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Perturbation of phosphoglycerate kinase 1 (PGK1) only
marginally affects glycolysis in cancer cells
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Phosphoglycerate kinase 1 (PGK1) plays important roles in
glycolysis, yet its forward reaction kinetics are unknown, and its
role especially in regulating cancer cell glycolysis is unclear.
Here, we developed an enzyme assay to measure the kinetic
parameters of the PGK1-catalyzed forward reaction. The K,
values for 1,3-bisphosphoglyceric acid (1,3-BPG, the forward
reaction substrate) were 4.36 um (yeast PGK1) and 6.86 um
(human PKG1). The K, values for 3-phosphoglycerate (3-PG,
the reverse reaction substrate and a serine precursor) were 146
pM (yeast PGK1) and 186 pm (human PGK1). The V,,, of the
forward reaction was about 3.5- and 5.8-fold higher than that of
the reverse reaction for the human and yeast enzymes, respec-
tively. Consistently, the intracellular steady-state concentra-
tions of 3-PG were between 180 and 550 um in cancer cells,
providing a basis for glycolysis to shuttle 3-PG to the serine
synthesis pathway. Using siRNA-mediated PGK1-specific
knockdown in five cancer cell lines derived from different
tissues, along with titration of PGK1 in a cell-free glycolysis
system, we found that the perturbation of PGK1 had no effect
or only marginal effects on the glucose consumption and
lactate generation. The PGK1 knockdown increased the con-
centrations of fructose 1,6-bisphosphate, dihydroxyacetone
phosphate, glyceraldehyde 3-phosphate, and 1,3-BPG in
nearly equal proportions, controlled by the kinetic and ther-
modynamic states of glycolysis. We conclude that perturba-
tion of PGK1 in cancer cells insignificantly affects the conver-
sion of glucose to lactate in glycolysis.

The aerobic glycolysis (Warburg effect, WE) is a metabolic
hallmark of cancer cells. Inhibiting WE is recognized as an
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approach to treat cancer (1-5). The rate-limiting enzymes
along glycolysis are recognized as targets for inhibiting WE
(6-12).

Previous studies demonstrated that PGK1 was a rate-limiting
enzyme in the glycolysis of cancer cells (13—19). PGK1 catalyzes
a step at the middle of glycolysis and produces ATP and 3-PG (a
precursor for serine). Given the high glycolytic rate, PGK1
activity accounts for a large part in maintaining the energy
homeostasis and serine biosynthesis. Clinically, PGK1 was
overexpressed in many types of tumors (20-24). Experimen-
tally, it is found that this enzyme was dynamically modulated in
cells. This enzyme was transcriptionally up-regulated by HIF1
(25) but down-regulated by PPAR-7y (26). Hu et al. (13) reported
that PGK1 could be acetylated by PCAF and Sirtuin 7, and the
acetylation of PGK1 enhanced its activity and promoted glycolysis
and liver cancer tumorigenesis. Zhang et al. (14) demonstrated
that polarized M2 macrophages secreted IL-6, which enhances
PGK1 phosphorylation in tumor cells and promoted glycolysis,
and this phosphorylation is associated with malignance and prog-
nosis of human GBM. Li et al. (15) revealed that, apart from its
canonical activity, PGK1 could translocate into mitochondria to
phosphorylate and to activate PDHK1, which in turn phosphory-
lated and inhibited PDH, impairing the TCA cycle and enhancing
glycolysis. In contrast, Tanner et al. (27) reported that a perturba-
tion of PGK1 did not significantly affect glycolysis.

The mixed reports indicated a vague understanding of the
mechanism by which PGK1 regulates glycolysis. As the rate
control of glycolysis is fundamentally a question of kinetics and
thermodynamics of glycolysis, we sought to investigate the
effect of perturbing PGK1 on glycolysis with respect to thermo-
dynamics and related kinetics.

To investigate the above-mentioned questions, we sought
to know the kinetics of PGK1. PGK1 catalyzes a reversible
reaction, and its reverse-reaction kinetics is known, but its
forward reaction kinetics is unknown because there are no
available methods for research. Some studies reported that
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Effect of perturbation of PGK1 on the glycolysis
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Figure 1. Rationale to measure the forward reaction rate of PGK1. In a reaction mixture containing GA3P, NAD, and P,, add an excessive amount of GAPDH,

bringing the reaction rapidly to equilibrium state, which is monitored at A,,,. We then added ADP and PGK1 into the reaction mixture to initiate the
PGK1-catalyzed forward reaction and recorded the initial rate (see also the text).

the forward reaction activity of PGK1 could be measured by
the production of NADH, with a reaction mixture contain-
ing GA3P, B-NAD, and ADP (13, 28). The forward reaction
of PGK1 can promote GAPDH to produce NADH (13, 28).
This method may tell the difference of the NADH generation
rate with or without PGK1, but it cannot accurately measure
the activity of PGK1 nor the kinetic parameters. Therefore,
we developed a method to accurately measure the forward
reaction kinetics of PGK1.

Results
Rationale to measure the forward reaction rate of PGK1

We designed a coupled-enzyme assay to measure the for-
ward-reaction rate of PGKI.

Step 1—In areaction mixture containing GA3P, NAD, and P;,
by adding excessive amounts of GAPDH, Reaction 1 would rap-
idly reach equilibrium.

GAPDH
GA3P + NAD + P, «<— 1,3-BPG + NADH

Reaction 1

The equilibrium of the reactions is monitored at 340 nm,
which increases at first and then remains stable (Fig. 1), which is
indicative of the equilibrium state.

Step 2—By adding ADP and PGK1 into the reaction mixture,
we initiate Reaction 2 (Fig. 1).

PGK1
1,3-BPG + ADP —— 3-PG + ATP

Reaction 2
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Consumption of 1,3-BPG immediately disrupts the equilibrium
state of Reaction 1, thus driving GA3P and NAD to 1,3-BPG and
NADH. The rate of NADH generation can be readily spectro-
photometrically monitored. According to Reactions 1 and 2, we
could derive the following equations: 1) the number of 3-PG
molecules generated = the numbers of 1,3-BPG molecules con-
sumed; 2) the number of 1,3-BPG molecules consumed = the
numbers of GA3P molecules consumed; 3) the number of
GA3P molecules generated = the numbers of NADH mole-
cules generated; and 4) therefore, NADH generation rate =
turnover rate of 1,3-BPG to 3-PG catalyzed by PGK1. There-
fore, the initial rate of PGK1 could be accurately measured.

Kinetic parameters of PGK1

For measurement, based on the equilibrium of Reaction 1, we
set serial concentrations of GA3P, which gave rise to the serial
concentrations of 1,3-BPG (Fig. 24). Then we determined the
K,,and V,_,, values of human and yeast PGK1 (Fig. 2, B and C).
The K,, values for 1,3-BPG were 4.36 uM (yeast) and 6.86 um
(human); the K, values for 3-PG were 146 uM (yeast) and 186
uM (human), and the V__ of the forward reaction (from 1,3-
BPG to 3PG) was about 3.5-fold (human) and 5-fold (yeast)
higher than that of the reverse reaction (Fig. 2D), indicating that
the enzyme favors the forward reaction. By setting 1,3-BPG ata
saturating concentration (about 50 um) and varying the ADP
concentrations (0.02 to 2 mm), we obtained the K, value for

ADP (Fig. 2D).

