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It has been recognized that the rate-limiting function of pyru-
vate kinase M2 (PKM2) in glycolysis plays an important role in
distributing glycolytic intermediates for anabolic and catabolic
purposes in cancer cells. However, after analysis of the catalytic
capacity of PKM2 relative to other glycolytic enzymes, the reg-
ulation range of PKM2 activity, metabolic flux control, and ther-
modynamics, we suggest that the PKM2-catalyzed reaction is
not a rate-limiting step in cancer cell glycolysis. Hexokinase and
phosphofructokinase 1 (PFK1), the first and third enzyme along
the pathway, are rate-limiting enzymes that limit the overall gly-
colytic rate, whereas PKM2 and lactate dehydrogenase, the
last two enzymes in the pathway, are for the fast removal of
upstream intermediates to prevent the obstruction of the path-
way. The argument is in accordance with the catalytic capacity
of glycolytic enzymes, regulation range of enzyme activities,
metabolic flux control, and thermodynamics.

During tumorigenesis, pyruvate kinase (PK) isotype in cells
switches from pyruvate kinase M1 (PKM1) or pyruvate kinase L
(PKL) to PKM2 (1, 2), suggesting that PKM2 plays a part in
tumor initiation and development. PK catalyzes the last step of
glycolysis and is commonly regarded as a rate-limiting enzyme.
In cancer cells, PKM2 is considered as a rate-limiting
enzyme, because its enzyme activity is sensitive to allosteric
regulation (3, 4) and it catalyzes a thermodynamically favor-
able reaction. It is proposed that when it is allosterically
inhibited, its catalytic rate is lower than the upstream glyco-
lytic rate; hence, phosphoenolpyruvate (PEP)* and upstream
glycolytic intermediate may accumulate and flow to anabolic
pathways; when it is allosterically activated, its activity is
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higher than the upstream glycolytic rate, and the upstream
glycolytic intermediate would flow to pyruvate, which is then
converted to lactate or enters mitochondria for complete
oxidation. There are several lines of evidence that support
this hypothesis (1, 4-11).

However, the evidence to support PKM2 as a rate-limiting
enzyme is not sufficient. If PKM2 is a rate-limiting enzyme,
the following lines of evidence are required: (a) PKM2 cata-
lyzes an irreversible reaction; (b) its enzyme activity relative
to other glycolytic enzymes is low; (¢) its activity is sensitive
to regulation; and (d) when its activity is allosterically acti-
vated, its catalytic rate should be higher than the upstream
glycolytic rate and when its activity is allosterically inhibited,
its catalytic rate should be lower than upstream glycolytic
rate. So far, there is evidence of points 2 and ¢ but no b and d.

Experimental Procedures
Cell Lines

Murine breast cancer cell line 4T1, human breast cancer cell
line Bcap37, human cervical cancer cell line HeLa, human gas-
tric cancer cell line SGC7901, human colon cancer cell line
RKO, human liver cancer cell lines HepG2 and SMMC7721
were used in this study. Cells were maintained in RPMI 1640
medium (Invitrogen) supplemented with 10% fetal bovine
serum (FBS), 100 units/ml penicillin/streptomycin, and 2 mm
L-glutamine (complete RPMI 1640 medium).

Reagents and Enzymes

Glucose, Glc-6-P, fructose 6-phosphate (Fru-6-P), fructose
1,6-bisphosphate (FBP), glyceraldehyde 3-phosphate (GA3P),
3-phosphoglycerate (3PG), 2-phosphoglycerate (2PG), PEP,
pyruvate, ADP, ATP, AMP, NAD(P), NAD(P)H, hexokinase
2 (HK2), phosphohexose isomerase (PGI), aldolase, triose-
phosphate isomerase (TPI), glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), phosphoglycerate kinase (PGK),
enolase, PK, and LDH were all from Sigma. PFK1 was from
XIMEI (China).

Preparation of Recombinant PKM2, PKM1, and PKL

Recombinant PKM2, PKM1, and PKL was cloned and puri-
fied as the method described by us previously (12). The cDNA
of PKM2, PKM1, and PKL was amplified from the cDNAs of the
human breast cancer cell line MCF-7, human muscle, and hu-
man liver, respectively. Specimens of human muscle and
human liver were obtained from the Tissue Bank of the Second
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Affiliated Hospital, Zhejiang University. The use of human tis-
sue was approved by the hospital’s Institutional Review Board.
The cDNA of PKM2, PKM1, and PKL was cloned into pQE-30
(Qiagen, Hamburg, Germany) with an N-terminal His, tag and
expressed in Escherichia coli strain XL-1 blue (Qiagen). Each
clone was confirmed by sequencing by Invitrogen. When the
E. coli culture attained an absorbance (600 nm) of 0.7, ex-
pression was induced by 1 mm isopropyl B-p-thiogalactoside
(Gibco) for 6 h at room temperature. The cells were collected
and lysed by a freeze/thaw cycle and sonication. The lysate was
passed through a nickel-Sepharose column (GE Healthcare);
the protein not bound to nickel-Sepharose was washed with
washing buffer (0.1 m Tris-HCI, pH 7.8, containing 0.5 M NaCl,
and 40 mwm imidazole), and PK was eluted by using 250 mm
imidazole. The purity of recombinant PKs was determined by
SDS-PAGE and Coomassie Blue staining. The kinetic charac-
teristic of the PKs was determined by an LDH-coupled activity
assay.

Glucose Consumption and Lactate Generation

1 X 10° cells were seeded into 25-cm? culture flask (Corning)
to allow attachment overnight in a humidified CO, incubator.
The culture media were then replaced with fresh complete
RPMI 1640 medium plus 6 mm glucose. The glucose level was
measured automatically by the HK colorimetric method using
an Olympus AU2700 system, and the lactate production was
determined by the VITROS Chemistry Product LAC Slides
using the VITROS 5.1 ES system; the L/G ratio was calculated as
lactate generated over glucose consumption.

