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Previous studies have identified GAPDH as a promising
target for treating cancer and modulating immunity because its
inhibition reduces glycolysis in cells (cancer cells and immune
cells) with the Warburg effect, a modified form of cellular
metabolism found in cancer cells. However, the quantitative
relationship between GAPDH and the aerobic glycolysis re-
mains unknown. Here, using siRNA-mediated knockdown of
GAPDH expression and iodoacetate-dependent inhibition of
enzyme activity, we examined the quantitative relationship
between GAPDH activity and glycolysis rate. We found that
glycolytic rates were unaffected by the reduction of GAPDH
activity down to 19% ± 4.8% relative to untreated controls.
However, further reduction of GAPDH activity below this level
caused proportional reductions in the glycolysis rate. GAPDH
knockdown or inhibition also simultaneously increased the
concentration of glyceraldehyde 3-phosphate (GA3P, the sub-
strate of GAPDH). This increased GA3P concentration coun-
tered the effect of GAPDH knockdown or inhibition and
stabilized the glycolysis rate by promoting GAPDH activity.
Mechanistically, the intracellular GA3P concentration is
controlled by the Gibbs free energy of the reactions upstream
of GAPDH. The thermodynamic state of the reactions along
the glycolysis pathway was only affected when GAPDH activity
was reduced below 19% ± 4.8%. Doing so moved the reactions
catalyzed by GAPDH + PGK1 (phosphoglycerate kinase 1, the
enzyme immediate downstream of GAPDH) away from the
near-equilibrium state, revealing an important biochemical
basis to interpret the rate control of glycolysis by GAPDH.
Collectively, we resolved the numerical relationship between
GAPDH and glycolysis in cancer cells with the Warburg effect
and interpreted the underlying mechanism.

Aerobic glycolysis (Warburg effect [WE]) is a prominent
feature of cancer cells. TheWE is crucial for the growth, survival,
metastasis, and drug resistance of cancer cells (1–4). Regulating
glycolysis via targeting the rate-limiting enzymes in glycolysis has
been recognized as a promising approach to treat cancer (5–8).
Classically, HK2, PFK1, and pyruvate kinase (PK) are the rate-
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limiting enzymes, as they catalyze irreversible reactions under
physiological conditions and they are sensitive to allosteric reg-
ulations (9–13). The remaining glycolytic enzymes are generally
not considered as rate-limiting enzymes, as the reactions that they
catalyze are reversible under physiological conditions.

A recent study (14) based on metabolic control analysis and
computer simulations in several models of simplified meta-
bolic pathways questions the long-standing hypothesis that
reactions far from thermodynamic equilibriums, such as the
reactions catalyzed by hexokinase (HK), PFK1, and PK, are the
rate-limiting steps in a pathway. Instead, the regulation of
metabolic flux in a pathway that contains reactions near
equilibrium depends more on distribution of the Gibbs free
energy among reaction steps in the pathway than on the Gibbs
free energy of the reaction catalyzed by the given enzyme.

GAPDH attracted much attention recently (6–8, 15–19) and
was recognized as a potential therapeutic target because of its
reported role in the rate control of glycolysis in cells with the
Warburg phenotype, such as cancer cells and activated myeloid
and lymphoid cells. Although the findings are promising for
cancer treatment or immunity modulation, the detailed quanti-
tative relationship between GAPDH and glycolysis has not been
demonstrated. If a candidate drug interrupts glycolysis primarily
via inhibiting GAPDH, it is essential that the numerical rela-
tionship betweenGAPDH and glycolysis be established, as this is
the fundamental logic. We sought to investigate the quantitative
relationship betweenGAPDH and aerobic glycolysis to delineate
the biochemical insight into this relationship.

Results

Cell lines

We used five cancer cells lines for this work, cervical cancer
cell line HeLa, gastric cancer cell line MGC80-3, colon cancer
cell line RKO, liver cancer cell line SK-HEP-1, and lung cancer
cell line A549. These cell lines exhibited the WE, as described
by us recently (20).

GAPDH specific activity, the concentration of GAPDH, and
GAPDH actual activity

In this study, the GAPDH specific activity (GAPDH-SA)
refers to the activity assayed at the saturating substrate
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Glycolysis and GAPDH in cancer cells
concentration. The concentration of the GAPDH is derived
from the equation Vspecfic-activity ≈ Vmax = kcat[E]: we set the
relative concentration of GAPDH in the control cells as 100%,
then the relative concentration of GAPDH in the cells treated
with siRNA or GAPDH inhibitor would be the following.

½GAPDH�treated ¼
GAPDH−SAtreated

GAPDH−SActrl
½GAPDH�ctrl (1)

The GAPDH actual activity (GAPDH-AA) refers to its ac-
tivity at the actual concentration of its substrates in the
glycolysis.
The quantitative relationship between the glycolysis rate and
GAPDH—siRNA knockdown model

siGAPDH specifically knocked down GAPDH-SA with no
or marginal effect on the activities of other glycolytic enzymes
(Fig. 1). The knockdown efficiency ranged from 48% (RKO) to
72% (HeLa) (Fig. 2, A and B). GAPDH knockdown marginally
affected glucose (Glc) consumption and lactate generation
(Fig. 2C) in HeLa, RKO, MGC80-3, and SK-HEP-1 cells. In
A549 cells, GAPDH knockdown moderately reduced lactate
production by about 15% but with a marginal reduced Glc
consumption, in comparison with the control (Fig. 2C). The
data suggested that the effect of GAPDH knockdown may vary
from cell to cell, but the variation was moderate.

Although GAPDH-knockdown cells produced a lactate
amount comparable with control cells, it could be that a
fraction of lactate produced by GAPDH-knockdown cells was
from other metabolic pathways, so that the total lactate
amount was not less than that in control cells. To exclude this
possibility, we used [13C6]glucose to trace lactate in cells and
demonstrated that about 95% lactate (m + 3) generated by
control and GAPDH knockdown cells was from Glc (Fig. S1).

However, siRNA knockdown could not generate serial
clones with a stepwise decrement of GAPDH activity, so that
the quantitative relationship between GAPDH and aerobic
glycolysis could not be established.
Figure 1. siGAPDH specifically reduced the GAPDH activity without signi
activity. Cells were transfected with siGAPDH or control siRNA for 48 h, and cell
procedures. Data are from Table S1. *p < 0.05, **p < 0.01, and ***p < 0.001 by t
experiment.
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The quantitative relationship between glycolysis rate and
GAPDH—GAPDH titration in living cells by IA

Iodoacetate (IA) is a GAPDH inhibitor (21–23), as well as a
thiolate reagent. We did a serial of quality controls.

We measured the activities of glycolytic enzymes in the cell
lysate prepared from HeLa, RKO, MGC80-3, SK-HEP-1, and
A549, which were pretreated with IA (Fig. 3A). It is noted that
even when GAPDH-SA was inhibited by 98.5%, the activities
of other glycolytic enzymes were not significantly different
from untreated controls.

Cells were incubated in a serial of concentrations of IA
(1–100 μM) for 7 h. The cellular GSH content did not change
significantly at the IA concentration between 0 and 10 μM
(Fig. 3B). At 25 μM IA, there was a moderate reduction of the
cellular GSH concentration (by 23% and 15% for HeLa and
RKO, respectively) but no statistical significance. When the IA
concentration increased to 50 μM, the cellular GSH concen-
tration was significantly reduced. The result was consistent
with the previous report (24). In contrast, when cells were
treated with IA at the concentration range between 0 and
25 μM, the GAPDH activity was inversely proportional to the
IA concentration (Fig. 3C). GAPDH activity was significantly
inhibited even by 1 μM IA. When IA was 25 μM, the residual
activity of GAPDH only retained 2.6% and 1.1% for HeLa and
RKO, respectively. Moreover, IA at the effective concentration
inactivating GAPDH did not significantly affect other glyco-
lytic enzymes (Fig. 3A).

We prepared cell lysate from HeLa and RKO and measured
the inhibition of GAPDH-SA by IA. The inhibition curve was
similar between HeLa and RKO (Fig. 3D). Therefore, the in-
hibition is cell-type independent.