Potential physiological implications of the kinetic parameters
of the PGKT1 for 3-PG shuttle to serine

We sought to explore the physiological meaning of the
kinetic parameters of PGK1 in glycolysis. The low K, for 1,3-
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Before reaction (uM)

Reaction at equilibrium (uM)
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Figure 2. Measurement of the kinetic parameters of the forward reaction catalyzed by human and yeast PGK1. A, set the initial concentration of GA3P
and NAD in the reaction mixture and add 1 unit/ml GAPDH. When the reaction reaches equilibrium, the concentration of 1,3-BPG in the mixture can be readily
calculated. B, add 2 mm ADP and 0.0025 units of recombinant human PGK1 or yeast PGK1 to initiate reactions with a serial concentration of 1,3-BPG. G, kinetic
curves of PGK1 versus 1,3-BPG. D, K,,, and V., values of PGK1 of the forward and reverse reactions. Data are means = S.D., n = 3. All the results were repeated

by three independent experiments.

BPG, the high K, for 3-PG, and the much higher rates of the
forward reaction than those of the reverse reaction are the bio-
chemical bases to maintain a low concentration of 1,3-BPG and
a high concentration of 3-PG in cells. Indeed, cellular 3-PG
concentrations were kept at relatively high concentrations,
between 0.18 and 0.55 mm (depending on the cell lines) (Table
1). 3-PG is a precursor for serine synthesis. Phosphoglycerate
dehydrogenase (PHGDH), which catalyzes the first step for de
novo serine synthesis, has the K, value of 0.26 mm for 3-PG
(29). Keeping a high cellular 3-PG concentration is very impor-
tant for this molecule to shuttle to serine synthesis, because
the specific activity (at saturating concentration of 3-PG) of
PHGDH in cancer cell is very low. The activity was undetect-
able even using 0.15 mg of cell lysate protein in our assay sys-
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tem, whereas the HK activity could be accurately determined
using 0.03 mg of cell lysate protein.

HK2 knockdown reduced HK activity by ~50%, glucose con-
sumption by ~40%, and lactate generation by ~50% (Fig. 3A4).
However, HK2 knockdown did not significantly reduce the
3-PG concentration (Fig. 3B) and serine synthesis, as mani-
fested by the analysis of the serine isotopologues (Fig. 3C). The
m + 0 serine species is provided by the culture medium, and
m + 3 serine isotopologue was generated from [**C,]glucose
through 3-PG. The consumption rate of m + 0 serine was com-
parable between control cells and HK2 knockdown cells (Fig.
3C, left panel), and the percentages of extracellular and intra-
cellular m + 0 and m + 3 serine species were also comparable
between control cells and HK2 knockdown (Fig. 3C, middle and
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Table 1

Intracellular Glc and glycolytic intermediate concentration (mw) in cells with or without PGK1 knockdown

*** p < 0.001. siPGK1-transfected cells versus NC-transfected cells are shown.

» <0.01;and

* p < 0.05; *,

Data are means * S.D., n = 3. The results were repeated by two independent experiments.

NADH

033 = 0.005
035 *+ 0.008
039 = 0.004
048 * 0.005
16 = 0.01
16 *+ 0.003
025 = 0.003
029 = 0.003
28 + 0.009
28 + 0.01

GA3P 3PG 2PG PEP Pyr ADP ATP NAD
05 * 0.02

09 = 0.03*
05 * 0.02

Glc G6P FeP FBP DHAP

Metabolites (mm)

HeLa-NC

9.3 = 0.07
9.9 = 0.42

7 +0.19

9+ 0.25

77 = 0.05

77 = 0.05

84 = 0.057 10.7
9 *+ 0.069

0
0
0
0
6
6
0
0
0

03
03
02
02*
04
07
096
10
066

0.
0
0.
0.
0.
0.
0.
0.

04
03
05
07
07

0
0
0
0
0
0
0
0
0
0

04*
003
005**
006
009*
002
003**

0
0
0
0
0
* 0.
0
0
0
0

04
08+
05
e
04

0.
1
0.
1
0.
0.
0.
0.
0.
0.

035
002%**
01
014*
034
04*
037
035*
03

0.
0.
0.
0.
0.
0.

08
11
03
02

0
0
0.
0
0
0.
0.
0

52 = 0.03
9 +0.07
96 + 0.11
2+ 047
2 +0.14
88 = 0.24
4*0.18

5
5
3
5
5
3
4
3

SK-HEP-1-siPGK1 3

MGC80-3-siPGK1 3
A549-NC

HeLa-siPGK1
MGC80-3-NC
RKO-NC
A549-siPGK1

RKO-siPGK1
SK-HEP-1-NC
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right panels). A fraction of serine was further used for glycine
synthesis. The consumption rate of glycine (1 + 0, which is
provided by culture medium) is comparable between control
and HK2 knockdown cells (Fig. 3D, left panel) and so were the
percentages of extracellular and intracellular glycine (m + 2,
which is derived from m + 3 serine) (Fig. 3D, middle and right
panels). These data support that glucose carbon shuttling to
serine and glycine was not significantly affected by HK2 knock-
down, and even HK2 knockdown reduced the glycolysis rate to
lactate by 50%.

Taken together, the kinetic parameters of PGK1 are associ-
ated with a stable steady-state concentration of 3-PG in cancer
cells, which is around the K, value of PHGDH, underlying a
sound biochemical basis for glycolysis to shuttle to the de novo
serine synthesis pathway.

Characteristics of cell lines

We used five cell lines from different tissue origins (cervical
cancer cell line HeLa, gastric cancer cell line MGC80-3, colon
cancer cell line RKO, lung cancer cell line A549, and liver can-
cer cell line SK-HEP-1). These cells were derived from different
organs from different patients, representing five types of cancer
cell lines. They exhibited widespread mutations (30-33). HeLa
cells had WT TP53, but p53 protein was repressed because of
overexpression of human papillomavirus type 16 E6 (34, 35). In
MGC80-3, decreased expression of TWSG1 was detected com-
pared with normal gastric cells (36). In RKO cells, TP53 was
WT, whereas PTEN, KRAS, BRAF, and PIK3CA were mutated
(30, 32). WT TP53 was detected in both SK-HEP-1 and A549.
BRAF was mutated in SK-HEP-1, whereas CDKN2A and KRAS
were mutated in A549 cells (31, 33).

Despite the differences, they shared the same metabolic fea-
ture, the Warburg effect. They exhibited a similar pattern of
glycolytic enzymes (Fig. 44), and they converted most incom-
ing glucose to lactate (Fig. 4B). If the glucose consumption rate
is expressed by kilograms of glucose/kg of cells per day, the
number would be larger than 1.5 kg per kg of cancer cells per
day (Fig. 4C). Thus, the data demonstrated that these cells
shared the feature of the Warburg effect. This is consistent with
the general consensus that the Warburg effect is characteristic
of essentially all types of cancer cells (37-39). Mechanistically,
the Warburg effect is programmed by a complex signaling net-
work composed of oncogenic activation and tumor suppressor
inactivation or insufficiency, including but not limited to Ras,
Raf, ERK, JNK, Myc, HIF, p53, PI3K, Akt, etc. (38, 40-47).