Preparation of Cell Lysate

4T1, Bcap37, HeLa, SGC7901, RKO, HepG2, and
SMMC7721 cells cultured in complete RPMI 1640 medium
with 6 mum glucose and at 70% confluence were washed twice
with ice-cold PBS and lysed with M-PER™ mammalian pro-
tein extraction reagent supplemented with Halt™ protease
inhibitor mixture (both from Thermo Scientific). The resultant
crude cell lysates were used for enzyme activity and K|, deter-
mination. Protein concentration was measured by BCA protein
assay kit (Pierce).

Western Blot

Cells were lysed with M-PER™ mammalian protein extrac-
tion reagent supplemented with Halt™ protease inhibitor
mixture. Protein concentration was measured by BCA protein
assay kit. After heat denaturation, the protein was applied to a
10-12% SDS-polyacrylamide gel, transferred to a PVDF mem-
brane, and then detected by the proper primary and secondary
antibodies before visualization by Western Lighting Plus ECL
kit (PerkinElmer Life Sciences). The primary antibodies used
were as follows: rabbit anti-PKM1 and PKM2 (Cell Signaling
Technology); rabbit anti-PKLR (Abcam); rabbit anti-HK2 (Cell
Signaling Technology); and mouse anti-lactate dehydrogenase
A (LDHA) (Cell Signaling Technology).

Measurement of Enzyme Activity at Saturating Substrate
Concentration

The activities of each of the 11 enzymes were individually
measured according to previously reported methods (13-23).
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Briefly, a reaction was initiated by addition of the cell lysate
(2-20 ug of protein) into the reaction buffer, reactant, and
when appropriate the cofactor in a total volume of 1 ml. The
amounts of the lysates used and the reaction times were care-
fully tested for each enzyme to maintain the linearity for each
reaction. The absorbance at a wavelength of 260 nm (phospho-
glycerate mutase and enolase) or 340 nm (HK, PGI, PFKI,
aldolase, TPI, GAPDH, PGK, PKM2, and LDH) were monitored
at 37 °C with a spectrophotometer (DU® Series 700, Beckman
Coulter, Inc.). To get the linearity of each reaction, we added
different amounts of cell lysate into the reaction mixture for
different enzyme assays. The reaction mixture for each enzyme
measurement was as described below.

HK—Reaction mixture contained 50 mm Hepes, 5 mm
MgCl,, 0.1 M glucose, 0.5 mm ATP, 0.2 mm NADP, 1 unit of
glucose-6-phosphate dehydrogenase, and the cell lysate was
added into the reaction mixture to a final concentration of 20
pg of protein/ml.

PGI—50 mm Hepes, 5 mm MgCl,, 2 mm Fru-6-P and cell
lysate was added into the reaction mixture to a final concentra-
tion of 5 ug of protein/ml.

PFK1—50 mm Hepes, 100 mm KCI, 5 mm MgCl,, 5 mm
Na,HPO,, 1 mm NH,Cl, 5 mMm Fru-6-P, 1.5 mm ATP, 0.2 mm
NADH, 0.1 mm AMP, 1 unit of a-glycerophosphate dehydro-
genase («-GPDH), 1 unit of TP, 1 unit of aldolase, and cell
lysate was added into the reaction mixture to a final concentra-
tion of 20 ug of protein/ml.

Aldolase—50 mMm Hepes, 1 mm FBP, 0.2 mm NADH, 1 unit of
a-GPDH, 1 unit of TPI, and cell lysate was added into the reac-
tion mixture to a final concentration of 15 ug of protein/ml.

TPI—50 mMm Hepes, 5 mm EDTA, 1 mm GA3P, 0.2 mm
NADH, 1 unit of a-GPDH and cell lysate was added into reac-
tion mixture to a final concentration of 2 ug of protein/ml.

GAPDH—50 mMm Hepes, 5 mm Na,HPO,, 0.2 mm EDTA, 1
mM GA3P, 1 mm NAD, and cell lysate was added into the reac-
tion mixture to a final concentration of 4 ug of protein/ml.

PGK—50 mMm Hepes, 10 mm 3PG, 4 mm ATP, 6 mm MgSO,,,
0.2 mM EDTA, 0.2 mm NADH, 1 unit of GAPDH, and cell lysate
was added into the reaction mixture to a final concentration of
4 pg/ml

Phosphoglycerate Mutase—50 mm Hepes, 5 mm MgCl,, 2 mm
3PG, 1 unit of enolase, and cell lysate was added into the reac-
tion mixture to a final concentration of 20 ug of protein/ml.

Enolase—50 mm Hepes, 1 mm MgCl,, 50 mm KCl, 1 mm
EDTA, 1 mm 2PG, and cell lysate was added into the reaction
mixture to a final concentration of 20 ug of protein/ml.

PKM2—50 mm Hepes, 100 mm KCl, 5 mm MgCl,, 0.5 mm
EDTA, 0.2 mm NADH, 1.5 mm ADP, 5 mMm PEP, 1 unit of LDH,
and cell lysate was added into the reaction mixture to a final
concentration of 2 ug of protein/ml

LDH—50 mMm Hepes, 0.05% BSA, 2 mMm pyruvate, 0.2 mm
NADH, and cell lysate was added into the reaction mixture to a
final concentration of 2 ug of protein/ml.

Measurement of Enzyme Activity at Physiological Substrate
Concentration

The condition is the same as above, except for the concen-
tration of substrates. The PEP and ADP for PKM2 was 0.25 mm
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and 50 uM, respectively; the Fru-6-P for PFK1 was 0.1 mm, and
the glucose for HK was 2 mm.

