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ABSTRACT

In this study, we investigated the alterations in the activity, subunit
profile, and kinetic regulatory properties of phosphofructokinase (PFK)
from human gliomas compared with those from normal human brain.
Gliomas showed a decrease in the enzyme activity as compared to normal
brain. This decrease in PFK activity was accompanied by a relative
increase in the expression of the liver type subunit of PFK. The enzymes
from the tumor and normal brain showed no significant differences in
their affinity toward the substrate fructose 6-phosphate. However, tumor
and normal brain PFK showed major differences with respect to their
behavior towards citrate and fructose 2,6-bisphosphate. The enzyme from
the gliomas was less sensitive to citrate inhibition. More importantly, the
enzyme from the tumor was more sensitive to the activation by fructose
2,6-bisphosphate. In addition, we found that in gliomas the I .-type subunit
could be phosphorylated, most probably by a cyclic AMP-independent
protein kinase. This phosphorylation could not be detected in normal
human brain. It is proposed that the preferential expression of the liver
type subunit by undifferentiated cancer cells may be explained in terms
of the unique regulatory properties of this isozyme.

INTRODUCTION

Phosphofructokinase (ATP: o-fructose-6-P, 1-phosphotrans-
ferase; EC 2.7.1.11) catalyzes the phosphorylation of Fru-6-P2
to Fru-l,6-P2 in the presence of ATP and Mg2+. The regulation

of PFK activity is complex and controlled by a number of
metabolites and hormones and by the nutritional state (1, 2).
PFK plays a critical role in the energy metabolism of organs,
which are largely or entirely dependent upon glycolysis, i.e.,
mature RBC and brain and neoplastic cells. Mammalian PFK
is a tetrameric protein with a molecular weight of about
330,000. The major forms in adult muscle and liver are referred
to as M- and L-type subunits, respectively, and the third subunit
type is designated the C-type subunit (3). These subunits are
differentially expressed by different organs and undergo random
tetramerization to produce various homo- and heterotetrameric
isozymes. It has been shown that all three subunit types are
present in rabbit as well as in rat brain (4-6).

The carbohydrate metabolism of cancer cells is characterized
by the predominance of aerobic glycolysis over gluconeogenesis
presumably to meet increased energy requirements (7, 8). The
activities, subunit expression, and kinetic regulatory properties
of PFK have been studied in various experimental and human
cancers (9-12). Data obtained in these studies all indicated that
the rate of glycolysis in cancer may, at least partly, be deter
mined by PFK (9-12).

Little is known about the gene expression of PFK in human
gliomas. We have studied the activity, subunit composition,
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and kinetic regulatory properties of the enzyme from human
gliomas in comparison with PFK from normal human brain.
Our results indicate the preferential expression of the L-type
subunit in gliomas. In agreement with the altered gene expres
sion tumor PFK was less sensitive to citrate inhibition. More
importantly, PFK from the gliomas was more sensitive to
activation by fructose 2,6-bisphosphate. In addition it was found
that the L-type subunit in the tumors could be phosphorylated
by a cyclic AMP-independent protein kinase which could not
be demonstrated in normal brain.

MATERIALS AND METHODS

Substrates and auxiliary enzymes for the determination of phospho
fructokinase were obtained from Boehringer (Mannheim, Federal Re
public of Germany). Fructose 2,6-bisphosphate, dithiothreitol, p-ami-
nobenzamidine, leupeptin, and p-tosyl-L-lysine chloromethylketone-
HC1 were purchased from Sigma (St. Louis, MO). SDS, acrylamide,
and bisacrylamine were purchased from Bio-Rad (Richmond, CA).
Cibacron Blue F3GA gel was obtained from Pierce Chemical Co.
(Rockford, IL).

Patient Material. Astrocytomas (grades III-IV) were obtained from
the Department of Neurosurgery, Academic Hospital, Utrecht, The
Netherlands. The histolÃ³gica! classification and grading were done
according to the WHO Histological Classification of Tumors (13).
Normal brain was obtained from patients after death from cardiovas
cular accidents.