We measured the stability of GAPDH-SA in the cell lysate
prepared from HeLa and RKO pretreated with IA (Fig. 3E).
The data showed that GAPDH-SA was stable. This stable in-
hibition is important for real-time monitor of the GAPDH-SA
in the subsequent study, otherwise the quantitative relation-
ship between GAPDH and the aerobic glycolysis in cells could
not be established.
ficantly affecting other glycolytic enzymes. A, specific activity. B, relative
s were collected for analysis of enzyme activity as described in Experimental
wo-tailed Student’s t test. Data are the mean ± SEM from three independent



Figure 2. Knockdown of GAPDH marginally perturbed glycolysis. A, GAPDH activity and (B) Western blot of GAPDH in cells with or without GAPDH
knockdown. C, the glucose consumption rate and lactate generation rate in cells with or without GAPDH knockdown (left and middle panels); the right
panels compare the relative rates of glucose consumption, lactate generation, and GAPDH, showing that the reduction of GAPDH is virtually irrelevant with
the rates of glucose consumption and lactate generation; the relative glucose consumption rate and relative lactate generation rate are based on the data
in the left and middle panels. Data are from Table S1. *p < 0.05, **p < 0.01, and ***p < 0.001 by two-tailed Student’s t test. Data are the mean ± SEM from
three independent experiments.
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Figure 3. Quality controls for IA inhibition of GAPDH. A, IA specifically inhibits GAPDH without significantly affecting other glycolytic enzymes. Cells were
treated with IA with the indicated concentration for 6 h, and cells were collected and lysed. Enzyme activities in the cell lysate were measured as described
in Experimental procedures. Data are from Table S2. B and C, the different effect of IA on cellular GSH and GAPDH. Cells were treated with IA at the indicated
concentrations for 7 h and then collected and subjected for GSH quantification or GAPDH activity. D, GAPDH activity versus IA concentration. HeLa or RKO
cell lysate (HeLa, 3.6 mg protein/ml; RKO, 4.8 mg protein/ml) was mixed with IA at the indicated concentrations at 4 �C for 30 min and followed by GAPDH
activity determination. E, the inhibition stability of GAPDH by IA. HeLa or RKO cells were pretreated with IA at indicated concentrations for 2 h. Cells were
collected and lysed. The GAPDH activity in the cell lysate was monitored at the indicated intervals for 7 h. F, Left panel, GAPDH activity versus [GA3P], right
panel, GAPDH activity% versus [GA3P]. HeLa or RKO cells were pretreated with IA at the indicated concentrations for 2 h. Cells were collected and lysed.
GAPDH rate versus [GA3P] was carried out. G, the relationship between the cell density and inhibition efficiency of GAPDH by IA. HeLa cells were treated
with 7 μM for 5 h, and RKO cells were treated with 3 μM for 2 h. Cells were collected and lysed. GAPDH activity in the cell lysate was determined. ***p <
0.001 by two-tailed Student’s t test. Data are the mean ± SEM from three independent experiments. IA, iodoacetate.
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Glycolysis and GAPDH in cancer cells
We also did the substrate-dependent kinetics of GAPDH in
the cell lysate from HeLa and RKO cells with or without IA
treatment. When converting the kinetic rate to percentage,
they were identical (Fig. 3F), indicating that IA inhibition only
reduced the concentration of functional GAPDH without
affecting the kinetic feature of the enzyme.

Finally, we checked if cell density would affect the inhibition
efficacy of IA. The results showed that IA efficacy decreased
with the increase in the cell number (Fig. 3G). Therefore, in
the subsequent experiments, we fixed the seeding cell number.

We then treated HeLa cells with IA. At the indicated in-
tervals, we collected cells and medium, measured GAPDH-SA
(Fig. 4A), Glc consumption (Fig. 4B), and lactate generation
(Fig. 4C). We then deduced the instantaneous rate of change of
Glc consumption (Vi-glucose) (Fig. 4D) and lactate generation
(Vi-lactate) (Fig. 4E) by differentiating the data of Figure 4, B and
C and correlated the GAPDH-SA with Vi-glucose (Fig. 4F) and
Vi-lactate (Fig. 4G).

The quantitative relationship between GAPDH-SA and Vi-

lactate appeared to be composed of two functions (Fig. 4G).
When GAPDH-SA% was between 23.8% ± 3% and 100%
(Table 1), the Vi-lactate was a constant, the function could be
expressed by

f ðxÞ ¼ c (2)

When GAPDH-SA% was below 23.8% ± 3%, Vi-lactate was
positively correlated with GAPDH-SA%, the relationship could
be expressed by the following:

f ðxÞ¼ ax = ðbþ xÞ (3)

where x refers the GAPDH-SA%. The half maximal Vi-lactate

corresponded to 8.1% ± 0.7% GAPDH-SA in HeLa cells
(Table 1). The relationship between GAPDH-SA% and Vi-

glucose exhibited a similar pattern (Fig. 4F) to that between
GAPDH-SA% and Vi-lactate.

Using the same approach, we obtained the curves between
Glc consumption or lactate generation and the GAPDH-SA in
RKO, SK-HEP-1, MGC80-3, and A549. (Figs. S2–S5). Again,
the quantitative relationship between Glc consumption or
lactate generation and the GAPDH-SA could be grouped into
two functions, as described for HeLa cells. The half maximal
Table 1
The aerobic glycolysis (V) as a function of the GAPDH specific activity

HeLa RKO

V = c = Vmax
b 100–23.8 ± 3 100–15.3 ± 1.8

V =
aðGAPDH−SA%Þ
bþðGAPDH−SA%Þ

<23.8 ± 3 <15.3±1.8

Critical GAPDH-SA% point
that saturates the flux

23.8 ± 3 15.3 ± 1.8

Critical GAPDH-SA% point that
corresponds to 1/2 Vmax

8.1 ± 0.7 3.5 ± 0.4

GAPDH-SA, GAPDH specific activity.
a The mean ± SD of five cell lines. Data of HeLa, RKO, MGC80-3, SK-HEP-1, and A549
b The glycolytic rate (V) in the control cells whose GAPDH-SA is 100%.
Vi-lactate corresponded to 3.5% ± 0.4% GAPDH-SA for RKO
cells, 6.7% ± 0.4% GAPDH-SA for MGC80-3 cells, 4.1% ± 0.6%
GAPDH-SA for SK-Hep-1 cells, and 4.8% ± 0.7% GAPDH-SA
for A549 cells (Table 1). The data revealed a high similarity of
the quantitative relationship between the glycolysis and
GAPDH in the five cancer cell lines.

We summarized the quantitative relationship between
GAPDH-SA% and the glycolysis rate derived from the five cell
lines in Table 1. The equations numerically correlate the
glycolysis rate to GAPDH-SA% and introduce two critical
values of the glycolysis rate that were achieved at two critical
points of GAPDH-SA%. The first critical point of GAPDH-SA
% is 19% ± 4.8%; above this point, the glycolysis rate is a
constant, and below this point, the glycolysis rate decreased
according to Equation 3. The second critical point of GAPDH-
SA% is 5.4% ± 1.9%, at which the glycolysis rate is decreased by
half. Numerically, the glycolysis rate versus GAPDH-SA% is
equivalent to the glycolysis rate versus the concentration of
GAPDH.
The quantitative relationship between GAPDH-SA, cell growth,
growth inhibition, and cell death

We treated HeLa cells with serial concentrations of IA and
monitored the cell growth, Glc consumption, lactate genera-
tion, and GAPDH-SA in a time course (Fig. 5, A–D). The data
demonstrated an association between the variables (IA,
GAPDH-SA, glycolysis, and cell growth). To better correlate
the quantitative nature of these variables, we extracted the data
of the 24 h point.

We first correlated IA with the glycolysis rate and cell
growth (Fig. 5, E and F). The IC50 of IA for Glc consumption
and lactate generation were 9.0 and 9.5 μM, respectively,
which were close to the IC50 (8.2 μM) of IA for cell growth
inhibition. The cell number were positively correlated with the
glycolysis rate (Fig. 5, G and H)

Then, we correlated IA with GAPDH. The IC50 of IA for
GAPDH-SA was 2.5 μM (Fig. 5I), which was much lower than
the IC50 for glycolysis and cell growth.

By plotting GAPDH-SA with the glycolysis rate, the half
inhibition of Glc consumption and lactate generation corre-
sponded to 6.8% and 6.5% GAPDH-SA, respectively (Fig. 5, J
and K), which were consistent to the data in Figure 4.
as a variable

GAPDH-SA%

MGC80-3 SK-HEP-1 A549 Combineda

100–18.7 ± 1.6 100–13.5 ± 3.4 100–23.9 ± 2.3 100–19 ± 4.8
<18.7 ± 1.6 <13.5 ± 3.4 <23.9 ± 2.3 <19 ± 4.8

18.7 ± 1.6 13.5 ± 3.4 23.9 ± 2.3 19 ± 4.8

6.7 ± 0.4 4.1 ± 0.6 4.8 ± 0.7 5.4 ± 1.9

are the mean ± SEM from three independent experiments.
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Figure 4. Correlating the aerobic glycolysis rate with GAPDH activity in HeLa cells. HeLa cells were treated with IA at the indicated concentrations for a
time course of 7 h. At each interval in the time course, cells were collected and lysed, and GAPDH activity in the cell lysate was measured; medium glucose
and lactate concentrations were measured. A, GAPDH activity in the cell lysate. B, consumption of glucose. C, generation of lactate. D, instantaneous rate of
change of glucose consumption (Vi-glucose) by differentiating data in panel B. E, instantaneous rate of change of lactate generation (Vi-lactate) by differen-
tiating data in panel C. F, Vi-glucose versus GAPDH activity, Vi-glucose from panel D, and GAPDH activity from panel A. x refers to GAPDH specific activity, f(x)
refers to the (Vi-glucose), the Vmax is defined by the rate at the critical point, above which the rate is a constant. G, Vi-lactate versus GAPDH activity, Vi-lactate from
panel E, and GAPDH activity from panel A. Data are the mean ± SD from one representative experiment from three independent experiments. This is to
show the process how we derive the equation. The data combined from three independent experiments are summarized in Table 1.