Measurement of Glycolytic Intermediates

A million (1 X 10°) cells per well in complete RPMI 1640
medium were seeded into 6-well plates and allowed to attach
overnight. The culture media were then replaced with 2 ml of
fresh complete RPMI 1640 medium plus 6 mm glucose and
cultured for 2 h. After removal of the medium, cells were
quickly washed twice with ice-cold PBS. Prechilled 400 ul of 0.6
M HCIO, was added, shaken on ice for 10 min, and aspirated.
The solution was neutralized with 40 ul of 3 M K,CO, and kept
on ice for about 30 min. After centrifugation, the supernatant
was used for spectrophotometric determination of glycolytic
intermediates (24).

Assay of Glucose, Glc-6-P, and Fru-6-P—100 ul of superna-
tant and 10 pl of 20 mm NADP were added to the reaction
buffer (200 mm Hepes, 5 mm MgCl,, pH 7.3) for a total volume
of 1 ml. The reaction was started with 1 unit of G6PDH to
measure Glc-6-P. After reaction termination, 1 unit of PGI was
added to measure Fru-6-P. 10 ul of 50 mM ATP and 1 unit of
HK?2 were added to measure glucose.

Assay of FBP, Dihydroxyacetone Phosphate, and GA3P—100
wl of supernatant and 10 ul of 20 mm NADH were added to the
reaction buffer (200 mm Hepes, 5 mm EDTA, pH 7.3) for a total
volume of 1 ml. The reaction was started with 1 unit of e-GPDH
to measure dihydroxyacetone phosphate. After reaction termi-
nation, 1 unit of TPI was added to measure GA3P. 1 unit of
aldolase was added to measure FBP.

Assay of 3PG—100 ul of supernatant, 10 ul of 20 mm NADH,
and 1 unit of PGK were added to the reaction buffer (200 mm
Hepes, 5 mm MgCl,, pH 7.3) for a total volume of 1 ml. The
reaction was started with 1 unit of GAPDH to measure 3PG.

Assay of 2PG, PEP, and Pyruvate—100 ul of supernatant and
10 wul of 20 mm NADH were added to the reaction buffer (200
mMm Hepes, 5 mm MgCl,, pH 7.3) for a total volume of 1 ml. The
reaction was started with 1 unit of LDH to measure pyruvate.
After reaction termination, 10 ul of 50 mm ADP and 1 unit of
PK were added to measure PEP. 1 unit of enolase was added to
measure 2PG.

In Vitro Glycolytic System

4T1 cells cultured in complete RPMI 1640 medium with 6
mM glucose, and at 70% confluence the cells were washed twice
with ice-cold PBS and lysed with M-PER™ mammalian pro-
tein extraction reagent supplemented with Halt™ protease
inhibitor mixture. The resultant crude 4T1 cell lysates when
reconstituted with a buffer (200 mm Hepes, pH 7.3, 5 mMm
MgCl,, 0.5 mm EDTA, 5 mm Na,HPO,, 50 mm KCI, 10
mM glucose, 1.5 mm ATP, 1.5 mm ADP, 2 mm NAD, and 0.2 mm
NADH), empirically determined to be suitable for all 11 rele-
vant enzymes, were able to fulfill an entire conversion of glu-
cose to lactate in the cell-free system. Unless otherwise speci-
fied, each reaction was initiated by adding 4T1 cell lysates to
the above buffer in a total volume of 600 ul; because the
volumes of added cell lysates were small as compared with
total reaction volumes, the levels of endogenous glycolytic
metabolites and cofactors were negligible. The action was
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FIGURE 1. Immunoblot analyses for PKM1, PKM2, and PKLR in the lysates
of SGC7901, Bcap37, Hela, 4T1, RKO, SMMC7721, and HepG2 cells and
recombinant PKM1, PKM2, and PKL were used as positive control. The
amount of cell lysate protein was 10 ug and recombinant protein was 2 pg.
The experiments were repeated two times.

terminated by adding 600 ul 1 m HCIO,, then neutralized
with 100 ul 3 M K,CO,, After keeping on ice for about 30 min
and centrifugation, the supernatant obtained was analyzed
for the lactate generated. When PKM2 was assayed, the reac-
tion mixture was the same as above, except ADP was 50 um.
The amounts of generated lactate were determined by HPLC
as described by us previously (25).

Metabolic Flux Control Assay

Metabolic flux control assay is aimed at describing the con-
trol ability of each glycolytic enzyme to glycolysis. The control is
described as the infinitesimal fractional change in the activity of
the enzyme that causes the fractional change of flux (26). Using the
in vitro glycolytic system as described above, we monitored the
flux change by adding extra glycolytic enzyme to the system, so we
could get a serial glycolysis flux with different enzyme activity, e.g.
when we tried to determine the contribution of HK to glycolytic
rate, we added a serial amount of pure HK2 into the in vitro glyco-
lytic system. The fluxes were reflected by the amount of generated
lactate. The amounts of generated lactate were determined by
HPLC as described by us previously (25). For PKM2, assay, the
condition was the same as above except that ADP concentration in
the in vitro glycolytic system was 50 um.

To plot the graph about flux and enzyme activity, flux
values were normalized with respect to the value of basal flux
(without adding any extra enzyme), and enzyme activity val-
ues were divided by their respective K, values as described
before (27).