Tissue Extraction. Tissues were homogenized in 3 volumes of ice-
cold extraction buffer as described by Dunaway and Kasten (S) contain
ing 50 HIMtris-phosphate, pH 8.0, 25 mM NaF, 1 mM ATP, 0.1 mM
EDTA, 25 mM (NH4)2SO4, 10 mM dithiothreitol, 0.5 mM phenyl-
methyisulfonyl fluoride, 1 mM p-aminobenzamidine, 250 i/u/liicr leu
peptin, and 0.1 HIMp-tosyl-L-lysine chloromethylketone-HCl. The ho-
mogenate was centrifuged for 30 min at 100,000 x g, and the super
natant was stored at -80Â°C.

Assay of Phosphofructokinase Activity. The activity of the enzyme
was assayed in a final volume of 1 ml at 37Â°Cin a Gilford Response

spectrophotometer by measuring the decrease in absorbance at 340 nm
in the enzyme coupled assay using 1.4 units aldolase, 1.5 units AH
glycerol-3-phosphate dehydrogenase, 4.5 units triose-phosphate iso-
merase, and 0.2 mM NADH. Maximal velocities were measured in 100
mM Tris-HCl buffer (pH 8.0) containing 10 mM KC1, 5 mM MgCl2, 5
mM (NH4)2SO4, 1 mM EDTA, 5 mM dithiothreitol, and 2 mM fructose
6-phosphate. After incubation with the sample, the reaction was started
by the addition of 0.5 mM MgATP. One unit of phosphofructokinase
activity is defined as the amount of enzyme converting 1 /<molfructose
6-phosphate into fructose 1,6-bisphosphate per min in the above sys
tem.

For regulatory studies the phosphofructokinase assays were per
formed at 37Â°Cin a 50 mM glycylglycine-KOH buffer (pH 7.35)

containing 50 mM KC1, 5 mM MgCl2, 0.5 mM (NH4)2SO4, 0.5 mM
EDTA, 1 mM dithiothreitol, 0.04% bovine serum albumin, 0.2 mM
NADH, 1.4 units aldolase, 1.5 units Ãn-glycerol-3-phosphate dehydrog
enase, 4.5 units triose-phosphate isomerase, and 1 mM fructose 6-
phosphate. Excess ammonium sulfate was removed from the partially
purified PFK preparations and from the auxiliary enzymes by extensive
dialysis against the extraction buffer except that ATP and (NH4)2SO4
were omitted. The reaction was started by the addition of 1 mM
MgATP. The activity is expressed as v/Vm.,, where v is the activity in
the latter assay conditions (pH 7.35) and VMM,is the optimal activity
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determined in the assay described above at pH 8.O. Protein content was
determined according to Bradford (14) using bovine serum albumin as
a standard.

Partial Purification of Phosphofructokinase. For kinetic studies, tu
mor PFK was partially purified essentially according to published
procedures (15-17). Briefly, tumors dissected free of necrotic parts and
hemorrhages if present and normal tissues were homogenized in 3
volumes of cold extraction buffer (see under "Tissue Extraction"). The
solution was subjected to heat treatment for 3 min at 60Â°C.The heat-

coagulated proteins were removed by centrifugation for 30 min at
48,000 x g. To the supernatant (NH4)3S()4(20% saturation) was added
and insoluble material removed by centrifugation. PFK was precipitated
from the supernatant by increasing the concentration of (NH4)2SO4 to
70% of saturation. The enzyme was resuspended in a small volume of
the buffer used for the dialysis (see above) and stored frozen at -70Â°C

until use.
Characterization of Phosphofructokinase Subunit Composition. Tissue

supernatants prepared as described above were thawed quickly, heated
for 3 min at 60'C, and subsequently cooled in a NaCl/ice bath to 4Â°C.
The solution was centrifuged for 30 min at 48,000 x g and 4"C. The
supernatant fluid was partially purified by Cibacron Blue I-'iGA affinity

chromatography as described by Dunaway and Kasten (5). The eluted
fraction containing Phosphofructokinase activity was concentrated with
an Amicon C30 microconcentrator and subjected to SDS-electropho-
resis in 6% polyacrylamide gels according to Laemmli (18). Routinely,
1 fiji of PFK protein was applied to the gel. This amount was calculated
from the enzyme activity assuming a specific activity of 200 units/mg
protein (regardless of the actual specific activities of the samples).
Normal human brain PFK, which was completely purified according
to Dunaway and Kasten (S), was used as a standard. The gels were
silver stained as described by Wray et al. (19). The quantification of the
Phosphofructokinase subunit bands was performed using a Gilford
Response spectrophotometer with gel scanning accessory. The intensity
of the silver stain appeared to be linear in the range of 0.2-2.0 Â¿igPFK
protein.