Glycolysis and GAPDH in cancer cells
Cell growth versus GAPDH-SA conveyed the following in-
formation (Fig. 5L). We dissected the line into three segments.
Cell growth was not affected by perturbing GAPDH-SA from
100% and 42.9% (the black segment); cell growth was inhibited
by further reducing GAPDH-SA from 42.9% and 9.5% (green
segment); and cell death occurred by further inhibiting
GAPDH-SA% down to <9.5% (red segment).

We then used RKO to repeat the same experiments, and we
obtained the similar results (Fig. S6).

We were curious about if the cells treated with 8 μM IA
could resume proliferation. We treated HeLa and RKO cells
with 8 μM IA for 48 h. The residual GAPDH-SA only retained
2.3% and 4.5% in HeLa and RKO, respectively, and cell growth
was completely inhibited. We then removed the drug by dis-
placing the medium. GAPDH activity recovered by 75% and
72%, respectively, in HeLa and RKO cells at the 72 h point
after displacing the medium. Cells partially resumed prolifer-
ation (Fig. S7).
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The quantitative relationship between GAPDH-SA and its
substrate GA3P

It is noted that when GAPDH-SA% in cells varied from
100% to 19% ± 4.8%, the lactate generation rate kept constant.
As the lactate generation rate kept constant, the rate through
GAPDH in the glycolysis must also keep constant. Then why
GAPDH-SA reduced from 100% to 19% does not affect the
rate through GAPDH in the glycolysis?

We found that GAPDH knockdown was associated with an
increase of [GA3P] in cells, consistent in five cell lines (Fig. 6A). In
IA titration experiments, [GA3P] was incrementally increased,
accompanied with a corresponding decrement of GAPDH-SA
(Fig. 6B). The reciprocal relationship between [GAPDH] and
[GA3P] could be expressed quantitatively by Equation 4 (Fig. 6C):

f ðxÞ¼ C = ðAxþBÞ (4)

where f(x) and x refer [GA3P] and GAPDH-SA%, respectively.



Figure 5. Correlating glycolysis or cell status with IA or GAPDH-SA. A–D, HeLa cells were treated with IA at the indicated concentrations. At indicated
time points, cell numbers were counted, GAPDH-SA in the cell lysate was measured, medium glucose and lactate concentrations were measured. The data
of the 24 h point were used for further correlation in panels E to L. E, correlating glucose consumption and lactate generation with IA. The point that the red
dotted line crosses at the red solid line corresponds to the IC50 of IA for glucose consumption, and the point that the blue dotted line crosses at the blue solid
line corresponds to the IC50 of IA for lactate generation. F, correlating cell growth with IA. The point that the dotted line crosses at the solid line corresponds
to the IC50 of IA for cell growth. G and H, correlating cell growth with glucose consumption and lactate generation. The point that dotted lines cross at the
solid line corresponds to the 1/2 cell growth of the control. I, correlating GAPDH activity with IA. J and K, note the critical point that corresponds to GAPDH-
SA 42.9% and 28.7%, which separates the quantitative relationship between glycolysis and GAPDH into two functions, when GAPDH-SA is from 100% to
42.9% Vglucose = C, when GAPDH-SA is smaller than 42.9%, Vglucose = ax/(b + x); when GAPDH-SA is from 100% to 28.7% Vlactate = C, when GAPDH-SA is
smaller than 28.7%, Vlactate= ax/(b + x), where x is GAPDH-SA%. The 1/2 glucose consumption and lactate generation correspond to GAPDH-SA at GAPDH-SA
at 6.8% and 6.5%, respectively. L, correlating cell growth with GAPDH-SA. The onefold indicates the cell number at the start point. The folds larger than 1
indicate cell growth, and the folds smaller than 1 indicate cell death. The line is empirically divided into three segments: cell growth is not affected in the
black segment, cell growth was inhibited in the green segment, and negative cell growth (cell death) was in the red segment. Data are the mean ± SEM from
three independent experiments. GAPDH-SA, GAPDH specific activity; IA, iodoacetate.

Glycolysis and GAPDH in cancer cells
The most fundamental principle of enzyme kinetics is that
the catalytic rate of an enzyme is the function of the concen-
trations of both the enzyme and its substrate. The Km values of
GAPDH were 0.065 to 0.11 mM (Fig. S8), consistent with the
reported value (25, 26). The cellular [GA3P] in untreated cells
was 0.031 to 0.061 mM (Table S4), which were not saturating
GAPDH. Therefore, the increased [GA3P] could increase
GAPDH activity and countered the effect of GAPDH knock-
down or inhibition. Based on the information, we propose that
the rate through GAPDH in the glycolysis is balanced by the
concentration of both GAPDH and glyceraldehyde 3-
phosphate (GA3P), that is, the reciprocal relationship of the
concentrations between GAPDH and GA3P could compensate
each other and stabilize the rate through GAPDH in the
glycolysis.

The next question is to what extent the increased GA3P
concentration could compensate the decreased GAPDH ac-
tivity induced by GAPDH knockdown or inhibition. This issue
requires determination of the GAPDH-AA. However, as the
GAPDH in cells is compartmented (27–29), we were not able
to figure out the fraction of [GAPDH] in cells that is directly
participating in glycolysis, so that we could not estimate
GAPDH-AA in cells.

The quantitative relationship between the glycolysis rate,
GA3P, and GAPDH-AA in the cell-free glycolysis

To correlate GAPDH-AA with the glycolysis rate, we used
the cell-free glycolysis system. In this system, we can assume
that all the molecules of GAPDH are taking part in the
glycolysis, hence we could estimate the GAPDH-AA, accord-
ing to the kinetic curve (Fig. S8).

We prepared cell lysate from HeLa-siGAPDH and added
pure GAPDH into cell lysate to titrate GAPDH-SA. The
titrated cell lysate was used for glycolysis assay. In the given
range of relative concentration of GAPDH ([GAPDH]) from
0.6 to 1.4, we did not observe a rate of increase of lactate
generation (Fig. 7A). [GA3P] was inversely proportional to
relative [GAPDH] (Fig. 7B), and the data fit Equation 4. We
then calculated the GAPDH-AA, which were virtually the
same in the [GAPDH] range between 0.6 and 1.4 (Fig. 7C),
quantitatively explaining why titration of GAPDH did not
change the lactate generation rate.
J. Biol. Chem. (2021) 296 100369 7



Figure 6. Reciprocal relationship of the relative concentrations between GAPDH and GA3P. A, the relative GAPDH concentrations versus the relative
GA3P concentration in HeLa, RKO, MGC-80-3, SK-Hep-1, and A549 cells in response to GAPDH knockdown. The relative GAPDH concentration was derived
according to Equation 1 based on the data in Table S3. The relative GA3P concentrations are derived from Table S4. B, the relative GAPDH concentrations
versus the relative GA3P concentration in HeLa and RKO cells treated with IA at the indicated concentrations. The relative GAPDH concentrations are derived
from Table S5, and the relative GA3P concentrations are derived from Table S6. C, [GA3P] as a function of GAPDH-SA as the variable. *p < 0.05 and **p <
0.01 by two-tailed Student’s t test for panel A. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way ANOVA with Dunnett’s multiple comparison for panel B.
Data are the mean ± SEM from three independent experiments. GAPDH-SA, GAPDH specific activity; GA3P, glyceraldehyde 3-phosphate.

Glycolysis and GAPDH in cancer cells
We then prepared cell lysate from HeLa cells pretreated with
IA, which inhibited GAPDH-SA by 95%. The cell lysate was
titrated by GAPDH and was used for cell-free glycolysis assay.
We correlated the lactate generation with GAPDH-SA (Fig. 7D).
The quantitative relationship is similar to that in the cells, that is,
it could be expressed by two functions, f(x) = cwhenGAPDH-SA
% is between 40% and 100% and f(x) = ax/(b + x) when GAPDH-
8 J. Biol. Chem. (2021) 296 100369
SA% was below 40%. The reciprocal quantitative relationship
between [GA3P] and GAPDH-SA% fits Equation 4 very well
(Fig. 7E).

Then, we calculated the GAPDH-AA and correlated
GAPDH-AA with GAPDH-SA (Fig. 7F). From Figure 7, D and
E, we could see that when GAPDH-SA% ranged from 100% to
40%, the lactate generation rate was a constant and GAPDH-



Figure 7. Correlating lactate generation rate with GAPDH-AA. A–C, the lactate generation rate versus GAPDH-SA; [GA3P] in the glycolysis flux versus
GAPDH-SA; GAPDH-AA (GAPDH-AA at the [GA3P] in the glycolysis flux) versus GAPDH-SA. Cell lysate was prepared from HeLasiGAPDH and titrated with pure
GAPDH. The GAPDH titrated cell lysate was used for cell-free glycolysis assay as described in Experimental procedures. [GA3P] are from Table S7, GAPDH-AA
are from Table S8. D, the lactate generation rate versus GAPDH-SA. Cell lysate was prepared from HeLa cells treated with 20 μM IA for 5 h and titrated with
pure GAPDH. The GAPDH-titrated cell lysate was used for cell-free glycolysis assay as described in Experimental procedures. When GAPDH-SA is from 100%
to 40%, V = C; when GAPDH-SA is less than 40%, V = ax/(b+x), where x refers to GAPDH-SA%; 1/2 Vmax corresponds to GAPDH-SA at 4.3%. E, the [GA3P] as
the function of GAPDH-SA as the variable. F, the GAPDH-AA versus GAPDH-SA. 50% GAPDH-AA corresponds to 10% GAPDH-SA. [GA3P] is from Table S9, and
GAPDH-AA is from Table S10. Data are the mean ± SEM from three independent experiments. GAPDH-AA, GAPDH actual activity; GAPDH-SA, GAPDH
specific activity.