Calculation of the Gibbs Free Energy Change (AG) of the
Glycolytic Reactions

AG can be calculated according to the following equation:
AG = AGJ), « + RTInQ, where AGS), « denotes the standard
transformed Gibbs free energy at 37 °C, and Q can be calculated
from the glycolytic intermediates data (Table 2), and ATP/ADP
and NAD/NADH were set as 10 and 78.8, respectively. (We
determined the ATP, ADP, NAD, and NADH concentrations in
4T1,HeLa, and Bcap37 cells, which were relatively stable and so
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Specific activities

—————————— 4T1 HepG2 SGC7901 SMMC7721 Hela RKO Bcap37
nmole min”' mg" protein
HK 142171 132.2+0.2 133.9£0.1 135.1£0.0 133.7£0.1 127.3+0.4 133.5£0.1
PGI 1422.048.9 803.1+30.4 795.2+53.5 741.0£23.7 826.0+£27.6 777.5£27.5 857.0+42.3
PFK1 353.0£3.4 69.814.9 68.818.5 60.4£3.3 73.614.7 65.814.2 79.1£7.5
Aldolase 205.0+1.6 197.4+0.7 197.1£0.1 193.2+1.0 195.7+0.6 196.1+0.2 197.5+0.2
TPI 7413.8440.7 3283.4+55.5 3359.8£120.1 3125.7+75.6 2529.8499.3 2548.5+83.8 3235.2+125.2
GAPDH 2295.7+67.5 1026.5+17.2  1050.2+37.2 977.6+23.5 792.3+30.9 798.1+26.1 1011.5£38.9
PGK 3327.3+150.5 627.5:43.8 433.9+33.2 395.7442.3 430.3+59.9 305.7£38.5 548.5+24.3
PGAM 509.0£8.1 226.9+10.7 174.0£10.1 162.0£13.3 172.6£18.0 131.9+13.5 206.7+6.6
Enolase 543.3+21.5 276.3+28.7 325.0£5.4 307.5+8.0 279.0£6.0 269.7+16.6 314.8+23.9
PKM2 8244.0+378.9 5190.6+269.4 5151.9+125.1 5565.6+94.2 4655.11269.4 4552.4+446.3 5371.41145.9
LDH 2921.1+93.3  1843.2+85.9  2033.6+49.2 2123.2+107.2 1866.0+81.0 1756.8£52.0  1920.8+149.9
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FIGURE 2. Activities of glycolytic enzymes in seven cancer cell lines. A, specific enzyme activities. The detailed measurement of enzyme activity is described
under “Experimental Procedures” under the subtitle “Measurement of Enzyme Activities at Saturating Substrate Concentration.” B, activities of enzymes
relative to HK. As the activity unit for all enzymes is expressed as nmol/mg of protein/min, we used the activity of HK to divide those of HK and other enzymes,

and as such the relative activity of HK is 1. Data are means * S.D., n = 3.

the average value was used for Q value calculation.) For exam-
ple, the Q value of the reaction catalyzed by HK was calculated
as [Glc-6-P][ADP]/[glucose] [ATP].

The question is that AG., « is not available. We calculated

the AG, « from AG.g i according to Equation 1,
AG = AH — TAS (Eq. 1)

Because the change of AH and AS is negligible between 298 K
(25 °C)and 31 0K (37 °C) (28, 29), the equation can be expressed
as shown in Equation 2,
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ﬁAGZQSK—i_ 1_ﬁ AHzgsK

where AGQ, « and AG2  is from Refs. 30, 31.

AGHok = (Eq.2)

siRNA Knockdown Experiment
1 X 10° 4T1 cells per well in complete RPMI 1640 medium
were seeded into 6-well plates, then transfected with either neg-

ative control siRNA (siR-Ribo™ negative control, Ribobio,
China) or HK2, PFK1, PKM2, and LDHA siRNA, and cultured
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TABLE 1
HK, PFK, and PK activities in clinical tumor samples

Role of PKM2 in Cancer Cell Glycolysis

Enzyme activity

Unit HK PFK PK Tumor description Refs.
Units/mg of protein 0.076 = 0.045 0.324 * 0.158 1.94+1.18 B-CLL 38
Units/mg of protein 0.006 = 0.001 0.017 £ 0.002 0.773 = 0.128 Malignant cervix uteri 39
Units/g of protein 30.3 = 19.6 71.5 455 1910 * 2550 Uterus cervix carcinoma 40

28.1 + 16.1 91.4 * 61.4 1440 * 1040 Uterus endometrium carcinoma
Units/mg of protein 0.052 * 0.003 0.048 + 0.003 0.977 = 0.079 Breast carcinomas 41

0.032 * 0.007 0.027 + 0.008 0.455 *+ 0.131 Intraductal carcinoma

0.064 = 0.006 0.053 = 0.005 1.118 = 0.136 Carcinoma with combined histology

0.032 = 0.007 0.033 £ 0.013 0.726 = 0.256 Lobular carcinoma
Units/mg of protein 0.052 * 0.003 0.048 * 0.003 0.977 * 0.079 Primary breast cancer 42

0.083 = 0.007 0.065 = 0.006 1.28 = 0.182 Metastatic breast cancer
mol/h/kg dry weight 0.46 = 0.20 0.23 = 0.23 0.94 + 0.53 Malignant mammary tumor 43
Units/mg of protein 0.032 * 0.007 \ 1.54 *+ 0.031 Lung tumor 44
Units/mg of protein 0.036 * 0.023 \ 1.26 = 0.084 Neuroblastoma 45
Units/g of wet weight 1.3+02 \ 252 £ 4.2 Primary malignant hepatoma 46
Units/mg of protein 0.05-0.015 \ 2.88—0.84 Retinoblastoma 47
Units/100 mg of tissue 0.040 = 0.005 \ 6.590 * 0.630 Infiltrating ductal breast carcinoma 48
Units/mg of DNA 0.116 = 0.01 \ 9.84 * 0.64 Infiltrating ductal carcinoma 49
Units/mg of protein 0.025 = 0.003 \ 0.95 + 0.14 All human breast cancer tissues 50

0.028 £ 0.005 \ 1.23 £0.2 Primary breast cancer

0.019 * 0.003 \ 0.66 * 0.06 Metastatic breast cancer

0.015 *+ 0.004 \ 0.38 + 0.07 Chest wall

0.010 = 0.006 \ 0.56 = 0.06 Lung

0.032 = 0.018 \ 1.45 *= 0.64 Lymphoma

0.0144 \ 1.24 Bone

0.021 = 0.010 \ 0.25 = 0.13 Brain

0.014 \ 1.24 Liver

0.021 *+ 0.006 \ 0.70 = 0.09 Lymph node

TABLE 2
Glycolytic metabolites in seven cancer cell lines
Glycolytic metabolites (mm)