Immunoblotting. Proteins separated by SDS-electrophoresis were
transferred from an unfixed gel to a 0.45 n\\ nitrocellulose sheet at 60
V for 2 h at 4"( ' using a Bio-Rad Trans-Blot apparatus. The transfer

buffer contained 25 HIMTris, 192 HIMglycine, pH 8.3, and 20% (v/v)
methanol. The nitrocellulose sheet was blocked overnight in blocking
solution containing 10 HIMTris-HCl, pH 7.4, 0.9% NaCl, and 0.05%
Tween-20. Subsequently the sheet was exposed to anti-phosphofructo-
kinase serum in a 1:1000 dilution for 2 h at room temperature. The
diluent was a 10 mM Tris-HCl, pH 7.4, solution with 0.9% NaCI and
1% gelatin. The anti-PFK serum was obtained by immunization of
rabbits with purified rat brain PFK, in which the three subunits L, M,
and C are expressed (5). After washing the blot with blocking solution,
horseradish peroxidase conjugated goat anti-rabbit IgG, diluted 1:5000
in the above diluent, was added and incubated for 90 min at room
temperature. After washing with blocking solution the blot was visual
ized using a 4-chloro-l-naphthol staining solution (20).

Phosphorylation and Immune Precipitation. Endogenous phosphoryl-
ation of cytosolic fractions containing at least 0.5 units phosphofruc-
tokinase was carried out in a 50 mM Tris-HCl buffer, pH 7.6, containing
1 mM EDTA, 5 mM NaF, 20 mM MgCl2, 30 Â¿IMsodium vanadate, and
1 mM dithiothreitol in a total volume of 375 and 500 /A for normal
brain and tumor, respectively. The experiments were done in either the
presence or absence of 0.2 mM cAMP. After allowing the assay tubes
to stand for 5 min at 20*C, reactions were initiated by the addition of
[>-32P]ATP (10.5 UM;2.09 Ci/mmol; New England Nuclear). After 12
min, ''!' incorporation was stopped by the addition of 10 mM ATP and

100 mM EDTA.
PFK was immune precipitated from the phosphorylated extracts by

purified immunoglobulin preparations of polyclonal antiserum raised
in rabbits against human liver and human muscle PFK. The anti-liver
PFK serum was a gift of Dr. J. F. Koster (Erasmus University, Rotter
dam, The Netherlands), the anti-muscle PFK serum was obtained by
immunization of rabbits with human muscle PFK, which was purified
to homogeneity according to Dunaway and Kasten (5). In order to
ensure maximum precipitation of PFK, the amount of anti-L IgG and

anti-M IgG to be added was adjusted to optimal proportions. This
combination of IgG preparations will precipitate almost all (up to 98%)
PFK as determined by precipitation of active enzyme. Prior to specific
immunoprecipitation, nonspecifically precipitating human proteins
were removed by incubation with nonimmune rabbit IgG (30 min at
37Â°Cand l h at 4Â°C)and centrifugation (15 min, 12,000 x g). Incuba
tions with immune IgG were performed for 30 min at 37Â°Cand
overnight at 4Â°C.The immune precipitates were collected by centrif

ugation over a sucrose layer (consisting of 0.5 ml l M sucrose-200 mM
KC1 containing 1% Triton X-100 and 1% sodium deoxycholate) and
subsequently washed in the same solution lacking sucrose. SDS-poly-
acrylamide gel electrophoresis of the immune precipitates was per
formed on 6% polyacrylamide slab gels according to Laemmli (18).
Gels were stained with silver according to Wray et al. (19) and dried
between cellophane membranes. Autoradiographs were obtained by
exposure of dried gels against Kodak X-omat X-ray film using intensi
fying screens (Dupont).