Glycolysis and GAPDH in cancer cells
AA was nearly constant. The half lactate generation rate cor-
responded to 4.3% GAPDH-SA and the estimated 50%
GAPDH-AA corresponded to 10% GAPDH-SA. The data
demonstrated that GAPDH-AA was in parallel with the lactate
generation rate, indicating that the rate through GAPDH in
the glycolysis was balanced by both [GAPDH] and [GA3P].

The thermodynamic nature of glycolysis in cancer cells with
the Warburg phenotype

The thermodynamic state of glycolysis in five different
cancer cell lines share the same pattern (Fig. S9A).

The Q values (Table S3) were far smaller than Keq in the
reactions catalyzed by HK, PFK1, and PK, generating a large
and negative ΔG, which drives the forward flux of glycolysis.
The ΔG of the lactate dehydrogenase (LDH)-catalyzed reaction
was between −3.4 and −4.1 kJ/mol, favoring the forward reac-
tion, that is, converting pyruvate (Pyr) and NADH to lactate
and NAD. This underlies the thermodynamic basis for the WE.

The concentrations of the glycolytic intermediates were
controlled by ΔG. The pattern of the glycolytic intermediates
could be defined by the Q values or by the concentrations. The
intermediates defined by the Q pattern were similar between
the five cell lines (Fig. S9B). As the reactions catalyzed by
phosphohexose isomerase (PGI) and aldolase to enolase were
in the near-equilibrium state, these enzymes, with high activ-
ity, played an important role in maintaining the concentration
pattern of the glycolytic intermediates. The near-equilibrium
state of the reactions catalyzed by PGI, triose phosphate
isomerase (TPI), and phosphoglycerate mutase (PGAM) well
interpreted the three peaks of [G6P], dihydroxyacetone phos-
phate [DHAP], [3-PG], and the valleys along glycolysis
(Fig. S9C).

The thermodynamic equilibration of glycolysis in cancer cells
in response to GAPDH knockdown

Perturbation of GAPDH by siGAPDH did not significantly
change the ΔGs of the reactions along the glycolysis pathway
in five cancer cell lines (Fig. S9A), nor the Q pattern of the
glycolytic intermediates (Fig. S9B).

Although [FBP], [DHAP], and [GA3P] were significantly
increased in GAPDH-knockdown cells (Fig. S9C), the Q values
of the reactions along the glycolysis did not change signifi-
cantly, indicating a well-thermodynamic equilibration. It is
clear that [GA3P] was controlled by thermodynamic equili-
bration of [FBP], [DHAP], and [GA3P] altogether.

Taken together, thermodynamics stabilizes the Q pattern of
the glycolytic intermediates and controls [GA3P] to maintain a
stable rate through GAPDH in glycolysis. This would be
further discussed below.

The thermodynamic equilibration of glycolysis and the limit in
response to IA inhibition

The approach of the siRNA knockdown is limited by the
knockdown efficiency, which has the maximal efficiency of
J. Biol. Chem. (2021) 296 100369 9



Figure 8. Thermodynamic state of glycolysis and the pattern of the glycolytic intermediates in HeLa cells with or without IA treatment. HeLa cells
were treated with IA for 5 h and collected for measurement of cellular glycolytic intermediates and calculation of Qs and ΔGs as described in Experimental
procedures. A, cumulative ΔG of the reactions along the glycolysis in cancer cells. B, Q patterns of the glycolytic intermediates. C, the concentrations of the
glycolytic intermediates. Data in panels A and B are from Table S5. Data in panel C are from Table S6. *p < 0.05, **p < 0.01, and ***p < 0.001 by one-way
ANOVA with Dunnett’s multiple comparison. Data are the mean ± SEM from three independent experiments. IA, iodoacetate.

Glycolysis and GAPDH in cancer cells
72% GAPDH knockdown (HeLa) in our experiments. On the
other hand, IA could achieve stepwise inhibition of GAPDH-
SA in cells. We sought to investigate to what extent inhibi-
tion of GAPDH would affect the thermodynamic state of
glycolysis.

The ΣΔGs (from Glc to lactate) of glycolysis in HeLa cells
was not affected by IA (Fig. 8A). The ΔGs of each reaction
along the pathway were not significantly affected by IA at
concentrations between 1 and 7 μM. Although [FBP], [DHAP],
and [GA3P] were proportional to the IA concentration
(Fig. 8C), the Q pattern of the glycolytic intermediates was
stable (Fig. 8B). The results therefore demonstrated that all the
intermediates were well equilibrated thermodynamically.

The thermodynamic equilibration of the intermediates has a
limit. The ΔGs of PFK1 and GAPDH + PGK1 in the glycolysis
significantly changed in HeLa cells treated with 13 and 20 μM
IA. We sought to correlate IA with GAPDH (Fig. 9A) and
GAPDH with ΔG of PFK1 or GAPDH + PGK1 (Fig. 9B).
10 J. Biol. Chem. (2021) 296 100369
Notably, the ΔGs of PFK1 and GAPDH + PGK1 were recip-
rocally changed, that is, PFK1-catalyzed reaction was
approaching the equilibrium state, while GAPDH + PGK1–
catalyzed reaction was moving away from the equilibrium
state.

Then how to interpret the reciprocal change of the ΔGs of
the reactions catalyzed by PFK1 and GAPDH + PGK1? IA at
13 and 20 μM for 5 h reduced glycolysis by 16% and 61.8%,
respectively (Fig. 4E). Blocking the step of GAPDH in the
glycolysis led to reduced [ATP] and [3PG] but increased
[ADP], [FBP], and [GA3P] (Fig. 9C). The [F6P], [NAD], and
[NADH] were not significantly changed. As a result, the Q
values ([NADH][ATP][3PG])/([NAD][ADP][GA3P][Pi]) of
GAPDH + PGK1 were reduced (Fig. 9D, right panel) because
of the decreased [ATP]/[ADP] and the decreased [3PG]/
[GA3P](Fig. 9D, left panel). We assumed that [Pi] was a con-
stant. The constant [NADH]/[NAD] was probably balanced by
the high activity of LDH in the glycolysis. Thus, the changes of



Figure 9. Correlating ΔGs of the reactions catalyzed by PFK1 and GAPDH + PGK1 with GAPDH-SA in HeLa cells treated with IA. HeLa cells were the
same as in Figure 8. A, correlating GAPDH-SA with IA. B, correlating ΔGs of the reactions catalyzed by PFK1 and GAPDH + PGK1 with GAPDH-SA. C,
correlating cellular [ATP], [ADP], [NAD], [NADH], [FBP], [F6P], [GA3P], and [3PG] with GAPDH-SA. D, left panel, correlating the pairs of the substrate/product of
the reactions catalyzed by GAPDH + PGK1 with GAPDH-SA. These pairs of substrate/products compose the Q of the reactions. Right panel, correlating Q of
the reactions with GAPDH-SA. E, left panel, correlating the pairs of the substrate/product of the reactions catalyzed by PFK1 with GAPDH-SA. These pairs of
substrate/products compose the Q of the reaction. Right panel: correlating Q of the reaction with GAPDH-SA. ΔGs and Qs are from Table S5. The inter-
mediate concentrations and ratios of the substrate/products are from Table S6. Data are the mean ± SEM from three independent experiments. GAPDH-SA,
GAPDH specific activity; IA, iodoacetate.
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Figure 10. The constant thermodynamic equilibration of glycolysis intermediates in response to IA inhibition. HeLa cells were treated with 7 μM IA
for a time course of 7 h. At each interval, cells were collected for measurement of cellular glycolytic intermediates and calculation of Qs and ΔGs as
described in Experimental procedures. A, GAPDH activity. B–D, the concentrations of intracellular FBP, DHAP, and GA3P. E and F, Q values of the corre-
sponding reactions. G and H, ΔGs of the corresponding reactions. I, the instantaneous rate of lactate generation. Data are the mean ± SEM from three
independent experiments. DHAP, dihydroxyacetone phosphate; FBP, fructose 1,6-bisphosphate; GA3P, glyceraldehyde 3-phosphate; IA, iodoacetate.

Glycolysis and GAPDH in cancer cells
[ATP]/[ADP] and [3PG]/[GA3P] were accountable to the
change of the ΔG of the reaction catalyzed by GAPDH +
PGK1. The change of ΔG of PFK1 in the glycolysis induced by
IA was due partly to the increase of [ADP]/[ATP] and partly to
the increase of [FBP]/[F6P] (Fig. 9E).