Thermodynamic state of glycolysis and pattern of glycolytic
intermediates

For clarity, we list the following: the terms and abbreviations;
the specific activity; the enzyme activity assayed at saturating
substrate concentrations; the relative enzyme concentration;
and as the absolute concentrations of enzymes in cells could not
be determined, we used relative concentration, which is based
on the specific activity, e.g. the relative PGK1 concentration of
HeLa cells is 1, then the relative concentration of the PGK1-
knockdown cell is the PGK1-specific activity in knockdown
cells divided by the PGK1-specific activity in control cells. So
we term [PGK1] the relative concentration of PGKI1. In addi-
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Figure 3. Effect of HK2 knockdown on glycolysis and serine synthesis in HeLa cells. A, proportional relationship between HK2 activity and glycolysis rate
(lactate generation and glucose consumption). B, 3-PG concentrations in HeLa-NC and HelLa-siPGK1 cells. C, glucose carbon shuttle to serine. Cells were
incubated in the presence of 6 mm ['*C4lglucose. Cells and medium were collected at 3, 6, and 9 h, and serine and glycine isotopologues were analyzed by
LC-MS. Left panel, consumption of m + 0 serine provided by the culture medium; middle panel, the percentage of m + 0 and m + 3 serine in medium; right panel,
percentage of m + 0 and m + 3 serine in cells. D, left panel, consumption of m + 0 glycine provided by the culture medium; middle panel, percentage of m +
0and m + 2 glycine in medium; right panel, percentage of m + 0 and m + 2 glycine in cells. Data are mean = S.D., n = 3. All the results were repeated by two

independent experiments.

tion, the abbreviations used are as follows: [Glc], the concentra-
tion of glucose; [G6P], the concentration of glucose 6-phos-
phate; [F6P], the concentration of fructose 6-phosphate; [FBP],
the concentration of fructose 1,6-bisphosphate; [DHAP], the
concentration of dihydroxyacetone phosphate; [GA3P], the
concentration of glyceraldehyde 3-phosphate; [1,3-BPG],
the concentration of 1,3-bisphosphoglycerate; [3-PG], the
concentration of 3-phosphoglycerate; [2-PG], the concen-
tration of 2-phosphoglyerate; [PEP], the concentration of
phosphoenolpyruvate; and [Pyr], the concentration of
pyruvate.

The transient knockdown specifically reduced PGK1 activity
without significantly affecting other glycolytic enzymes (Table
2 and Fig. 5, A and B). The knockdown efficiency varied from
cell to cell (Table 2), ranging from 70% (HeLa) to 52% (RKO).

SASBMB

We quantified the cellular concentrations of the glycolytic
intermediates, including ATP, ADP, NAD, and NADH (Table
1). Using these data, we calculated the mass action ratio (Q) and
the actual Gibbs free energy (AG) of each reaction along the
glycolysis (Table 3). According to Q and AG, it is clear that the
reactions from the step catalyzed by aldolase to the step cata-
lyzed by enolase were all at near-equilibrium state (Fig. 5, C-G).
The reaction catalyzed by the PGI is also at near-equilibrium
state. PGK1 knockdown did not significantly affect the thermo-
dynamic state of the glycolysis (Fig. 5, C—G). The reactions cat-
alyzed by HK2, PFK1, and PK were far from equilibrium, gen-
erating the driving force for glycolysis.

As the reactions catalyzed PGI, and aldolase through enolase
were all at near-equilibrium state in the steady-state glycolysis,
we could reason out a pattern of the glycolytic intermediates,

J. Biol. Chem. (2020) 295(19) 6425-6446 6429
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Figure 4. Characteristics of cell lines-Warburg effect. A, glycolytic enzyme activities in five cancer cell lines. B, glycolytic rate expressed by glucose
consumption or lactate generation. Data are means = S.D., n = 3. All the results were repeated by at least five independent experiments. C, estimation of
glucose consumption and lactate generation by 1 kg of cancer cells in 24 h of each cell line.

which is characterized by the [F6P]/[G6P], [DHAP][GA3P]/
[FBP], [GA3P]/[DHAP], [2-PG]/[3-PG], and [PEP]/[2-PG].
This pattern was not significantly affected by the perturbation
of PGK1 (Fig. 6). In essence, this pattern is determined by the
thermodynamic nature of the glycolysis in cancer cells.

Effect of PGK1 knockdown on the glycolytic intermediates

Because the reactions from aldolase to enolase are all at near-
equilibrium states, in theory, we could infer that when the
PGK1 amount is reduced, its rate would be temporarily
reduced, leading to an accumulation of its substrate 1,3-BPG.
As the reactions catalyzed by aldolase, TPI, and GAPDH are all
at near-equilibrium, the concentrations of FBP, DHAP, GA3P,
and 1,3-BPG would all accumulate in the same or a similar
proportion according to the thermodynamic state of these reac-
tions. Experimentally, we observed that siRNA knockdown
induced an increase of the concentrations of FBP, DHAP, and
GA3P (Fig. 7A). Nevertheless, we lack method to quantify the
amount of 1,3-BPG. siRNA knockdown did not significantly
affect the concentrations of other glycolytic intermediates,
including ATP, ADP, NAD, and NADH (Fig. 7B).

Estimating the intracellular [1,3-BPG]

As the reactions from aldolase to enolase were at a near-
equilibrium state, and as the PGK1 knockdown by siRNA did
not significantly alter the thermodynamic state of glycolysis, we
could estimate 1,3-BPG according to the mass action ratio of
GAPDH, Q = ([1,3-BPG][NADH])/([GA3P][NAD][P,]), where
Q is approximately equal to K,,. The estimated [1,3-BPG] was

6430 J. Biol. Chem. (2020) 295(19) 6425-6446

about 1.48 —2.04-fold higher in PGK1-knockdown cells than in
control cells (Fig. 7C).

PGK1 knockdown does not significantly affect the glycolysis
rate

According to the PGK1 kinetic curve and the K, value of
PGK1 toward 1,3-BPG (Fig. 2C), intracellular [1,3-BPG] is evi-
dently not saturating PGK1 in both control and PGK1 knock-
down cells. Theoretically, the increased [1,3-BPG] can signifi-
cantly increase the catalytic rate of PGK1 and cancel out or at
least attenuate the effect of the siRNA-induced loss of PGK1
amount on its catalytic rate as well as on the glycolytic rate. This
was validated by the experiments, which demonstrated that lac-
tate generation and glucose consumption by cancer cells were
insignificantly or marginally affected by siRNA knockdown
(Fig. 84). In addition, the following lines of evidence also sup-
port that glycolysis rate in cancer cells is not sensitive to PGK1
knockdown:

First, The PGK1-specific activities are three orders of mag-
nitude higher than the rate-limiting HK (Fig. 44). Even though
the actual activities of PGK1 in PGK1-knockdown cells were
lower than those in control cells, they were all significantly
higher than the cellular glycolysis rate (Fig. 8B).

Second, as the reactions from aldolase to enolase were all in a
near-equilibrium state, the reaction catalyzed by pyruvate
kinase, with the large and negative AG (Table 3), is the force to
drive the glycolysis flux to pyruvate. Kinetically, the actual
activities of pyruvate kinase in control and PGK1-knockdown
cells (Table S1) were comparable, and they were 1 to 2 orders of
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Table 2

Enzyme activity (nanomoles/min-mg of protein) in cells with or without PGK1 knockdown

Data are means * S.D., n = 3. The results were repeated by two independent experiments. ***, p < 0.001. siPGK1-transfected cells versus NC-transfected cells are shown.
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magnitude higher than the glycolytic rate, which is sufficient to
drive the upstream intermediates to pyruvate. The results were
consistent with our previous study concerning the flux control
of glycolysis in cancer cells with respect to the kinetics and
thermodynamics of this enzyme (48).

Third, the Q values of the reaction catalyzed by LDH in
both control and PGKI1-knockdown cells (Table 3) were
much smaller than the K, generating a sufficiently large
and negative AG that favors the forward reaction. Kineti-
cally, the actual LDH activities in control and PGK1-knock-
down cells were 2 orders of magnitude higher than the gly-
colytic rate (Table S1).

Finally, we used [**C,]glucose to trace lactate generation,
and the results showed that glucose-derived lactate (m + 3)
consisted of about 95% of total lactate in control and PGK1
knockdown cells (Fig. 8C). This confirmed that glucose-derived
lactate in both control and PGK1-knockdown cells was not sig-
nificantly different from each other, supporting the notion that
glycolysis in cancer cells is not sensitive to perturbation of
PGKI1.