Cells Glucose Ger Fer FBP PEP Pyruvate Lactate
4T1 1.91 = 0.05 0.14 = 0.02 0.09 = 0.00 0.64 = 0.02 0.25 £ 0.01 0.28 = 0.03 2.00 £0.15
HepG2 2.52 +0.05 0.22 = 0.01 0.15 = 0.01 0.57 = 0.06 0.21 = 0.03 0.20 = 0.02 6.95 +0.33
SGC7901 3.09 = 0.04 0.22 = 0.02 0.14 = 0.02 0.55 = 0.01 0.20 = 0.01 0.27 = 0.02 3.95 * 0.44
SMMC7721 3.66 = 0.02 0.17 = 0.01 0.12 = 0.01 0.36 = 0.03 0.25 £ 0.01 0.32 = 0.06 6.86 = 0.21
HeLa 3.00 = 0.05 0.18 = 0.01 0.16 = 0.01 0.46 = 0.03 0.16 = 0.02 0.21 = 0.02 6.30 = 0.52
RKO 1.62 *+ 0.05 0.18 = 0.01 0.14 = 0.01 0.48 = 0.01 0.15 = 0.04 0.18 = 0.01 5.03 £ 0.55
Bcap37 2.93 £ 0.04 0.20 = 0.02 0.17 = 0.02 0.58 £0.01 0.23 £ 0.02 0.23 = 0.06 5.38 £0.40

for 72 h. The sequences of deployed siRNAs were as follows:
HK?2 sense, CCAAAGAUGUCUCGGAUAU-dTdT, and anti-
sense, AUAUCCGAGACAUCUUUGG-dTdT; PFK1 sense,
GCACGACUUGUGACCGAAU-dTAT, and antisense, AUU-
CGGUCACAAGUCGUGC-dTdT; PKM2 sense, CCAUUAU-
CGUGCUCACCAA-dTdT, and antisense, UUGGUGAGCA-
CGAUAAUGG-dTdT; and LDHA sense, GGAUGAGCUU-
GCCCUUGUU-ATAdT, and antisense, AACAAGGGCAAGC-
UCAUCC-dTdT. The final concentrations for negative control
of HK2, PFK1, and PKM2 siRNA were 50 nm and for LDHA
siRNA was 20 nm. The culture media were then replaced with 2
ml of fresh complete RPMI 1640 medium plus 6 mm glucose
and cultured for a further 5 h. The culture media were collected
for glucose and lactate determination. Cells were counted and
collected for Western blot detection and enzyme activity
assays, and the glucose consumption and lactate generation by
intact cells and intracellular glycolytic intermediates were mea-
sured as described above.

PFK1 mRNA Detection

As the antibody against PFK1 is not commercially available,
we used real time PCR to determine the transcriptional level of
this enzyme. 1 X 10° 4T1 cells per well in complete RPMI 1640
medium were seeded into 6-well plates, then transfected with
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either negative control siRNA or PFK1 siRNA (final concentra-
tion 50 nMm), and cultured for 48 h. RNA was extracted and used
to synthesize the first-strand cDNA using the Superscript sys-
tem (Life Technologies, Inc.) according to the manufacturer’s
instructions. Real time PCR was performed using the Power
SYBR Green PCR Master Mix protocol (Applied Biosystems).
Sequences of the primers for real time PCR was as follows:
forward 5-CCCCCAGTCTCTAAGGGTGG-3" and reverse
5'-ATCATGTACGACCAGCACCC-3'.

PKM2 Activator TEPP-46 Treatment Experiment

A million (1 X 10°) 4T1 cells per well in complete RPMI 1640
medium were seeded into 6-well plates and allowed to attach
overnight. The culture media were then replaced with 2 ml of
fresh complete RPMI 1640 medium plus 6 mm glucose with 0.5
or 2 uM TEPP-46 (Cayman Chemical) or not and then cultured
for 5 h. The culture media were collected for glucose and lactate
determination, and cells were collected and subjected to PKM2
enzyme activity assays and intracellular FBP determination, as
described above.

Results and Discussion

The first question is as follows. In cancer cells is PKM2 activ-
ity relatively low in comparison with other glycolytic enzymes?
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FIGURE 3. Activities of HK, PFK1, and PKM2 assayed according to the substrate concentration in cancer cells. A actual activities of enzymes. The
measurement of enzyme activity is described under “Experimental Procedures” under the subtitle “Measurement of Enzyme Activities at Physiological
Substrate Concentration.” B, activities of PKM2 or PFK1 relative to HK, which is defined as 1. Data are means = S.D.,n = 3.

We measured the glycolytic enzymes in seven randomly picked
cancer cell lines. These cancer cells express PKM2 (Fig. 1). The
pattern of the enzyme activities in these cancer cells was
remarkably similar (Fig. 2). The activities of PKM2 in seven
cancer cells lines were all the highest in glycolytic enzymes (Fig.
2). By contrast, the activities of HK and PFK1 were lower than
those of other glycolytic enzymes, except that PFK1 activity was
higher than that of aldolase in 4T1 cells. The relative activities
of PKM2 in the tested cancer cells were 34.8 —58.1-fold higher
than HK, and 23.4-92.1-fold higher than PFK1 (Fig. 2). Simi-
larly, PKM2 activities in clinical tumors were also far higher
than those of HK (Table 1).
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Nevertheless, the above measurement of enzyme activities
was carried out under the condition of saturating substrate con-
centration. It was necessary to measure the actual enzyme
activities under physiological substrate concentrations. We
then measured the concentration of glucose, Fru-6-P, PEP, and
pyruvate in the tested cancer cells (Table 2), and the enzyme
activities according to the substrate concentration in the cancer
cells (Fig. 3). PKM2 activities even under physiological PEP
concentrations were 3.5—6.6-fold higher than HK and 2.7-
24.1-fold higher than PFK1 (Fig. 3).