RESULTS

Enzyme Activity. Specific activity of PFK in normal brain
was found to be 0.258 Â±0.052 (SD) units/mg protein (n = 7),
whereas the specific activity in gliomas (astrocytomas, grades
III-IV) was 0.095 Â±0.018 (n = 5). So, the specific activity in
normal brain is about 2.5-fold higher than in gliomas.

Characterization of PFK Subunit Composition. Phosphofruc
tokinase fractions (prepared as described in "Materials and
Methods") were subjected to SDS-electrophoresis and silver

stained. Fig. 1 illustrates the representative subunit profile of
PFK from normal brain and glioma. All three subunits (L, M,
and C) are expressed in both normal brain and tumors with
molecular weights of 75,000,81,000, and 85,000 for L, M, and
C, respectively.

Quantification of the PFK subunit bands by means of gel
scanning revealed for normal brain (n = 13) 26.7 Â±3.7% L,
51.3 Â±5.4% M, and 22.0 Â±3.1% C subunits. In gliomas (n =
5) the percentages are 48.5 Â±1.5% L, 34.1 Â±4.4% M, and 17.3
Â±3.7% C subunits, respectively. So, in the gliomas, the expres
sion of the liver-type subunit is relatively increased accom
panied by a decrease of the expression of the M subunit, whereas

C
M
L

1 S 345
Fig. l. SDS-polyacrylamide gel electrophoresis of partially purified phospho-

fructokinase from gliomas (lane 3) and normal brain (lane 4). Phosphofructoki
nase samples were subjected to SDS-polyacrylamide gel electrophoresis in a 6%
polyacrylamide gel and silver stained. Each lane contains about I yg of PFK
protein. Bands were identified as PFK by immunoblotting of a twin gel, lanes 1
and 2 for normal brain and glioma, respectively, and by comparison with the
electrophoretic pattern of a completely puri lied PFK standard from human brain
(specific activity, 180 units/mg protein; lane S).
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the percentage of C subunit remains about the same.
The identity of PFK was confirmed by immunoblotting with

anti-PFK serum (Fig. 1).
Substrate Affinity. PFKs from normal brain and giiomas

showed nonhyperbolic kinetics towards the substrate Fru-6-P
in the presence of different concentrations of MgATP. No
significant differences in substrate affinity for Fru-6-P were
found: the So.s Fru-6-P was in all samples about 0.6 HIM,
whereas the Hill constant (n) was also similar in all samples
(Table 1).

Influence of Citrate. The effects of citrate, an inhibitor of
PFK, were found as shown in Fig. 2. PFK from normal brain
was strongly inhibited by citrate; the level of inhibition was
dependent on the pH of the reaction medium and the concen
tration of MgATP, Fru-6-P, and free Mg2+ ions (data not

shown). The susceptibility of PFK from giiomas to citrate
inhibition was always less than that from normal brain, appar
ent K, values for the former being 8-fold that for the latter
(Table 1).

Activation by Fru-2,6-P2. The activation of PFK from normal
brain and giiomas by Fru-2,6-P2 is shown in Fig. 3. PFK from

Table 1 Kinetic properties of PFK from normal brain and glioma

Normal brain Glioma
So5 Fru-6-P (HIM)
n-Hill
A';citrate (DIM)

AT.Fru-2,6-P2 (H.M)

0.6
1.64
0.1
5

0.6
1.45
0.75
1

â€”c
â€” M
â€” U

Â»

Fig. 4. SDS-polyacrylamide gel electrophoresis of immune precipitates of
PFK from normal human brain (lanes 2-5) and two giiomas (lanes 6-9) in the
absence (lanes 2 and 3 and 6 and 7) and presence (lanes 4 and 5 and 8 and 9) of
cAMP. Lane 1, low molecular weight markers (Pharmacia, Sweden); lane 10,
partial purified PFK of normal human brain. kD, kilodaltons (expressed as
molecular weight within the paper).

â€”c
â€” M
â€” L

citrate (mM)

Fig. 2. Citrate inhibition of tumor and normal brain PFK. Inhibition of PFK
from giiomas (O) and normal brain (A) by citrate was measured at 1.5 mM Fru-
6-P concentration. After a 3-min incubation with sample, reaction was started
with 0.5 HIM MgATP. Results are expressed as percentages of the velocities
without citrate (V0). The amount of sample was in all cases adjusted to produce
a change of absorbance of 0.160/min at V,,conditions.