PGK1 knockdown moderately reduces serine consumption
and de novo serine synthesis

We used ["*C4]Glc to trace glucose carbon incorporation
into serine. The m + 0 serine species is provided by the culture
medium, and the m + 3 serine isotopologue was generated
from [**C]glucose through 3-PG. Although glucose consump-
tion rate and lactate generation rate were comparable between
HeLa—NC and HeLa-siPGK1 (Fig. 94), the consumption rate
of m + 0 serine was about 20% lower in HeLa—siPGK1 cells than
in control cells (Fig. 9B). HeLa—siPGK1 showed a higher per-
centage of extracellular and intracellular m + 0 serine than
HeLa-NC, whereas the m + 3 species was the reverse (Fig. 9B).
Consistently, glycine consumption rate was lower by HeLa—
siPGK1 than by HeLa—NC and so were the percentages of gly-
cine isotopologues (Fig. 9C). The data indicate that PGK1
knockdown moderately reduced serine consumption and ser-
ine de novo synthesis by HeLa cells.

Cell-free system

If the above-proposed mechanism is valid, we should observe
it in a different model. Glycolysis in living cells is influenced
by many factors, e.g. glycolysis is connected to subsidiary met-
abolic branches (pentose phosphate pathway, serine synthesis
pathway, etc.), and glycolytic enzymes are influenced by
dynamic regulation, including compartmentation, allosteric
regulation, and chemical modification (phosphorylation, acety-
lation, etc.), all of which could influence the rate and the inter-
mediate concentrations. To demonstrate the effect of perturb-
ing PGK1 on glycolysis, we used a cell-free glycolysis system, as
described by us previously (49), to avoid or at least minimize the
influences. We used 30-min incubation for the subsequent
experiments concerning the cell-free glycolysis.

We prepared HeLa—siPGKI1 cell lysate and titrated the PGK
activity in the cell lysate. The results derived from the cell-free
glycolysis system were fully agreeable with those from the living
cells as described below.
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Table 3
AG values of glycolytic enzymes in cells with or without PGK1 knockdown calculated according to the data in Table 1
Enzyme HK PGI PFK Aldolase = TPI GAPDHand PGK PGAM Enolase PKM LDH
Koy 850 0.5 310 0.000064 0.05 158.00 0.17 0.48 363000.00  26300.00
AG® (kJ/mol) —16.7 1.7 —14.2 23.8 7.50 —12.50 4.40 1.70 —31.40 —25.10
HeLa-NC Q 0.019 0.22 0.59 0.000100 0.07 257.26 0.31 1.14 10.75 897.00
AG (KJ/mol)  —26.66 —2.62 —1575 —0.94 073 128 2.70 1.50 —26.33 —6.10
HeLa-siPGK1 Q 0.020 0.25 0.91 0.000180 0.07 135.08 0.24 1.53 6.47 1448.57
AG (kJ/mol) —2645 —224 —14.62 0.60 0.91 —0.38 2.08 2.25 —27.64 —4.87
MGC80-3-NC 0.017 0.27 0.37 0.000100 0.08 195.38 0.56 1.51 11.43 635.56
AG (kJ/mol) —26.86 —2.08 —-1697 —0.90 1.25 0.57 4.21 2.22 —26.17 —6.99
MGC80-3-siPGK1 Q 0.020 0.26 0.92 0.000200 0.08 67.93 0.56 1.88 7.63 891.43
AG (KJ/mol)  —26.44 —221 —1461 0.88 125 —215 4.21 2.78 —27.21 —6.12
RKO-NC Q 0.035 0.35 1.98 0.000055 0.09 185.85 0.12 0.91 15.87 348.21
AG (kJ/mol) —25.05 —137 —12.63 —2.50 1.53 045 0.24 0.91 —25.32 —8.54
RKO-siPGK1 Q 0.033 0.45 2.26 0.000112 0.09 85.59 0.20 0.58 16.65 390.00
AG (kJ/mol) —2522 —-0.76 —1229 —0.64 1.62 —1.55 1.53 —0.26 —25.20 —8.25
SK-HEP-1-NC 0.006 0.27 0.25 0.000103  0.08 1126.12 0.27 1.77 26.83 382.35
AG (KJ/mol)  —2952 —2.08 —17.92 —0.86 124  5.09 2.29 2.63 —23.97 —8.30
SK-HEP-1-siPGK1 Q 0.008 0.31 0.28 0.000135 0.08 861.95 0.24 2.23 22.51 351.76
AG (kJ/mol) —28.84 —168 —17.70 —0.16 1.26  4.40 2.04 3.23 —24.42 —8.51
A549-NC Q 0.004 0.18 0.29 0.000042 0.08 1146.11 0.32 1.18 97.52 231.56
AG (kJ/mol) —30.71 -3.10 —17.61 —3.18 1.02 513 2.79 1.59 —20.65 —-9.59
A549-siPGK1 Q 0.004 0.28 0.32 0.000113  0.08 52991 0.33 1.23 91.18 224.64
AG (kKJ/mol)  —30.73 —1.95 —1730 —0.62 111 3.15 2.84 1.70 —20.82 —9.67
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Figure 6. Pattern of the glycolyticintermediates in cancer cells. The data are from Table 1. The unit for [DHAP][GA3P]/([FBP]) is millimolar. Data are means =

S.D., n = 3. All the results were repeated by two independent experiments.

First, we used the PGK1-knockdown cell lysate to measure
the flux control coefficient (FCC) values. The FCC, through the
unperturbed point (i.e. the relative [PGK1] at 1.0), was nearly
zero, based on either the rate of glucose consumption or the
rate of lactate generation (Fig. 104).

Second, the [FBP], [DHAP], and [GA3P] were nearly in-
versely proportional to [PGK1], except the last point ([PGK1] at
1.4), and no significant change of other intermediates (G6P,

SASBMB

F6P, 3-PG, 2-PG, PEP, and pyruvate) was detected (Fig. 10B).
The ratios of [F6P]/[G6P], [DHAP][GA3P]/[FBP], [GA3D]/
[DHAP], [2-PG]/[3-PG], and [PEP]/[2-PG] were not signifi-
cantly affected by the amount of PGK1 (Fig. 10C). Accordingly,
we could estimate the concentration of 1,3-BPG (Fig. 10D).

Third, the actual PGK1 activities in cell-free system with dif-
ferent PGK1 concentrations were all significantly higher than
the glycolysis rate (Fig. 10E).
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Finally, as the sum of the AG of the reaction from aldolase to
enolase was between —0.08 and 0.35 kJ/mol ( S2), the forward
flux depends on pyruvate kinase, which catalyzed a reaction
with a AG of —26 kJ/mol (Table S2). Kinetically, its actual activ-
ity was much high than the glycolysis rate (Table 3). For LDH-
catalyzed reaction, the AG favors the forward reaction (Table
S2), and the actual LDH activities were much higher than the
glycolysis rate (Table S3).

siRNA knockdown off-target concern and data consistency

To exclude the possible off-target effect of siRNA knock-
down on the results, we thoroughly checked the data as follows:
(a) siRNA specifically knocked down the targeted enzyme, with
no significant or marginal effect on other glycolytic enzymes
(Table 2); (b) effects of the siRNA knockdown on cells were
consistent between different cell lines, as assessed by the lactate

6436 J. Biol. Chem. (2020) 295(19) 6425-6446

production, glucose consumption, glycolytic intermediates,
mass action ratios, and AG (Tables 1 and 3 and Figs. 6, 7A, and
8A); and (c) effects (lactate production, glucose consumption,
FCC, and glycolytic intermediate pattern) of the targeted
enzyme modulated by siRNA in living cells and cell-free models
are consistent with each other (Figs. 5-8, and 10). Moreover,
the data are quantitatively interrelated and consistent with the
biochemical principle. In addition, we used siRNA with differ-
ent sequence to repeat the experiments, and we obtained the
consistent results (Figs. S1 and S2 and Table S4).