The catalytic rate of HK may represent the maximal glyco-
lytic rate, but the actual glycolytic rates of cancer cells were
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A
Cells Activities (nmol min™ mg™' protein)
Glycolytic rate HK PKM2
4T1 21.5+2.8 14246 702135
Bcap37 21.2+1.2 128+4 867126
RKO 19.7+0.1 122+21 737165
Hela 29.8+0.7 12012 63175
[ Glycolytic rate
B R HK
50- B PKM2
40
2 30-
2 20 i
(%)
©
[
2
s
[
o

0\0

N A o
S oQ'b & b
P

FIGURE 4. Actual glycolytic rates of live cancer cells in comparison with
the catalytic rates of HK and PKM2. A, glycolytic rates of live cancer cells
were measured as described under “Experimental Procedures” under the
subtitle “Glucose Consumption and Lactate Generation.” Catalytic rates of HK
and PKM2 were taken from Fig. 3. B, catalytic rates of HK and PKM2 relative to
actual glycolytic rates of live cancer cells, where glycolytic rates of live cancer
cells were defined as 1. Data are mean * S.D.,n = 3.

A

Theoretical PKM2 rate

Cells Glycolytic rate Dimer Totramer
4T 21.5¢2.8 27481167 73611348
Bcap37 21.241.2 1771170 4972+377
RKO 19.7+0.1 1386+271 5005+642
Hela 29.8+0.7 1505+194 52274413
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FIGURE 5. Actual glycolytic rates of live cancer cells in comparison with
the theoretical catalytic rates of PKM2 dimer and tetramer. A, glycolytic
rates of live cancer cells were described under “Experimental Procedures.”
Theoretical catalytic rates were calculated according to Michaelis-Menten
equation, using the V,,, from Fig. 2, and K,,, values 0.03 mm (tetramer) and 0.5
mm (dimer) from Ref. 33. B, catalytic rates of PKM2 dimer and tetramer relative
to actual glycolytic rates of live cancer cells. Data are mean = S.D., n = 3.

lower than the HK rate (Fig. 4). As a result, the activities of
PKM2 in cancer cells at physiological concentration of PEP are
many fold higher than the actual glycolytic rates (Fig. 4).

The second key question is as follows. If PKM2-catalyzed
reaction is a rate-limiting step in glycolysis, the activity of
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FIGURE 6. Determination of K,,, values of PKM2 in cancer cells. A, K, values
derived from the relationship between the initial velocity of each enzyme
with the varying substrate concentrations. B, K,,, values of PKM2 in cancer
cells, in comparison with reported K,,, values of dimeric or tetrameric PKM2.
Data are means = S.D.,.n = 3.

PKM2 should be jump between x and y (x denotes the actual
glycolytic rates in cancer cells, and y denotes the actual activi-
ties of PKM2, e.g. for 4T1, x and y are 21.5 and 702 nmol min "
mg ! protein, respectively, Fig. 44). According to the general
principle of metabolic flux control, this change magnitude of
enzyme activity seems far too large for an enzyme to function as
a rate-limiting enzyme.

The activity of PKM2 is sensitive to regulation (32). The most
potent allosteric regulator is FBP, which tetramerizes four sub-
units of PKM2 and the tetramer is the form with high activity;
without FBP, PKM2 molecules dissociate to a dimer, which is a
form with low activity. The V, ., of PKM2 dimer and tetramer
is comparable, but the K, value of the dimer and tetramer
toward PEP is 0.5 and 0.03 mm, respectively (33). Under physi-
ological PEP concentrations, in the tested cancer cells, if all the
molecules of PKM2 were tetramer, its catalytic rate would be
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FIGURE 7. Contribution of each glycolytic enzyme to rate-limiting of glycolysis. The measurement of the effect of each glycolytic enzyme on glycolytic rate
is described under “Experimental Procedures” under the subtitle “In vitro Glycolytic System and Metabolic Flux Control Assay.” Data are means = S.D.,n = 3.

2.7-3.6-fold higher than if all the enzyme molecules were dimer
(Fig. 5A). The subsequent questions then are as follows. Are the
catalytic rates of PKM2 dimer and tetramer lower and higher,
respectively, than the overall glycolytic rate? Could this regula-
tion possibly limit the rate at this step?

In fact, when we measured PKM2 activities, we did not add
FBP into the assay system. Under such conditions, most PKM2
molecules should be dimers. Indeed, the K, value of PKM2 in
the tested cancer cells, except 4T1 PKM2, were 0.46 —0.61 mm
(Fig. 6), which were similar to the reported value of the PKM2
dimer (33). The K, value of 4T1 PKM2 was 0.13 mpu, although
significantly lower than that of enzymes from other cell lines,
and about 4-fold higher than that of dimeric K. We do not
know why PKM2 from 4T1 has a lower K, value, but probably
it is because 4T1 is a mouse cancer cell line and others are all
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human cancer cell lines. To objectively assess whether the fluc-
tuation of PKM2 activity can possible play a part in rate-limit-
ing, we compared the actual glycolytic rate of the tested cancer
cells with the calculated rate of PKM2 in tested cells. The com-
parison led to the conclusion that even if all molecules of PKM2
were dimers, the activities were 50—128-fold higher than the
actual glycolytic rate in the tested cancer cells (Fig. 5B); if all
molecules of PKM2 were tetramers, the activities were 175—
342-fold higher than those of the actual glycolytic rates in the
tested cancer cells, indicating that, no matter whether tetramer
or dimer, the activities of PKM2 were far higher than the overall
glycolytic rate, i.e. the regulation range of PKM2 activity by FBP
unlikely makes the enzyme-catalyzed reaction a rate-limiting
step in cancer cell glycolysis. Although the activity of PKM2 can
be subjected to many regulations (1, 3-5, 7-9, 32, 34, 35), these
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FIGURE 8. Gibbs free energy change in cancer cells and the relative activities of PFK1, PKM2, and LDH to HK at physiological substrate concentrations.
A, standard and actual change of Gibbs free energy in cancer cells. The standard change of Gibbs free energy AG,3 « is from Ref. 30; the actual change of Gibbs
free energy AG is calculated as described as “Experimental Procedures.” B, activities of enzymes relative to HK, which is defined as 1. Data are mean * S.D.,

n=3.

regulations are less potent than FBP, and hence are less likely to
make this reaction a rate-limiting step.