100- V.vAfm

50-

-8 -6 -5 -4 -3 -2
log[F2.6-DP](M)

Fig. 3. Activation of PFK from giiomas and normal brain by Fru-2,6-P2 (F2.6-
DP). PFK from glioma (O) and normal brain (A) were stimulated by various
concentrations of Fru-2,6-P2 in the presence of 0.3 HIMFru-6-P, 2.0 mM MgATP,
and 5.0 mM free Mg2*. Results are expressed as percentages of the maximal
velocities (v/Vâ€žâ€ž)as described in "Materials and Methods."

Fig. 5. Autoradiograph of the electrophoretic pattern of Fig. 4 showing the
phosphorylation of the L-type subunit in giiomas.

normal brain as well as from the glioma was strongly stimulated
by Fru-2,6-P2; however, the extent of activation differs. The
half-maximal activation of PFK from glioma occurred at 5-fold
lower Fru-2,6-P2 concentration than that required for the half-
maximal activation of PFK from normal brain; the K, values
for PFK from glioma and normal brain are given in Table 1.

Phosphorylation of PFK. Endogenous phosphorylation of
cytosolic fractions of normal brain as well as of giiomas was
carried out with [-y-32P]ATP as phosphate donor in the presence
of a divalent ion (Mg2+). The experiments were done in either

the presence or absence of 0.2 mM cAMP. PFK was inumino
precipitated from the phosphorylated extracts and subsequently
analyzed by SDS-polyacrylamide gel electrophoresis (Fig. 4)
and autoradiography (Fig. 5). The autoradiograph shows that
PFK from normal brain is not phosphorylated at all, but that
the L subunit of tumor PFK is exclusively phosphorylated. The
phosphorylation occurred in the absence of cAMP; addition of
cAMP did not result in increased phosphorylation. To the
contrary the extent of the phosphorylation was decreased by its
addition (Fig. 5). These results indicate that in giiomas the L
subunit of PFK can be phosphorylated by a cAMP-independent
protein kinase which is not present in normal brain.

DISCUSSION

It has been proposed that at least three PFK subunits are
expressed in mammalian tissues (3). The major form in adult
muscle and liver are referred to as M- and L-type subunits,
respectively, and the third subunit type is designated as the C-
type subunit (5). Foe and Kemp (4) demonstrated the presence
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of three subunits in rabbit brain and Dunaway et al. (5) and
Vora et al. (6) showed the same for rat brain. In the present
paper the subunit expression of PFK in human brain as well as
in human gliomas was studied. The results presented in Fig. 1
clearly show the expression of the three subunits in human
brain and the tumors. The percentage of each subunit for
normal brain determined from the silver stained polyacrylamide
gels were in a ratio L:M:C of approximately 26:51:23 with
molecular weights of 75,000, 81,000, and 85,000, respectively.
These molecular weights are similar to those described by
Dunaway and Kasten (5) for a variety of other tissues.

Studies of various human cancers and cultured cell lines have
shown that human PFK exhibits comparable changes in subunit
composition (9-11). However, unlike the isozymic alterations
in hexokinase and pyruvate kinase, where the highly regulated
liver type isozymes are largely replaced by the nonregulated
ones (21), the liver-type subunit of PFK not only persists but
actually increases. The results of the present study show that
this preferential expression of the liver-type subunit is also
found in human gliomas. The ratio L:M:C in the tumors was
approximately 49:34:17. In comparison with normal human
brain, the increase in the relative amount of the L-type subunit
is accompanied by a decrease in percentage of the M-type
subunit, whereas the relative amount of the C subunit remains
about the same.

