, 1 pg
protein of lysate;

GAPDH: 2 mM NAD, 2 mM GA3P, 4 lg protein of lysate;

PGK: 2 mM ATP, 2 mM 3-PG, 0.1 mM NADH, 1 U/ml
GAPDH, 5 g protein of lysate;

PGAM: 2 mM ADP, 1 mM 3-PG, 1 U/ml Enolase, 0.1 mM
NADH, 1 U/ml PK, 1 U/ml LDH, 10 pg protein of lysate;

Enolase: 2 mM ADP, 1 mM 2-PG, 1 U/ml PK, 0.1 mM
NADH, 1 U/ml LDH, 10 pg protein of lysate;

LDH: 0.1 mM NADH, 2 mM pyruvate, 2 |g protein of
lysate.

Cell cycle

Cell cycle assay was performed using a Cell cycle staining
Kit (# 70-CCS012, MultiSciences, China) according to the
manufacturer’s protocol. Briefly, HeLa cells were transfected
with NC or siPKM2 for 48 h, trypsinized, and seeded to a new
6-well plate overnight, then collected and subjected to flow
cytometer analysis.

Statistical analysis

All experiments were repeated at least 3 times, and all data
were analyzed using GraphPad Prism7. For comparisons of
two groups, two-tailed Student’s ¢ test was performed.
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