We then did metabolic flux analysis. The results were in our
expectations (Fig. 7). HK was the major rate-limiting enzyme,
followed by PFK1. Aldolase and PGI exerted a minor rate-lim-
iting effect on glycolysis. Other glycolytic enzymes, including
PKM2, have no detectable rate-limiting effect on glycolysis.
The results of metabolic flux assay excellently match the results
of the relative activities of enzymes.

It would be worthwhile to discuss the change of Gibbs free
energy accompanied by the reaction catalyzed by PKM2. The
standard change of Gibbs free energy of this reaction is —32.87
kJ/mol, and the actual changes of Gibbs free energy of this reac-
tion in tested cancer cells are —25.28 to —24.38 kJ/mol (Fig.
8A). A reaction with such a large change in the Gibbs free
energy in a metabolic pathway is commonly considered as a
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rate-limiting step, but the prerequisite condition is that the cat-
alytic capacity of the corresponding enzyme that catalyzes this
reaction should be low in comparison with other enzymes along
the metabolic pathway, and the regulation range of its activity
should make its catalytic rate fluctuate around the overall rate
of the pathway. As the PKM2-catalyzed rate is far higher than
the actual glycolytic rate of cancer cells, the regulation of PKM2
activity would hardly exert a significant impact on the overall
rate of glycolysis. As such, the large change of the Gibbs free
energy of the reaction catalyzed by the quite excessive catalytic
capacity of PKM2 (both low and high catalytic form) drives PEP
from the upstream glycolytic flux unconditionally, rapidly, and
effectively to pyruvate, i.e. we cannot perceive a biochemical
basis that the PKM2-catalyzed reaction can be lower than the
upstream rate so that PEP and its upstream intermediates
can accumulate. Therefore, PKM2 is unlikely a rate-limiting
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FIGURE 9. Regulation of PKM2 activity does not significantly affect the rates of glucose consumption and lactate generation by intact 4T1 cells. A, PKM2 siRNA
transfection significantly reduced the amount and activity of PKM2. 4T1 cells were transiently transfected with PKM2 siRNA or negative control siRNA for 72 h; cells
were collected and lysed; the cell lysates were subjected to Western blot and enzyme assay for PKM2. B, PKM2 siRNA transfection did not significantly decrease glucose
consumption and lactate generation. Cells were incubated in fresh culture medium for further 5 h; the concentrations of glucose and lactate in culture medium were
determined, and then glucose consumption and lactate generation were calculated. G, PKM2 activator TEPP-46 significantly enhanced PKM2 activity. 4T1 cells
were treated with 0.5 or 2 um TEPP-46 or not for 5 h; cells were collected and lysed; PKM2 activity in cell lysate was determined. D, TEPP-46 did not significantly increase
glucose consumption and lactate generation.4T1 cells were incubated in fresh culture medium containing 0, 0.5, or 2 um TEPP-46 for 5 h; the concentrations of glucose
and lactate in culture medium were determined. The detailed procedure of siRNA knockdown, Western blot, PKM2 enzyme activity assay, and determination of
glucose and lactate is described under “Experimental Procedures.” Data are mean = S.D., n = 4.
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FIGURE 10. Down-regulation of LDH does not significantly affect the rates of glucose consumption and lactate generation by intact 4T1 cells. A, LDHA siRNA
transfection significantly reduced the amount and activity of LDH. 4T1 cells were transiently transfected with LDHA siRNA or negative control siRNA for 72 h; cells were
collected and lysed; the cell lysate was subjected for Western blot and enzyme assay for LDH. B, LDHA siRNA transfection did not significantly decrease glucose
consumption and lactate generation. Cells were incubated in fresh culture medium for a further 5 h; the concentrations of glucose and lactate in culture medium were
determined, and then glucose consumption and lactate generation were calculated. The detailed procedure of siRNA knockdown, Western blot, LDH enzyme activity
assay, and determination of glucose and lactate is described under “Experimental Procedures.” Data are means = S.D., n = 4.
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FIGURE 11. Down-regulation of HK and PFK1 significantly decreases glucose consumption and lactate generation by 4T1 cells. A, HK2 siRNA transfec-
tion significantly reduced the amount and activity of HK. 4T1 cells were transiently transfected with HK2 siRNA or negative control siRNA for 72 h; cells were
collected and lysed; and the cell lysates were subjected for Western blot and enzyme assay for HK. B, HK2 siRNA transfection significantly decreased glucose
consumption and lactate generation. Cells were incubated in culture medium for a further 5 h; the concentrations of glucose and lactate in culture medium
were determined, and then glucose consumption and lactate generation were calculated. C, PFK1 siRNA transfection significantly reduced the amount and
activity of PFK1. 4T1 cells were transiently transfected with PFK1 siRNA or negative control siRNA for 48 h; RNA was extracted and subjected to real time PCR
determination of PFK1; enzyme assay for PFK1 activity was carried 72 h after siRNA transfection. D, PFK1 siRNA transfection significantly decreased glucose
consumption and lactate generation. Cells were incubated in fresh culture medium for further 5 h; the concentrations of glucose and lactate in culture medium
were determined, and then glucose consumption and lactate generation were calculated. The detailed procedure of siRNA knockdown, Western blot, enzyme

activity assay, and determination of glucose and lactate is described under “Experimental Procedures.” Data are mean + S.D., n = 4.

enzyme, and hence its catalyzed reaction is unlikely a rate-lim-
iting step in cancer cell glycolysis. By contrast, the large change
of the Gibbs free energy of the reactions catalyzed by HK and
PFK1 (Fig. 84), the low activities of HK and PFK1 relative to
other glycolytic enzymes (Figs. 2 and 3), and their sensitivity to
allosteric regulation (36, 37) make them perfect rate-limiting
enzymes.