Combining Figures 4 and 8 and Table 1, we could clearly see
that when GAPDH-SA% was above the critical point, the
glycolysis rate was not affected, the concentrations of the in-
termediates could be well equilibrated thermodynamically, and
[GA3P] through thermodynamic equilibration could counter
the effect of GAPDH knockdown or inhibition; when GAPDH
was inhibited beyond the critical point, the glycolysis rate was
inhibited and [GA3P] through thermodynamic equilibration
could not fully counter the effect of GAPDH inhibition; as a
result, the GAPDH + PGK1–catalyzed reactions were moving
away from the near-equilibrium state and became a rate
controller.

We used RKO to repeat the above experiment. The results
were similar to those derived from HeLa cells (Fig. S10).

We checked if there was a reciprocal change of ΔGs be-
tween the reactions catalyzed by PFK1 and by GAPDH +
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PGK1 in GAPDH-knockdown cancer cells. The data demon-
strated that there was such a tendency (Fig. S11).

The constant thermodynamic equilibration of glycolysis in
cancer cells in response to IA inhibition

We sought to demonstrate the constant thermodynamic
equilibration of glycolytic intermediates by a time-course
experiment. HeLa cells were treated with 7 μM IA. GAPDH-
SA was decreasing in the time course (Fig. 10A), whereas
[FBP], [DHAP], [GA3P] were increasing (Fig. 10, B–D). Q
values and ΔGs of the corresponding reactions kept nearly
identical, indicating a constant thermodynamic equilibration
of the intermediates in the time course (Fig. 10, E–H). The
concentrations of other glycolytic intermediates did not
change significantly (Fig. S12).

The lactate generation rates of both control and IA treat-
ment kept the same throughout the time course (Fig. 10I).

Collectively, a constant thermodynamic equilibration of
intermediates responding to GAPDH inhibition was observed.
The constant lactate generation rate indicated a constant rate
through GAPDH. Mechanistically, [GA3P] was constantly



Figure 11. Thermodynamic state of glycolysis in cell-free glycolysis. The cell lysate was prepared from HeLa cells treated with 20 μM IA for 5 h and
titrated with pure GAPDH. The GAPDH-titrated cell lysate was used for the cell-free glycolysis assay as described in Experimental procedures. A, cumulative
ΔGs of the reactions along the glycolysis. B, ΔGs and Qs of the reactions catalyzed by PFK1 and GAPDH + PGK1 versus GAPDH-SA. C, ΔGs and Qs of the
reactions catalyzed by PFK1 and GAPDH + PGK1 versus GAPDH-AA. D and E, the ratios of the substrate/products versus GAPDH-AA. ΔGs and Qs are from
Table S11. The ratios of the substrate/products are from Table S9. Data are the mean ± SEM from three independent experiments. GAPDH-AA, GAPDH actual
activity; IA, iodoacetate.

Glycolysis and GAPDH in cancer cells

J. Biol. Chem. (2021) 296 100369 13



Glycolysis and GAPDH in cancer cells
regulated by the thermodynamics in the glycolysis pathway,
and it was crucial for stabilizing the glycolysis rate.

The thermodynamic state of glycolysis—cell-free glycolysis
model

As glycolysis is a part of the metabolic network in living
cells, the thermodynamic state of glycolysis is not independent
of the network. Using cell-free glycolysis model, we were able
to isolate the thermodynamic state of the glycolysis.

We prepared cell lysate from HeLa cells treated with 20 μM
IA, which inhibited GAPDH-SA by 95%. The cell lysate was
titrated with pure GAPDH and used for glycolysis assay.

The overall thermodynamic state of the glycolysis in the
cell-free system (control, i.e., GAPDH-SA 100%) was virtually
the same as that in the living cells (Fig. 11A), except at the step
of aldolase, which generated a ΔG of –7.71 kJ/mol, while it
was −1.84 kJ/mol in living HeLa cells. (Table S5 and S11).

Decrement of GAPDH-SA reduced the negative value of the
ΔGs of the reactions catalyzed by PFK1 and aldolase, that is,
the reactions were approaching thermodynamic equilibrium
(Fig. 11A). On the other hand, decrement of GAPDH-SA
increased the negative value of the ΔG of the reaction cata-
lyzed by GAPDH + PGK1 (Fig. 11A), indicating that the re-
action was moving away from the thermodynamic equilibrium.

When correlating the GAPDH-SA with the ΔGs or Qs of
these reactions (Fig. 11B), the curves were hyperbolic and the
changes of ΔGs or Qs correlated with GAPDH-SA% between
40% and 5%. When correlating the change of ΔGs or Qs with
GAPDH-AA (Fig. 11C), the curves became sigmoidal and the
change of ΔGs or Qs mainly correlated with the GAPDH-AA%
between 100% and 75%.

To explain the change of ΔGs, we dissected the Q values
into pairs of substrates and products. The reduced negative
value of the ΔG (PFK1) was due mainly to [FBP]/[F6P]
(Fig. 11D), whereas the increased negative value of the ΔG
(GAPDH + PGK1) was due mainly to [3PG]/[GA3P] (Fig. 11E).
This was different from those in living cells, where [ADP]/
[ATP] or [ATP]/[ADP] also contributed to the change of the
ΔGs of the reactions catalyzed by PFK1 and GAPDH + PGK1.

Wealso repeated the experimentusingcell lysateprepared from
HeLasiGAPDH. In the range of [GAPDH] between 0.6 and 1.4, the
ΔGs andQs of the reactions along glycolysis were not significantly
different from each other, except that the values of the ΔG of the
reaction catalyzed by the PFK1 became less negative, whereas that
by GAPDH + PGK1 became more negative (Fig. S13).

Collectively, the thermodynamic state of the glycolysis in the
cell-free glycolysis system was virtually the same as that in the
living cells, except at the step of aldolase. The effect of
perturbation of GAPDH on the thermodynamic state of the
glycolysis in the cell-free glycolysis was also similar to that in
living cells, except that [ADP]/[ATP] played a more important
role in the latter than the former.

Discussion

In summary, based on the detailed quantitative data, we
deduced the numerical relationship between GAPDH and
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glycolysis in cancer cells with the Warburg phenotype,
revealed the role of thermodynamics in equilibrating glycolytic
intermediates in response to GAPDH perturbation, and
interpreted the GAPDH rate through glycolysis flux when
GAPDH was perturbed, hence revealed the mechanistic
insight into the effect of perturbing GAPDH on the WE. These
issues have not been addressed by the previous works. Our
work, in line with previous reports (6–8, 15–19), may ratio-
nally interpret the efficacy of GAPDH inhibitors with respect
to the potential in cancer therapy.

The publications on the WE had been accumulated more
than 50,000 by the year of 2016 (30). The tremendous effort
has brought a remarkable progress in understanding the WE.
Nevertheless, quantification wise is somehow overlooked,
given the fact that the quantification is often expressed by the
fold change. Without quantification of the variables, the rela-
tionship between the variables could not be connected to
formulate equations. To the best of our knowledge, our sub-
mission represents the first study that deciphered the nu-
merical relationship between the aerobic glycolysis and an
individual glycolytic enzyme.

In addition, we would further discuss the role of thermo-
dynamics in glycolysis and the specificity of GAPDH inhibitor
for therapeutics purpose.

The role of thermodynamics in glycolysis

The thermodynamic nature of the glycolysis in cancer cells
with the WE has not attracted much attention. Thermody-
namics is an integrated part in the glycolysis pathway and it
plays crucial role in the intermediate equilibration and rate
control.

First, thermodynamics plays an important role in dictating
the pattern of glycolytic intermediates in cancer cells with the
Warburg phenotype. When glycolysis is at steady state, the
reactions of PGI, aldolase, TPI, GAPDH, PGK1, PGAM, and
enolase were close to thermodynamic equilibrium, which
dictates two things, the stable concentration of each glycolytic
intermediate and the stable reaction quotient of each reaction
(Fig. 8, Figs. S9 and S10, Tables S3–S6). This is why the pat-
terns of glycolytic intermediates, either expressed by concen-
trations or by Qs, were nearly identical between different
cancer cell lines.

Second, thermodynamics plays a crucial role in constantly
equilibrating glycolytic intermediates, when GAPDH is per-
turbed. When GAPDH was inhibited and the critical point was
not reached, glycolytic rate was not significantly reduced.
Although [FBP], [DHAP], and [GA3P] were significantly
increased, ΔGs of the reactions (including aldolase, TPI,
GAPDH, and other glycolytic enzymes) were not significantly
changed, nor the ΣΔGs. (Fig. 8, Figs. S9 and S10, Tables
S3–S6).