Glycolysis under different conditions

For these experiments, we had to confirm the quality control,
i.e. the siRNA only knocks down PGK1 without significantly
affecting other glycolytic enzymes. The quality controls are
summarized in Fig. S3A. siRNA specifically knocks down PGK1

SASBMB
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Figure 11. Glycolysis rate of HeLa-NC and HeLa-siPGK1 cells under different glucose concentrations. A, glucose and lactate concentrations in culture
medium. B, glucose consumption rate under different glucose concentrations. C, lactate generation rate under different glucose concentrations. D, relative rate
of glucose consumption and lactate generation. Data are means = S.D., n = 3. Results were repeated by two independent experiments.

by ~70% in HeLa cells and ~45% in RKO after 48 h of transfec-
tion. When the transfected cells were trypsinized and seeded
to plates, knockdown efficiency was kept almost the same
(Fig. S3B).

We measured glycolysis rate (glucose consumption and lac-
tate generation) under several conditions, including different
glucose concentrations, different glutamine concentrations,
and different cell density. In all the above condition, we did not
observe a significant difference of glucose consumption and
lactate generation rate between PGK1 knockdown and control
cells (Figs. 11-13 and Figs. S4-S6).

PGK1 knockdown and cell growth

PGK1 knockdown increased HeLa cell percentage at G,
and G, phases from ~53 to ~65% and correspondingly
reduced the cell percentage at S and G, and M phases (Fig.
14, A and B). Consistently, PGK1 knockdown moderately
reduced cell growth rate (Fig. 14C). In contrast, glucose con-
sumption and lactate generation were not significantly dif-
ferent between the two groups of cells. However, by taking
the cell number into consideration, the rate of glycolysis in
cells with PGK1 knockdown would be higher than that in
control cells (Fig. 14D).

Figure 10. Cell-free glycolysis model for studying the effect of PGK1 titration on glycolysis. A, glucose consumption rate and lactate generation rate in the
reaction mixture titrated with PGK1. PGK1 of HeLa cells was knocked down by siPGK1, and the cells were collected, and cell lysate was prepared. The cell lysate was then
titrated with pure PGK1. The cell lysate with different amounts of PGK1 was separately added into the reaction mixture to start the reaction, which was terminated at
30 min. Glucose, lactate, and glycolytic intermediates were measured. The flux control coefficient was calculated according to the tangent of the nonlinear regression
at the point [PGK1] = 1.0. B, concentrations of glycolytic intermediates in the reaction mixture titrated with PGK1. G, pattern of the glycolytic intermediates. D,
concentration of 1,3-BPG versus PGK1. The concentration of 1,3-BPG is described under “Materials and methods.” £, actual PGK activity at the 1,3-BPG concentrations
(D) and the lactate generation rate. Data are means = S.D., n = 3. Results were repeated by two independent experiments.
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Figure 12. Glycolysis rate of HeLa-NC and HeLa-siPGK1 cells under different glutamine concentrations. A, glucose consumption rate under different
glutamine concentrations. B, lactate generation rate under different glutamine concentrations. G, relative rate of glucose consumption and lactate generation.
Data are means =+ S.D., n = 3. Results were repeated by two independent experiments.

RKO cells were different from HeLa cells (Fig. S7). PGK1
knockdown did not inhibit RKO cell growth and lactate
generation, but induced about 20% reduction of glucose
consumption.

We do not know why PGK1 knockdown exerted different
effects on different cells. Presumably, the different effect is
related to the different genetic background and tissue origin.

Discussion

In summary, the study investigated three issues. First, we
developed a coupled-enzyme assay for measuring the activity
of PGK1 with respect to its forward reaction and determined
the forward-reaction kinetic parameters. Second, the kinetic
parameters of PGK1 are potentially important for glucose car-
bon to shuttle to serine synthesis. Third, integration of the ther-
modynamic states, the concentrations of the glycolytic inter-
mediates, and the enzyme kinetics in the system of glycolysis
could well-interpret the effect of the perturbation of PGK1 on
the glycolysis in cancer cells.

The flux control of aerobic glycolysis is fundamentally a
question of kinetics and thermodynamics of the glycolysis as a
system. Regarding kinetics, we observed that the [1,3-BPG] is

SASBMB

inversely proportional to [PGK1] when glycolysis is at steady
state. According to the principle of the enzyme-substrate
kinetics, the reasonable interpretation is that PGK1 activity in
the glycolysis is flexible, and this flexibility renders PGK1
insensitive to perturbation. Regarding thermodynamics, we
observed that the AG values of the reactions along the glycolysis
remained unchanged in response to perturbation of PGK1,
reflecting the rigid thermodynamics of the glycolysis. AG values
control the Q values of the reactions along the glycolysis and
hence determine the concentration of the glycolytic intermedi-
ates, including 1,3-BPG. Therefore, the activity of PGK1 in the
glycolysis is also controlled by the overall thermodynamic state
of the glycolysis. Collectively, the effect of perturbation of
PGK1 on glycolysis is related to not only PGK1 itself but also the
thermodynamic state of the glycolysis.

Inhibiting aerobic glycolysis is a strategy for treating cancer
(5). The way to inhibit aerobic glycolysis is to define the rate-
limiting enzymes and target them. The way to define the rate-
limiting enzyme is to examine whether inhibition of an enzyme
is correlated with an inhibition of overall glycolytic rate or not.
This approach is depending on “proof of concept,” but its draw-
back is also obvious, because it does not answer why the enzyme
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is rate-limiting. This is probably a major reason why there are
many mixed reports of the enzymes, including PFK1 (10, 50,
51), GAPDH (8-12, 27), PGK1 (13-15, 27), PGAM (27, 52),
PKM2 (16-19), LDH (27, 53, 54), etc. Revealing the kinetic and
thermodynamic aspects concerning the effect of perturbing
PGK1 may help to resolve the issue.

PGK1 knockdown may increase the rate to the subsidiary
branches of glycolysis, e.g. to methylglyoxal (MG). MG is a
metabolite generated from nonenzymatic degradation of
DHAP and GA3P (55). MG reacts with arginine, lysine, and
cysteine residues in proteins, forming advanced glycation
end products (56). PGK1 knockdown induced an increase of
concentrations of DHAP and GA3P; hence, it could enhance
MG generation. Bollong et al. (57) reported that PGK1 inhib-
itor CBR-407-1 induced an increase of concentrations of
DHAP and GA3P and enhanced generation of MG, which
covalently modified KEAP1, leading to a reduced ubiquitina-
tion and the accumulation of NRF2. Similarly, as GAPDH
knockdown could significantly increase the steady-state
concentrations of DHAP and GA3P, GAPDH inhibition may
also enhance MG generation and its downstream signaling.

It is important to dissect the effects of PGK1 knockdown on
glycolysis and on cell growth. PGK1 knockdown induced a
moderate growth inhibition of HeLa cells, but it was irrelevant
with glycolysis. Presumably, the growth inhibition induced by
PGK1 knockdown might be associated with its nonglycolytic
activities. Li et al. (58) reported that EGFR- and ERK-activated
casein kinase 2a (CK2a) phosphorylated nuclear PGK1. Phos-
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phorylated PGK1 bound with CDC7, recruited DNA helicase to
replication origins, and promoted DNA replication and cell
growth. Similarly, other glycolytic enzymes have nonglycolytic
functions, which have multiple biological roles, as reviewed by
Lu and Wang (59).