We then carried out additional experiments to provide addi-
tional proof. After knocking down PKM2, the amount and
activity of this enzyme reduced significantly, but glucose con-
sumption and lactate generation in cells did not decrease sig-
nificantly (Fig. 9, A and B). Conversely, after the cells were
treated with the PKM2 activator, despite a significant enhanced
activity of PK, glucose consumption and lactate generation
remained nearly unchanged in comparison with control cells
(Fig. 9, Cand D). LDHA knockdown did not significantly affect
glucose consumption and lactate generation (Fig. 10).

In contrast, knocking down HK2 and PFK1 significantly
reduced glucose consumption and lactate generation (Fig. 11).
Nevertheless, given the large change of HK activity (reduced by
50%) and PFK1 activity (reduced by 75%), the reduction of glu-
cose consumption and lactate generation is much smaller than
expected. The in vitro assay (Fig. 7) indicated that glycolysis was
very sensitive to the change of HK or PFK1 activity. Thus, the
results suggest a need to further study the rate control of gly-
colysis in intact cells.

In addition, we determined the concentrations of FBP, PEP,
and pyruvate in intact cells (Fig. 12) to see whether alteration of
activities of HK, PFK1, PKM2, and LDH would also change the
intermediate concentration. Knocking down HK2 or PFK1 in
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FIGURE 12. Concentrations of FBP, PEP, and pyruvate in intact 4T1 cells
with or without HK2, PFK1, PKM2, or LDHA siRNA transfection or with or
without TEPP-46 treatment. The conditions of cell culture, transfection, or
treatment with TEPP-46 were the same as described in Figs. 9-11. Cells were
washed twice with ice-cold PBS and lysed with 0.6 m HCIO, and neutralized
with 3 m K,CO;, and then the intermediates were measured as described
under “Experimental Procedures.” Data are mean = S.D., n = 3.

4T1 cells significantly decreased the concentration of FBP, but
it did not alter the concentration of PEP and pyruvate. Knock-
ing down PKM2 did not significantly reduce the concentrations
of FBP and pyruvate, but slightly elevated PEP concentration by
2%. TEPP-46 (an activator of PKM2) treatment decreased FBP
by 8% and increased pyruvate by 11%. Knocking down LDHA
did not significantly alter the concentration of FBP but elevated
PEP and pyruvate by 23 and 47%, respectively. When consider-
ing the effect of these enzymes on glycolysis (Figs. 9-11), it
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seems that the concentration change of these intermediates is
not necessarily associated with the rate change of glycolysis.

The intermediate determination raises several biochemical
issues, e.g. it is understandable that LDHA knockdown elevated
the concentration of pyruvate, but it is beyond our understand-
ing that LDHA knockdown also significantly elevated the con-
centration of PEP. Does it imply that PKM2-catalyzed reaction
is at near equilibrium state, so that elevation of pyruvate caused
elevation of PEP? Such an interpretation is of course incorrect,
because the K of this reaction is 2 X 10% and if it is approach-
ing an equilibrium state, the concentration of pyruvate would
reach the molar range, wreaking osmotic havoc. Hence, this is a
puzzle to be resolved.

Alteration of enzyme activities of HK or PFK1 altered overall
glycolytic rates in intact cells and also lowered the concentra-
tion of FBP. However, alteration of enzyme activities of PKM2
and LDH did not alter the overall glycolytic rates in intact cells,
but it could alter the concentrations of FBP, PEP, or pyruvate.
As the overall glycolytic rate is not changed, the alteration of
PKM2 and LDH activities should not change the overall meta-
bolic fate of glucose. Nevertheless, there should be some mean-
ing of these changes, but so far, based on the available data, we
are not able to plausibly interpret what the concentration fluc-
tuation of these intermediates associated with the activity
change of PKM2 and LDH implies.

Then, what is the possible role of PKM2 in glycolysis?
Because no matter whether a tetramer or dimer, the catalytic
capacity of PKM2 in cancer cells is far higher than the actual
glycolytic rate; and a reasonable interpretation is that it is for
the rapid removal of PEP to prevent accumulation of upstream
glycolytic intermediates. To avoid the accumulation of pyru-
vate, cancer cells also express excessive LDH (Figs. 2 and 8B),
which rapidly converts pyruvate to lactate. It should be noted
that the standard change of Gibbs free energy of the LDH-cat-
alyzed reaction is —23.62 kJ/mol, and in cancer cells, as the
mass action ratio is smaller than the equilibrium constant, the
actual change of Gibbs free energy is —7.29 to —3.22 kJ/mol
(Fig. 84), which is sufficient to drive this reaction from pyruvate
to lactate. In fact, most cancer cells produce a quantity of lac-
tate, converting 80-90% of incoming glucose to lactate, even
with ample oxygen.

Taken together, the results suggest that PKM2 and LDH, the
last two enzymes in the pathway, are probably for the fast
removal of upstream intermediates to prevent the obstruction
of the pathway. In addition, the pattern of activities of glycolytic
enzymes in cancer cells and the thermodynamics of the reac-
tions laid the fundamental biochemical basis for the Warburg
effect.
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the study; J. X. and C. D. performed the experiments; X. H., J. X., and
C.D. analyzed the data; J. X. and C. D. drew the graphs; and X. H.
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