Finally, thermodynamics plays an important role in stabi-
lizing the rate through GAPDH. Glycolysis rate kept constant
when GAPDH-SA was above the critical point, indicating a
constant rate through GAPDH (Fig. 4, Figs. S2–S5, Table 1).
Meanwhile, there existed a reciprocal relationship between the
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GAPDH-SA and [GA3P] (Fig. 6). A plausible explanation is
that the increase of [GA3P] compensated the loss of GAPDH.
This is not only supported by the fundamental enzyme kinetics
but also by a constant GAPDH-AA corresponding to a con-
stant glycolytic rate when GAPDH-SA reduced from 100% to
40% (Fig. 7). [GA3P] is controlled by a constant thermody-
namic equilibration of the reactions catalyzed by aldolase and
TPI (Fig. 10).

The thermodynamic equilibration in response to GAPDH
perturbation has a limit and we propose that this limit is a
biochemical basis for the rate control of glycolysis by GAPDH
in cancer cells. When GAPDH-SA was inhibited beyond the
critical point, GAPDH became a rate controller and its cata-
lyzed reaction was moving away from the thermodynamic
equilibrium, favoring the forward reaction. This is in
consensus with the classical understanding that the rate-
limiting step in a pathway is usually far from thermodynamic
equilibrium.

In the previous reports, the accumulation of the glycolytic
intermediates upstream of the targeted enzyme such as PKM2,
PGK1, GAPDH, PGAM, and so forth (7, 8, 16, 31–33), has
been interpreted as a result of glycolysis inhibition, and the
interpretation is regarded as a ‘proof of concept.’ Nevertheless,
this interpretation could be misleading as it does not take
thermodynamics into consideration. In this study, we deci-
phered that the change of the glycolytic intermediates up-
stream of GAPDH is an outcome of thermodynamic re-
equilibration in response to GAPDH perturbation and it is
not necessarily an indicator of glycolysis inhibition. Only when
GAPDH-SA is inhibited beyond the critical point, the
increased [FBP], [DHAP], and [GA3P] would be associated
with the rate change of glycolysis.

The specificity of IA and other GAPDH inhibitors

GAPDH has been recognized as a potential target for
treating therapy and modulating immunity (6–8, 15–19)
because its catalytic cysteine (residue 152) was a highly reactive
nucleophile and hence was sensitive to electrophilic reagents.
At physiological conditions, the pKa of the thiol is 8.3, ac-
cording to the Henderson-Hasselbalch equation, over 90%
thiol is protonated and is at an unreactive state. In contrast, the
pKa of the sulfurhydryl group of catalytic cysteine (cysteine
152) of GAPDH was 6.03 because it is located in the pKa-
lowering microenviroment (34), for example, Polgar reported
that cysteine 152 in GAPDH formed an ion pair with a
neighboring histidine residue in the active site, leading to the
deprotonation of the cysteine sulfurhydryl group (35). When
pKa was 6.03, over 90% of the thiol group of cyteine 152 were
deprotonated, making it a highly reactive nucleophile, which is
readily reactive to IA, an electrophile. Moreover, Carneiro
et al. (36) showed that the covalent attachment of IA to the
active site of the enzyme occurs as a concerted process and
that NAD+ plays an important role in stabilization of the re-
agents and transition state. Similarly, the inactivation rate of
GAPDH by koningic acid, a GAPDH inhibitor (7, 15), was
enhanced by NAD+ by 200 folds (37). Taken together, the
catalytic cysteine of GAPDH is different from the common
thiol group, and the former is highly susceptible to IA. Hence,
a low IA concentration (<25 μM) could effectively inactivate
GAPDH but spare other glycolytic enzymes and cellular GSH.

Other GAPDH inhibitors with potential for treating cancer
and modulating immunity include dimethyl fumerate (8), 4-
octyl itaconic acid (16), and koningic acid (7, 15). Dimethyl
fumerate and 4-itaconic acid are α-β unsaturated carbonyls.
The thiolate anion on the cysteine residues of GAPDH reacted
with the unsaturated carbonyls via nucleophilic addition, while
dimethyl fumarate conjugated with the catalytic cysteine res-
idue 152 on GAPDH (8) and 4-octyl itaconic with the cysteine
residue 22 on GAPDH (16). Koningic acid reacts with catalytic
cysteine of GAPDH with the same chemical reaction mecha-
nism as IA—the nucleophilic substitution and the thiolate
anion of cysteine 152 attacking the epoxide moiety of the
koningic acid (7, 15, 37, 38).

Collectively, IA, dimethyl fumerate, 4-octyl itaconic acid,
and koningic acid are all highly reactive electrophiles; in the-
ory, they can react with not only thiolate anion but also other
nucleophilic compounds in cells. Hence, the selectivity of these
inhibitors depends on the concentration window, in which the
thiolate anion of the catalytic cysteine on the GAPDH is
conjugated, whereas thiols of GSH and other enzymes are
spared. In our study, the concentration of IA was <25 μM,
which inactivated GAPDH but did not significantly inhibit
other glycolytic enzymes nor depleted cellular GSH. In the
same principle, the selective inhibition of GAPDH by KA,
dimethyl fumerate, and 4-octyl itaconic acid would also
depend on their concentration. KA is so far the best charac-
terized GAPDH inhibitor, which selectively inhibited glycolysis
in cancer cells with the WE (7).

Experimental procedures

Cell lines

Human cancer cell lines HeLa, MGC80-3, RKO, SK-HEP-1,
and A549 were obtained from the Cell Bank of Type Culture
Collection of the Chinese Academy of Science and were
cultured in RMPI-1640 medium with 10% fetal bovine serum
(FBS). Cells were maintained in a humidified incubator at 37
�C with 5% CO2.

Reagents and enzymes

Unless otherwise stated, all reagents were from Sigma,
including ADP (#A5285), ATP (#A3377), NAD (#N0632), NADP
(#N8035), NADH (#N8129), NADPH (#N7505), Glc (#G8270),
glucose 6-phosphate (G6P) (#G7879), fructose 6-phosphate (F6P)
(#V900924), GA3P (#G5251), 3-phosphoglycerate (#P8877), 2-
phosphoglycerate (#19710), phosphoenolpyruvate (PEP)
(#P7001), Pyr (#V900232), lactic acid (#L1750), hexokinse
(#H4502), PGI (#P5381), phosphofructokinase (#F0137), aldolase
(#A8811), TPI (#T6258), GAPDH (#G2267), phosphoglycerate
kinase (PGK) (#P7634), enolase (#E6126), PK (#P7768), LDH
(#L2500), glucose-6-phosphate dehydrogenase (G6PDH)
(#G8404), α-GPDH(#G6751), GSH (#G4251), GSSG (#G6654),
5,50-Dithiobis (#D8130), GSH reductase (#G3664), Triton X-100
J. Biol. Chem. (2021) 296 100369 15
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(#T6878), sulfosalicylic acid (#S2130), 2-vinylpyridine (#132292),
triethanolamine (#T1377). Fructose 1,6-bisphosphate (#F111301)
and sodium iodoacetate (# S104897) were from Aladdin (China).

GAPDH knockdown by siRNA

1.5 × 105 Cells were seeded into each well of six-well plates
and cultured overnight. On the next day, cells were transfected
using Lipofectamine 3000 (Thermo Fisher Scientific) accord-
ing to manufacturer’s protocol, with either negative control
(NC) siRNA or siGAPDH (RiboBio). The siRNA sequences
were as follows: NC, sense, UUCUCCGAACGUGUCACGU
dTdT; antisense, ACGUGACACGUUCGGAGAA dTdT.
siGAPDH, sense, GUGUGAACCAUGAGAAGUA dTdT;
antisense, UACUUCUCAUGGUUCACAC dTdT. Forty-eight
hours after transfection, the culture media were replaced
with 2 ml fresh Glc-free RMPI-1640 plus 8 mM Glc. Ten-
microliter media was collected at 1, 2, 3, 4, 5, and 6 h and
Glc and lactate were determined afterward. Then cells were
counted and collected for Western blot, glycolysis enzyme
activity assay, or intracellular intermediate determination.

Western blotting

Cells were collected and washed twice with cold PBS and
then lysed with M-PER Mammalian Protein Extraction Re-
agent (Thermo Fisher Scientific) supplemented with cocktail
(MedChemExpress). The protein concentration was deter-
mined with the BCA protein assay kit (Thermo Fisher Scien-
tific). The protein was heat-denatured, and 20 μg was
subjected to 12% SDS-PAGE, transferred to a polyvinylidene
fluoride membrane, and incubated with antibodies and then
detected by Western lightning plus ECL (Perkin Elmer). The
antibodies were GAPDH (Proteintech, #60004-1-lg) and β-
actin (Cell Signaling Technology, #3700).

Inhibition of GAPDH by IA

Cells were seeded into six-well plates and cultured overnight,
the seeded numbers for each well of HeLa, RKO,MGC80-3, SK-
HEP-1, and A549 were 4.0 × 105, 7.0 × 105, 7.0 × 105, 6.0 × 105,
and 5.0 × 105, respectively. On the next day, IA was dissolved in
water and diluted to different concentrations with 1.5 ml fresh
Glc-free RMPI-1640 plus 6 mM Glc. Then, the culture media
were replaced with the prepared media above, 10 μl media and
cells were collected at 0.5, 1, 2, 3, 5, and 7 h. Glc and lactate were
determined afterward, and cells were counted and lysed for the
glycolysis enzyme activity assay.