There are two isotypes of PGK, PGK1 and PGK2. PGK1 is
ubiquitously expressed in all cells, whereas PGK2 is expressed
in spermatogenic cells (60). However, a few cancers displayed
moderate to strong nuclear and cytoplasmic PGK2 staining,
including renal cancer, breast cancer, pancreatic cancer, ovar-
ian cancer, and testis cancer (RRID:SCR_006710, gene name:
PGK2) (http://proteinatlas.org/ENSG00000170950-PGK2/
pathology)?, indicating that cancer cells could express both
PGK1 and PGK2. If so, when PGK1 is perturbed, PGK2 might
compensate for the perturbed levels of PGK1.

Materials and methods
Cell lines

Human gastric cancer cell line MGC80-3, cervical cancer cell
line HeLa, liver cancer cell line SK-HEP-1, colon cancer cell line
RKO, and lung cancer cell line A549 were obtained from Cell
Bank of Type Culture Collection of the Chinese Academy of
Science (Shanghai, China) and were cultured in RMPI 1640
medium with 10% FBS. Cells were maintained in a humidified
incubator at 37 °C with 5% CO.,,.

3 Please note that the JBC is not responsible for the long-term archiving and
maintenance of this site or any other third party-hosted site.
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Figure 14. Effect of PGK1 knockdown on cell growth. A, representative flow cytometry figures of cell cycle analysis of HeLa-NC and HeLa-siPGK1 cells. B, cell
cycle distribution of HeLa-NC and HelLa-siPGK1 cells. C, cell number of HeLa-NC and HelLa-siPGK1 cells at 0, 1, and 2 days after the transfected cells were
seeded to new plates. D, glucose and lactate concentrations in culture medium of HeLa—NC or HeLa-siPGK1 cells. Data are means *+ S.D., n = 3. Results were
repeated by two independent experiments.

Reagents and enzymes G8270); G6P (catalog no. G7879); F6P (catalog no. V900924);

Reagents were from Sigma, including the following: ATP  GA3P (catalogno. G5251); 3-PG (catalog no. P8877); 2-PG (cat-
(catalog no. A3377); ADP (catalog no. A5285); NAD (catalog alog no. 19710); PEP (catalog no. P7001); Pyr (catalog no.
no. N0632); NADH (catalog no. N8129); NADP (catalog no. V900232); lactic acid (catalog no. L1750); HK (catalog no.
N8035); NADPH (catalog no. N7505); glucose (catalog no. H4502); PGI (catalog no. P5381); PFK (catalog no. F0137);
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aldolase (catalog no. A8811); TPI (catalog no. T6258); GAPDH
(catalog no. G2267); PGK (catalog no. P7634); enolase (catalog
no. E6126); PK (catalog no. P7768); LDH (catalog no. L2500);
G6PDH (catalog no. G8404); and a-GPDH (catalog no. G6751).
FBP were purchased from Aladdin (China, catalog no.
F111301).

Knockdown of PGK by siRNA

1.5 X 10° cells were seeded into each well of 6-well plates
and cultured overnight. Cells were transfected using Lipo-
fectamine 3000 (Thermo Fisher Scientific) according to the
manufacturer’s protocol, with either negative control siRNA
(NC) or siPGK1 (Ribobio, China). The siRNA sequences were
as follows: siPGK1, sense, GCAUCAAAUUCUGCUUGGA
dTdT, and antisense, UCCAAGCAGAAUUUGAUGC dTdT;
siPGK1-1, sense, GAGTCAATCTGCCACAGAA dTdT, and
antisense, UUCUGUGGCAGAUUGACUC dTdT; NC, sense,
UUCUCCGAACGUGUCACGU dTdT, and antisense, ACGU-
GACACGUUCGGAGAA dTdT. 48 h after transfection, cells
were washed with PBS, and 2 ml of fresh complete RMPI 1640
medium plus 8 mm glucose were added to each well. Then
we collected 10 ul of media at 1-6 h and then determined
glucose and lactate. The cells were counted and collected for
enzyme activity assay, Western blotting, or intracellular inter-
mediate determination.

Western blotting

Cells were washed with cold PBS and then lysed with
M-PER™ mammalian protein extraction reagent (Thermo
Fisher Scientific) supplemented with mixture (MedChem-
Express) on ice for 30 min. Protein concentration was deter-
mined using BCA protein assay kit (Thermo Fisher Scientific).
The protein was boiled for 5 min with loading buffer, and 20 ug
was subjected to 12% SDS-PAGE, transferred to polyvinylidene
difluoride membrane, and incubated with primary body PGK1
(Proteintech, catalog no. 17811-1-AP). GAPDH (Proteintech,
catalog no. 60004-1-1g) was used as internal control.

Glucose and lactate determination

We determined glucose and lactate according to the meth-
ods described previously with some modification (61). Briefly,
10 wl of collected media were diluted five times by adding 40 ul
of water, and then we added 10 ul of mixture or standard solu-
tion of glucose/lactate to a 96-well plate, together with 190 ul of
reaction buffer. Cell-free system samples were added with 190
ul of reaction buffer directly without dilution. The reaction
buffer contained 200 mm HEPES (pH 7.4), 100 mm KCl, 5 mm
Na,HPO,, 5 mm MgCl,, 0.5 mm EDTA, 2 mm ATP, 0.2 mm
NADP, 0.2 units/ml HK2, and 0.2 units/ml G6PDH for glucose
determination or containing 200 mMm glycine, 170 mm hydra-
zine (pH 9.2), 2 mMm NAD, and 5 units/ml LDH for lactate deter-
mination. 340 nm absorbance was recorded using SpectraMax
i3 (Molecular Devices) after a 60-min reaction, and glucose or
lactate concentration was calculated according to standard
curve.

Glycolytic enzyme activity assay

For determination of PGK1 activity in forward reaction, 1
mM GA3P and 1 mm NAD were added to a cuvette, mixed well
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with 1 ml of reaction buffer (200 mm HEPES, 100 mMm KCl, 5 mm
Na,HPO,, 0.5 mm EDTA and 5 mm MgCl, (pH 7.4)), and the
absorbance was recorded at 340 nm. Then, 1 unit/ml GAPDH
was added, and waiting until absorbance at 340 nm reached a
plateau, we added 2 mm ADP and 1 ug of protein lysate to start
the reaction. The initial slope value was used to calculate the
enzyme activity.

We determined other enzyme activity at saturating substrate
concentrations according to previously reported methods (61)
with some modifications. Briefly, 1 ml of reaction buffer was
added to the cuvette, and the substrates were added as below.
The reaction was started by adding cell lysate and mixed, and
then the absorbance at 340 nm was recorded using a spectro-
photometer (DU® 700, Beckman Coulter). The following sub-
strates were added: HK, 0.2 mm NADP, 2 mm ATP, 10 mMm
glucose, 1 unit/ml G6PDH, 30 ug of protein lysate; PGI, 2 mm
F6P, 0.2 mMm NADP, 1 unit/ml G6PDH, 5 ug of protein lysate;
PFK, 0.1 mMm ADP, 2 mM ATP, 2 mm F6P, 1 unit/ml aldolase, 0.1
mMm NADH, 1 unit/ml a-GPDH, 10 ug of protein lysate; aldol-
ase, 0.1 mm NADH, 1.5 mMm FBP, 1 unit/ml a-GPDH, 15 ug of
protein lysate; TPI, 2 mm GA3P, 0.1 mm NADH, 1 unit/ml
a-GPDH, 1 ug of protein lysate; GAPDH, 2 mm NAD, 2 mm
GA3P, 4 pg of protein lysate. The following were also added:
PGKin reverse reaction, 2 mm ATP, 2 mMm 3PG, 0.1 mm NADH,
1 unit/ml GAPDH, 5 ug of protein lysate; PGAM, 2 mm ADP, 1
mM 3PG, 1 unit/ml enolase, 0.1 mMm NADH, 1 unit/ml PK, 1
unit/ml LDH, 10 ug of protein lysate; enolase: 2 mm ADP, 1 mm
2-PG, 1 unit/ml PK, 0.1 mm NADH, 1 unit/ml LDH, 10 ug of
protein lysate; PK, 2 mm ADP, 2 mm PEP, 0.1 mm NADH, 5
units/ml LDH, 2 ug of protein lysate; and LDH, 0.1 mm NADH,
2 mM pyruvate, 2 ug of protein lysate.