The observation that human gliomas show a decrease in total
PFK activity as compared to normal human brain is inconsist
ent with the fact that rapidly growing rat hepatomas and thyroid
carcinomas show increased activities of PFK as well as of
pyruvate kinase (12, 21). In earlier reports (22, 23) we could
demonstrate that pyruvate kinase activity in human gliomas is
decreased too. However, it is quite well possible that PFK and
also pyruvate kinase activity may be increased in vivo by altered
metabolic regulation in these tumors. In order to elucidate such
regulatory mechanism(s) we investigated the kinetic and regu
latory properties of tumor PFK in comparison with PFK from
normal human brain. PFK from normal brain as well as from
gliomas showed highly allosteric kinetics toward Fru-6-P, and
their apparent S0.s Fru-6-P were essentially identical. These
data are in agreement with those reported for rabbit brain PFK
(24). Despite identical S0.5 Fru-6-P, PFK from gliomas and
normal brain demonstrated differential inhibition by citrate and
activation by Fru-2,6-P2. PFK from the gliomas was less sen
sitive to inhibition by citrate than that from normal brain.
These observations could be partly accounted for by the fact
that L-type PFK is less sensitive to inhibition as compared to
M- and C-type isozymes (25) since in gliomas the expression
of the liver-type subunit is increased. PFK from normal brain
as well as from gliomas was activated by Fru-2,6-P2. However,
consistent with the observed increase in the liver-type subunit

in the gliomas, the enzyme from the tumors was more sensitive
to activation by Fru-2,6-P2 (Fig. 3). It is tempting to speculate
on the physiological relevance of the different affinities of tumor
and normal brain PFKs for Fru-2,6-P2. In liver and cultured
hepatocytes an increase in Fru-2,6-P2 is associated with an
increased rate of glycolysis, suggesting a critical role for this
compound in the regulation of glycolysis in this organ (17).
Using rat hepatoma cells, Loiseau et al. (26) demonstrated the
presence of Fru-2,6-P2 in these cells and subsequently that their
PFK is sensitive to this activator. The concentration of Fru-
2.6 r. in the hepatoma cells was found to be large enough to
account for a stimulation of PFK and may therefore play a role
in the high glycolytic flux of these cells (27).

Since in gliomas the L-type subunit is more expressed and

the liver isozyme is more sensitive to activation by Fru-2,6-P2,
the enzyme from the tumors could be more active in vivo as
compared to that from normal brain despite the decrease of
total activity in gliomas found in vitro. Preliminary results
indicate the presence of substantial amounts of Fru-2,6-P2 in
gliomas, which are most probably sufficiently high to account
for an activation of glioma PFK in vivo.

It has been demonstrated that one of the mechanisms in
volved in the complex regulation of PFK activity is mediated
by reversible phosphorylation (27). Both the liver type as well
as the muscle type can be phosphorylated by a cyclic AMP-
dependent protein kinase (16, 26). In this paper we present
evidence that PFK from human gliomas can be phosphorylated.
Surprisingly only the L-type subunit shows phosphorylation,
whereas in normal brain no phosphorylated isoenzymes could
be detected at all. The autoradiograph in Fig. 4 shows that
phosphorylated L-type subunit could be precipitated from the
tumor extracts, and that phosphorylation occurred in the pres
ence of Mg2+ and in the absence of endogeneously added cAMP.

Addition of cAMP did not result in increased phosphorylation.
These results are indicative of PFK being phosphorylated by
cAMP-independent protein kinase. The increased expression
of L-type subunit in gliomas as compared to normal brain
together with the possibility of phosphorylation of this subunit
may provide a mechanism for regulating PFK activity in the
tumor. The influence of phosphorylation on the regulation of
glioma PFK was not studied here. However, the differences in
kinetic properties between brain and glioma PFKs might rep
resent in part a higher phosphorylation state of the latter. If
this is true, phosphorylation of glioma PFK would result in
activation of the enzyme by decreasing the affinity for inhibitors
and by increasing the affinity for Fru-2,6-P2. These proposi
tions, however, are in contrast to the effects of cAMP-depend-
ent phosphorylation of muscle (16) and liver (28) PFK, which
results in inactivation of the enzyme. On the other hand, it has
been demonstrated that PFK can be phosphorylated by protein
kinase C in vitro, which results in activation of the enzyme (29).

In summary, human gliomas exhibit a decrease in PFK
activity as compared to normal human brain accompanied by
an increase in the relative amount of the liver-type subunit. The
latter is in part responsible for the observed alterations in the
kinetic and regulatory properties of the tumor PFK. Notable
among these alterations are the decreased sensitivity of the
enzyme from gliomas to inhibition by citrate, the increased
sensitivity to activation by Fru-2,6-P2, and the phosphorylation
of the L subunit.
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