Cell growth assay

Cells were seeded into six-well plates and cultured over-
night, the seeded numbers for each well of HeLa and RKO
were 1.5 × 105 and 2.0 × 105, respectively. On the next day, IA
was dissolved in water and diluted to different concentrations
with 2.5 ml fresh complete RMPI-1640 plus 10% FBS. Then,
the culture medium was replaced and 10 μl medium was
collected at 0, 24, and 48 h. For the cells treated with 8 μM IA,
the culture medium was replaced with 3 ml fresh complete
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RMPI-1640 plus 10% FBS (without IA) at 48 h. Then, 10 μl
medium was collected at 72, 96, and 120 h. Glc and lactate
were determined afterward, and cells were counted and lysed
for the glycolysis enzyme activity assay.
Measurement of Glc and lactate

Glc and lactate were determined according to the methods
described previously with some modification (39). Forty mi-
croliters of water was added to 10 μl collected medium and
mixed well and then 10 μl mixture or standard solution of Glc/
lactate (LA) was added to the 96-well plate, together with 190
μl reaction buffer. To determine Glc/LA in cell-free system
samples, 10 μl of the supernatant was added to 190 μl reaction
buffer directly. For Glc determination, the buffer contained
200 mM Hepes (pH 7.4), 100 mM KCl, 5 mM Na2HPO4, 5
mM MgCl2, 0.5 mM EDTA, 2 mM ATP, 0.2 mM NADP, 0.2
U/ml HK2, and 0.2 U/ml G6PDH. For lactate determination,
the reaction buffer contained 200 mM glycine, 170 mM hy-
drazine (pH 9.2), 2 mM NAD, and 5 U/ml LDH. Sixty minutes
after the reaction, absorbance was recorded at 340 nm using
SpectraMax i3 (Molecular Devices). Glc or LA concentration
was calculated according to the standard curve.

Determination of intracellular GSH

The content of GSH in cell was determined according to
previously reported methods (40), which is essentially a
modification of the Tietze recycling assay (41). Briefly, seed the
cells at a density of 4.0 × 105 (HeLa cells) per well in a sixwell
plate and culture overnight. On the next day, cells were treated
with IA at the indicated concentrations for 7 h. Then, cells
were counted and suspended in 1 ml of ice-cold extraction
buffer (0.1% triton-X and 0.6% sulfosalicylic acid in 0.1 M
potassium phosphate buffer with 5 mM EDTA disodium salt,
pH 7.5). To ensure that the cells are properly lysed, sonicate
the suspension in icy water for 2 to 3 min with vortexing every
30 s. For the measurement of total GSH ([GSH] + 2[GSSG]),
add 20 μl standards or samples to a 96-well microtiter plate
and then mix equal volumes of freshly prepared 5,50-Dithiobis
(2 mg/3 ml) and GSH reductase (3 U/ml) solutions together
and add 120 μl mixed solutions to each well. Allow 30 s for the
conversion of GSSG to GSH and then add 60 μl of β-NADPH
(2 mg/3 ml). Immediately read the absorbance at 412 nm in a
microplate reader and take measurements every 30 s for 2 min.
The rate of change in absorbance (ΔA412 nm min–1) is linearly
proportional to the total concentration of GSH. The concen-
tration of sample is determined by calculating from the
regression curve generated from standards of GSH. For the
measurement of GSSG, add 100 μl cell extract to a 1.5 ml
Eppendorf tube. Then add 2 μl 2-vinylpyridine and mix well
to derivatize GSH. Allow the reaction to take place for 1 h at
room temperature in a fume hood. Add 6 μl triethanolamine
to the side of the tube, and mix the solution vigorously. Assay
the derivatized samples by the method described above in a
96-microtitre plate at 412 nm. GSSG standards (containing 2-
vinylpyridine and triethanolamine) should also be run.
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Glycolysis enzyme activity assay

Cells were collected and lysed with M-PER, and the protein
concentration was determined using the BCA protein assay kit.
Enzyme activity at the saturating substrate concentration was
determined according to previously reported methods (39).
Briefly, the reaction buffer contained 200 mM Hepes, 100 mM
KCl, 5 mM Na2HPO4, 0.5 mM EDTA, and 5 mM MgCl2, and
pH was adjusted to 7.4. For each enzyme activity assay, 1 ml
reaction buffer was added to a 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: 2 mM ATP, 0.2 mM NADP, 10 mM Glc, 1 U/ml
G6PDH, 30 μg protein of lysate; PGI: 0.2 mM NADP, 2 mM
F6P, 1 U/ml G6PDH; 5 μg protein of lysate; Phosphofructo-
kinase: 2 mM ATP, 0.1 mM ADP, 2 mM F6P, 1 U/ml aldolase,
1 U/ml α-GPDH, 0.1 mM NADH, 10 μg protein of lysate;
Aldolase: 1.5 mM fructose 1,6-bisphosphate (FBP), 0.1 mM
NADH, 1 U/ml α-GPDH, 15 μg protein of lysate; TPI: 2 mM
GA3P, 1 U/ml α-GPDH, 0.1 mM NADH, 1 μg protein of
lysate; GAPDH: 2 mM GA3P, 2 mM NAD, 4 μg protein of
lysate; PGK: 2 mM 3PG, 2 mM ATP, 1 U/ml GAPDH, 0.1 mM
NADH, 5 μg protein of lysate; PGAM: 1 mM 3PG, 2 mM ADP,
1 U/ml enolase, 1 U/ml PK, 1 U/ml LDH, 0.1 mM NADH, 10
μg protein of lysate; Enolase: 1 mM 2PG, 2 mM ADP, 1 U/ml
PK, 1 U/ml LDH, 0.1 mM NADH, 10 μg protein of lysate; PK:
2 mM PEP, 2 mM ADP, 5 U/ml LDH, 0.1 mM NADH, 2 μg
protein of lysate; LDH: 2 mM Pyr, 0.1 mM NADH, 2 μg
protein of lysate.

In vitro cell-free system model for glycolysis

This cell-free model for glycolysis was described by us
previously (39, 42). Briefly, a reaction buffer contained 200
mM Hepes, 100 mM KCl, 5 mM Na2HPO4, 0.5 mM EDTA,
and 5 mMMgCl2, 1.5 mM ATP, 4 mM ADP, 5 mM Glc, 2 mM
NAD, and 0.1 mM NADH was used for the in vitro glycolysis
system. To start the reaction, 60 μl lysate (8–10 μg/μl protein)
was added to 540 μl reaction buffer, and the mixture was
incubated at 37 �C. Thirty minutes later, 600 μl 1 M HClO4

was added to the mixture to terminate the reaction and then
100 μl 3 M K2CO3 was added to neutralize, and the mixture
was kept on ice for 30 min further. After that, the supernatant
was obtained by centrifuging at 10,000g and was used for
determination of glycolytic intermediates.

Determination of glycolytic intermediates in the cell-free
system

We used previously reported methods to determine the
glycolytic intermediates (39). The reaction buffer in this part
contained 200 mM Hepes, 100 mM KCl, 5 mM Na2HPO4, 0.5
mM EDTA, and 5 mM MgCl2, with pH adjusted to 7.4.

G6P and F6P: 100 μl of the supernatant and 0.2 mM NADP
were added to 900 μl reaction buffer, and the reaction was
started by adding 1 U/ml G6PDH. The first reaction to mea-
sure G6P ended when 340 nm absorbance reached a plateau,
and then, 1 U/ml PGI was added to measure F6P.
FBP, DHAP, andGA3P: 100 μl of the supernatant and 0.1mM
NADH were added to 900 μl reaction buffer; the reaction to
measure DHAP was started by adding 1 U/ml α-GPDH. When
thefirst reaction ended, 1U/mlTPIwas added tomeasureGA3P.
Finally, 1 U/ml aldolase was added to measure FBP.

3PG: 50 μl of the supernatant, 2 mM ATP, 0.1 mM NADH,
and 1 U/ml PGK were added to 950 μl reaction buffer, and the
reaction was started by adding 1 U/ml GAPDH.

2PG, PEP, and Pyr: 100 μl of the supernatant and 0.1 mM
NADH were added to 900 μl reaction buffer; the reaction to
measure Pyr was started by adding 1 U/ml LDH. When the first
reaction ended, 2 mM ADP and 1 U/ml PK were added to
measure PEP. Finally, 1U/ml enolasewas added tomeasure 2PG.