In vitro cell-free system model for glycolysis

Previously we had described an in vitro cell-free system as a
glycolysis model (48, 49). We used the reaction buffer contain-
ing 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 mMm glucose, 0.1 mm
NADH, and 2 mM NAD for this glycolysis system. 70 ul of lysate
(8—10 pg/pl protein) was added to 630 ul of reaction buffer,
and the mixture was incubated at 37 °C for 30 min. Then we
added 600 ul of 1 m HCIO, to the mixture to terminate the
reaction and later 100 ul of 3 M K,CO; was added to neutralize
the buffer. The mixture was kept on ice for 20 min further.
Supernatant was obtained by 10,000 X g, centrifuged at 4 °C,
and used for glycolytic intermediate determination.

Determination of glycolytic intermediates in cell-free system

We used previously reported methods to determine the gly-
colytic intermediates (61). The reaction buffer in this part con-
tained 200 mm HEPES, 100 mm KCl, 5 mm Na,HPO,, 0.5 mm
EDTA, and 5 mm MgCl,, with pH adjusted to 7.4.

For G6P and F6P, 100 ul of supernatant and 0.2 mm NADP
were added to 900 ul of reaction buffer, and the reaction was
started by adding 1 unit/ml G6PDH. The first reaction to mea-
sure G6P ended when 340 nm absorbance reached a plateau,
and then 1 unit/ml PGI was added to measure F6P.

For FBP, DHAP, and GA3P, 100 ul of supernatant and 0.1
mM NADH were added to 900 ul of reaction buffer, and the
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reaction to measure DHAP was started by adding 1 unit/ml
a-GPDH. When the first reaction ended, 1 unit/ml TPI was
added to measure GA3P. Finally, 1 unit/ml aldolase was added
to measure FBP.

For 3PG, 50 ul of supernatant, 2 mm ATP, 0.1 mm NADH, 1
unit/ml PGK were added to 950 ul of reaction buffer, and the
reaction was started by adding 1 unit/ml GAPDH.

For 2-PG, PEP, and Pyr, 100 ul of supernatant, 0.1 mm
NADH were added to 900 ul of reaction buffer, and the reaction
to measure Pyr was started by adding 1 unit/ml LDH. When the
first reaction ended, 2 mm ADP and 1 unit/ml PK were added to
measure PEP. Finally, 1 unit/ml enolase was added to measure
2-PG.

Determination of intracellular glycolytic intermediates

Negative control or siPGK1-transfected cells were washed by
ice-cold PBS twice, and 600 ul of 1 M pre-cold HCIO, was added
to every three wells of a 6-well plate. Cells were collected by a
scraper, incubated on ice for 30 min, and neutralized by 100 ul
of 3 M K,CO,. Then the supernatant was obtained by 10,000 X
g centrifugation at 4 °C. Then, 50 ul of 2 M NaOH was added to
the supernatant and kept at 60 °C for 5 min and neutralized
again by adding 50 ul of 2 M HCl. These two steps possibly
eliminated intracellular NAD(H)/NADP(H). In the meantime,
a same 4th well of cells was trypsinized and collected to deter-
mine the cell number and cell size by a cell counter (JIMBIO).
Through the following reactions, intermediates plus NADP (for
G6P, F6P, and glucose) or NADH (for FBP-Pyr) were converted
to products and NADPH or NAD; terminating the reaction by
NaOH or HCI will conserve the NADPH or NAD, which could
be measured by cycling methods (61, 63). For all the reactions,
10 ul supernatant was mixed with 40 ul of reaction buffer. Dif-
ferent reactions differ in reaction buffers as follows: G6P: 200
mM HEPES, 100 mm KCI, 5 mm Na,HPO,, 0.5 mM EDTA, 5 mm
MgCl, (pH 7.4), 2 mm ATP, 0.5 mm NADP, 0.5 units/ml
G6PDH; F6P: 200 mm HEPES, 100 mm KCl, 5 mm Na,HPO,, 0.5
mMmEDTA, 5 mm MgCl, (pH 7.4),2mMm ATP, 0.5 mm NADP, 0.5
units/ml G6PDH, plus 0.5 units/ml PGI; Glc: 200 mm HEPES,
100 mMm KCI, 5 mm Na,HPO,, 0.5 mm EDTA, 5 mm MgCl, (pH
7.4), 2 mm ATP, 0.5 mm NADP, 0.5 units/ml G6PDH, plus 0.5
units/ml HIK; DHAP: 200 mm HEPES, 100 mm KCI, 5 mMm
Na,HPO,, 0.5 mMm EDTA, 5 mm MgCl, (pH 7.4), 0.5 mm NADH,
0.5 units/ml a-GPDH; GA3P: 200 mm HEPES, 100 mm KCI, 5
mMm Na,HPO,, 0.5 mm EDTA, 5 mm MgCl, (pH 7.4), 0.5 mm
NADH, 0.5 units/ml a-GPDH, plus 0.5 units/ml TPL; FBP: 200
mwm HEPES, 100 mm KCl, 5 mm Na,HPO,, 0.5 mm EDTA, 5 mm
MgCl, (pH 7.4), 0.5 mm NADH, 0.5 units/ml a-GPDH, 0.5
units/ml TPI, plus 0.5 units/ml aldolase; 3PG: 200 mm HEPES,
100 mm KCI, 0.5 mm EDTA, 5 mm MgCl, (pH 7.4), 0.5 mm
NADH, 1 mm ATP, 0.5 units/ml PGK, plus 0.5 units/ml
GAPDH; Pyr: 200 mm HEPES, 100 mm KCl, 5 mm Na,HPO,, 0.5
mwm EDTA, 5 mm MgCl, (pH 7.4), 0.5 mm NADH, 1 mm ADP,
0.5 units/ml LDH; PEP: 200 mm HEPES, 100 mMm KCl, 5 mm
Na,HPO,, 0.5 mMm EDTA, 5 mm MgCl, (pH 7.4), 0.5 mMm NADH,
1 mm ADP, 0.5 units/ml LDH, plus 0.5 units/ml PK; 2-PG: 200
mM HEPES, 100 mm KCI, 5 mm Na,HPO,, 0.5 mM EDTA, 5 mm
MgCl, (pH 7.4), 0.5 mm NADH, 1 mm ADP, 0.5 units/ml LDH,
0.5 units/ml PK, plus 0.5 units/ml enolase.
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For G6P, F6P, and Glc determinations, after 30 min of incu-
bation at 37 °C, the reaction was terminated by adding 10 ul of
2 M NaOH, mixed well, and kept at 60 °C for 5 min to eliminate
NADP, then the mixture was neutralized by adding 20 ul of 1 M
HCI. For the rest of the intermediates, after 30 min of incuba-
tion at 37 °C, the reaction was terminated by adding 20 ul of 1 m
HCI, kept at 60 °C for 5 min to eliminate NADH, and then the
mixture was neutralized by adding 10 ul of 2 M NaOH. After
that, 70 ul of neutralized mixture or standard solution was
added to a 96-well plate together with 100 ul of develop buffer
(0.4 M Tris-HCI, 0.2 mm G6P, 1 unit/ml G6PDH, 0.1 mm MTS,
0.1 mm PES (pH 7.8)) to cycling NADPH (for G6P, F6P, and
glucose). For the rest of the intermediates, the develop buffer
contained 0.4 M Tris-HCI (pH 7.8), 5 M ethanol, 2 units/ml alco-
hol dehydrogenase, 0.1 mm MTS, 0.1 mm PES. After 30 min of
incubation with develop buffer at 37 °C, the 490 nm absor-
bances of 96-well plates were recorded and analyzed.