Determination of intracellular glycolytic intermediates

For knockdown experiment，NC or siGAPDH-transfected
cells were washed by ice-cold PBS twice, and 600 μl 1 M
precold HClO4 was added to every three wells of a six-well
plate. Cells were collected by a scraper, incubated on ice for
30 min, and neutralized by 100 μl 3 M K2CO3. Then, the su-
pernatant was obtained by centrifuging at 10,000g at 4� C.
Then, 50 μl 2 M NaOH was added to the supernatant and kept
at 60 �C for 5 min and neutralized again by adding 50 μl 2 M
HCl. These two steps eliminated intracellular NAD(H)/
NADP(H) possibly. Meanwhile, a same fourth well of cells was
trypsinized and collected to determine the cell number and cell
size by a cell counter (JIMBIO). Through the following re-
actions, intermediates plus NADP (for G6P, F6P, and Glc) or
NADH (for FBP-Pyr) were converted to products and NADPH
or NAD; termination of the reaction by NaOH or HCl will
conserve the NADPH or NAD, which could be measured by
cycling methods (43, 44). For all the reactions, 10 μl super-
natant was mixed with 40 μl reaction buffer; different reactions
differ in the reaction buffer:

G6P: 200 mMHepes, 100 mMKCl, 5 mMNa2HPO4, 0.5 mM
EDTA, 5mMMgCl2, pH 7.4, 2 mMATP, 0.5 mMNADP, 0.5 U/
mlG6PDH; F6P: 200mMHepes, 100mMKCl, 5mMNa2HPO4,
0.5 mM EDTA, 5 mM MgCl2, pH 7.4, 2 mM ATP, 0.5 mM
NADP, 0.5 U/ml G6PDH, plus 0.5 U/ml PGI; Glc: 200 mM
Hepes, 100 mM KCl, 5 mM Na2HPO4, 0.5 mM EDTA, 5 mM
MgCl2, pH 7.4, 2 mM ATP, 0.5 mM NADP, 0.5 U/ml G6PDH,
plus 0.5 U/ml HK; DHAP: 200 mM Hepes, 100 mM KCl, 5 mM
Na2HPO4, 0.5mMEDTA, 5mMMgCl2, pH7.4, 0.5mMNADH,
0.5 U/ml α-GPDH; GA3P: 200 mMHepes, 100 mM KCl, 5 mM
Na2HPO4, 0.5mMEDTA, 5mMMgCl2, pH7.4, 0.5mMNADH,
0.5 U/ml α-GPDH, plus 0.5 U/ml TPI; FBP: 200 mMHepes, 100
mMKCl, 5mMNa2HPO4, 0.5mMEDTA, 5mMMgCl2, pH 7.4,
0.5 mMNADH, 0.5 U/ml α-GPDH, 0.5 U/ml TPI, plus 0.5 U/ml
aldolase; 3PG: 200 mM Hepes, 100 mM KCl, 0.5 mM EDTA, 5
mM MgCl2, pH 7.4, 0.5 mM NADH, 1 mM ATP, 0.5 U/ml
PGK, plus 0.5 U/ml GAPDH; Pyr: 200 mMHepes, 100 mMKCl,
5 mMNa2HPO4, 0.5 mM EDTA, 5 mMMgCl2, pH 7.4, 0.5 mM
NADH, 1 mM ADP, 0.5 U/ml LDH; PEP: 200 mM Hepes, 100
mM KCl, 5 mM Na2HPO4, 0.5 mM EDTA, 5 mM MgCl2, pH
7.4, 0.5 mM NADH, 1 mM ADP, 0.5 U/ml LDH, plus 0.5 U/ml
PK; 2PG: 200mMHepes, 100mMKCl, 5mMNa2HPO4, 0.5mM
J. Biol. Chem. (2021) 296 100369 17
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EDTA, 5mMMgCl2, pH 7.4, 0.5mMNADH, 1mMADP, 0.5U/
ml LDH, 0.5 U/ml PK, plus 0.5 U/ml enolase.

For G6P, F6P, and Glc determination, after 30 min incubation
at 37 �C, the reaction was terminated by adding 10 μl 2MNaOH,
mixed well, and kept at 60 �C for 5 min to eliminate NADP and
then the mixture was neutralized by adding 20 μl 1 M HCl. For
the rest of the intermediates, after 30min incubation at 37 �C, the
reaction was terminated by adding 20 μl 1 M HCl, kept at 60 �C
for 5 min to eliminate NADH, and then the mixture was
neutralized by adding 10 μl 2 M NaOH. After that, 70 μl
neutralized mixture or standard solution was added to a 96-well
plate together with 100 μl development buffer (0.4 M Tris HCl,
0.2mMG6P, 1U/mlG6PDH, 0.1mMmethanethiosulfonate, 0.1
mMphenazine ethosulfate, pH 7.8) to cycling NADPH (for G6P,
F6P, and Glc). For the rest of the intermediates, the development
buffer contained 0.4 M Tris HCl, pH 7.8, 5 M ethanol, 2 U/ml
alcohol dehydrogenase, 0.1 mM methanethiosulfonate, 0.1 mM
phenazine ethosulfate. After 30 min incubation with the devel-
opment buffer at 37 �C, the 490 nm absorbance of 96-well plates
was recorded and analyzed.

For IA inhibition experiment, NC or IA inhibited cells were
washed by ice-cold PBS twice, and 600 μl 1 M precold HClO4

was added to every three 10 cm dishes. Cells were collected by
a scraper, incubated on ice for 30 min, and neutralized by 100
μl 3 M K2CO3. After that, the supernatant was obtained by
centrifuging at 10,000g and was used for determination of
intracellular glycolytic intermediates. The methods were same
as determination of glycolytic intermediates in the cell-free
system mentioned above.

Determination of ATP, ADP, NAD, and NADH in cells

Cells in six-well plates were washed with ice-cold PBS twice,
and 0.6 ml 80% (vol/vol) precold (−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 centrifuging at 20,000g at 4 �C. The supernatant was
evaporated by a vacuum centrifugal concentrator and was
dissolved in 100 μl water for following ultra performance
liquid chromatography (UPLC) analysis. Waters ACQUITY
UPLC system with an ACQUITY UPLC HSS T3 column was
used to perform the liquid chromatography. The mobile phase
A was 20 mM triethylamine in 99%/1% water/acetonitrile (pH
6.5), and the mobile phase B was 100% acetonitrile. The
gradient program was as follows: 0 to 3 min, 100% A; 3 to
4 min, 100% A-98.5% A; 4 to 7 min, 98.5% A- 92% A; 7 to
7.1 min, 92% A-100% A; 7.1 to 10 min, 100% A. Ten microliter
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.

Analysis of isotopic lactate by LC-MS/MS

Isotopic lactate tracing is based on our previously reported
method (45). [13C6]Glucose was purchased from Sigma.
Forty-eight hours after transfection, HeLa–NC, HeLa–
siGAPDH, MGC80-3–NC, and MGC80-3–siGAPDH were
washed with PBS twice and cultured in Glc-free RPMI-1640
18 J. Biol. Chem. (2021) 296 100369
supplemented with 10% ultrafiltrated FBS and 8 mM [13C6]
glucose for 6 h. Then, the culture medium was collected and
diluted 40 times with 100% acetonitrile and centrifuged at
25,000g for 10 min at 4 �C. The supernatant was collected for
LS-MS/MS analysis according to methods reported previously
by us (45, 46). 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 μl. Mobile phase A
was 10 mM ammonium acetate in 85% acetonitrile and 15%
water, pH 9.0, and mobile phase B was 10 mM ammonium ac-
etate in 50% acetonitrile and 50% water, pH 9.0. The gradient
programwas as follows: 0 to 0.4min, 100%A; 0.4 to 2min, 100 to
30% A; 2 to 2.5 min, 30 to 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 spectrometer (AB Sciex) equipped with an ESI ion source
(Turbo Spray) operated in the negative-ion mode was used for
MS detection, and the same parameter setting was used (45).

Calculation of the Gibbs free energy change ΔG of glycolytic
reactions

ΔG was calculated according to Equation 5,

ΔG¼ΔG
00
310þRTln Q (5)

where ΔG
00
310 is the standard transformed Gibbs free energy at

37 �C and Q was calculated according to intermediate con-
centrations and is listed in tables. NAD/NADH was set as 78
according to our previously reported study (42) and [Pi] in the
cell was 1.5 mM according to (47). Take the HeLa-NC of
knock-down experiment in vivo for example. Q of HK-
catalyzed reaction in cell equals to [G6P][ADP]/[ATP][Glc],
which was 0.013; however, ΔG

00
310 is not available. According to

ΔG=ΔH-TΔS because the change of ΔH and ΔS is negligible
between 37 �C and 25 �C (48, 49), we deduced the equation to
a new form as shown in Equation 6,

ΔG
00
310 ¼

310
298

ΔG
00
298þ

�
1−

310
298

�
ΔH

00
298 (6)

ΔG
00
298 and ΔH

00
298 are available in references (50–54). So we get

Equation 7,

ΔG¼ 310
298

ΔG
00
298 þ

�
1−

310
298

�
ΔH

00
298 þRTln Q¼ 310

298
ð−16:7Þ

þ
�
1−

310
298

�
ð−23:8Þþ 8:31× 0:31× lnð0:013Þ

¼ −27:68 kJ=mol

(7)

Statistical analysis

All experiments were repeated at least 3 times, and all data
were analyzed using GraphPad Prism 7. For comparisons of
two groups, two-tailed Student’s t test was performed. For
comparisons of three or more groups, one-way ANOVA was
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performed with post hoc multiple comparison testing using
Dunnett’s method.
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All the data are in the article.
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