Determination of isotopic serine and glycine by LC-MS/MS

Forty eight hours after NC or siHK2 transfection, cells were
washed with PBS twice and cultured with glucose-free RMPI
1640 medium supplemented with 10% FBS and 7 mwm
[**Clglucose for 3, 6, and 9 h. Medium at 0, 3, 6, and 9 h was
collected for LC-MS/MS measurements. Meanwhile, cells at 0,
3, 6, 9 h were washed with PBS three times, and intracellular
amino acids were extracted by adding 80% pre-cold methanol.
Cells were collected by a scraper, and 20,000 X g centrifugation
at4 °C was performed, and the supernatant was evaporated by a
vacuum centrifugal concentrator and dissolved in 100 ul of
water. 10 ul of dissolved metabolites or collected medium or
standard was mixed with 20 ul of AQC (catalog no. ab145409,
AbCAM, amino acid derivatization agent) and 120 ul of borate
buffer, incubated at 60 °C for 20 min, and the AQC-derivatized
sample was used for LC-MS/MS by a Waters Acquity UPLC
system coupled to a QTrap 4000 mass spectrometer with ESI
probe (Applied Biosystems Inc., Foster City, CA). An AccQ-
Tag Ultra RP column was used to perform the liquid chroma-
tography. Mobile phase A was 25 mMm ammonia formate with
1% acetonitrile (pH 3.05), and mobile phase B was 100% aceto-
nitrile. The gradient program was as follows: 0—0.54 min,
99.9% A, 0.1% B; 0.54—5.74 min, 99.9% A, 90.9% A; 5.74-7.74
min, 90.9% A, 78.8% A;7.74—8.04 min, 78.8% A, 40.4% A; 8.04 —
8.64 min, 40.4% A; 8.64—8.73 min, 40.4% A, 99.9% A; 8.73-9.5
min, 99.9% A. 1-ul 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. The following
parameters were optimized and used for MASS analysis:
40 p.s.i. curtain gas, medium collision gas, 5500 V, ion spray
voltage, temperature of the ion source 500 °C, 40 p.s.i. ion
source gasl, and 40 p.s.i. ion source gas2.

Cell cycle assay

Cell cycle assay was performed using a cell cycle staining kit
(catalog no. 70-CCS012, MultiSciences, China) according to
the manufacturer’s protocol. Briefly, HeLa or RKO cells were
transfected with NC or siPGK1 for 48 h, trypsinized, and seeded
to a new 6-well plate overnight, then collected and subjected to
flow cytometer analysis.
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Determination of ATP, ADP, NAD, and NADH in cells

Cells in 6-well plates were washed with ice-cold PBS twice,
and 0.6 ml of 80% (v/v) 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 20,000 X g centrifugation at 4 °C. The superna-
tant was evaporated by a vacuum centrifugal concentrator
and was dissolved in 100 ul of water following UPLC analy-
sis. Waters ACQUITY UPLC system with an ACQUITY
UPLC HSS T3 column was used to perform the liquid chro-
matography. The mobile phase A was 20 mMm Triethylamine
in 99/1% water/acetonitrile (pH 6.5) and mobile phase B was
100% acetonitrile. The gradient program was as follows: 0 -3
min, 100% A; 3—4 min, 100% A-98.5% A; 4-7 min, 98.5%
A-92% A;7-7.1 min, 92% A-100% A; 7.1-10 min, 100% A. A
10- sample or standard solution was injected to perform the
analysis with a flow rate at 0.3 ml/min. During the perfor-
mance, the column was kept at 40 °C.

Estimation of 1,3-BPG

Assume at steady state that the reaction calculated by
GAPDH was at equilibrium. So we can estimate the concentra-
tion by equation 1,

Keq’[GA3PIINAD[P]

[1,3-BPG] = [NADH]

(Eq.1)

where K, is the equilibrium constant of GAPDH; [NAD]/
[NADH] was set 78 (48), and [P,] in the cell was set 1.5 mm (64).

Analysis of isotopic lactate by LC-MS/MS

Isotopic lactate tracing is based on our previously reported
method (54). [**C,|Glucose was purchased from Sigma. 48 h
after transfection, HeLa—NC and HeLa—siPGK1 were washed
with PBS twice and cultured in glucose-free RPMI 1640
medium supplemented with 10% ultrafiltrated FBS and 8 mm
[*3Clglucose for 6 h. Then the culture medium was collected
and diluted 40 times with 100% acetonitrile and centrifuged at
25,000 X g for 10 min at 4 °C. Supernatant was collected for
LS-MS/MS analysis according to methods reported previously
by us (54, 65). Briefly, an ACQUITY BEH amide column was
used to perform LC and kept at 50 °C during analysis, and the
injection volume was 7.5 ul. Mobile phase A was 10 mM ammo-
nium 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 — 0.4 min,
100% A; 0.4—2 min, 100-30% A; 2—2.5 min, 30-15% A; 2.5-3
min, 15% A; 3-3.1 min, 15-100% A; 3.1-7.5 min, 100% A. A
4000 QTRAP mass spectrometer (AB SCIEX) equipped with an
ESI ion source (Turbospray) operating in negative ion mode
was used for MS detection, and the same parameter settings
were employed (54).

Calculation of the Gibbs free energy change AG of glycolytic
reactions

AG was calculated according to Equation 2,

AG = AGH, + RTInQ (Eq.2)
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where AG.), is the standard transformed Gibbs free energy at
37 °C, and Q was calculated according to intermediate concen-
trations as listed in the tables. For intracellular metabolite cal-
culations, NAD/NADH was set as 78 according to our previ-
ously reported study (48). Take HK of HeLa—NC for example.
Q of the HK-catalyzed reaction in cell equals [G6P][ADP]/
[ATP][Glc], which was 0.019; however, AG.),, is not available.
According to AG = AH — TAS, and because the change of AH
and AS is negligible between 37 and 25 °C (66, 67), we deduced
the equation to a new form as shown in Equation 3,

310

AGH =£AG'° + 1= =) AHY (Eq.3)
310 208 298 208 298 g.

AG.}g and AH ) are available in Refs. 68 —72. So we get Equa-
tion 4,

AG = 210 AGy 219) AHZ, + RTING = o0
= 208 802 T |17 595 | AHase + RTINQ = 555 (=16.7)
+ 11 310 23.8) +8.31 X 0.31 X In(0.019
= —26.66 kJ/mol (Eq.4)
Calculation of FCC

Nonlinear regression of the glucose consumption or lactate
generation data was performed using GraphPad7. Then a tan-
gent was obtained at the point of enzymes at 1.0. FCC was
calculated by Equation 5 (62),

E
FCC = slope X -

i (Eq.5)

where the slope stands for the tangent (AJ/AE) obtained at
point of enzymes at 1.0, E stands for the enzyme concentration,
which is 1.0, and J stands for the lactate generated or glucose
consumed at enzyme 1.0.

Statistical analysis

All experiments were repeated at least two times, and all data
were analyzed using GraphPad Prism?7.

Data availability

All data are contained within the manuscript and supporting
information.
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