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Overexpression of fructose 2,6-bisphosphatase
decreases glycolysis and delays cell cycle progression
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Perez, J. Xavier, Teresa Roig, Anna Manzano, Mireia
Dalmau, Jordi Boada, Francesc Ventura, Jose L. Rosa,
Jordi Bermudez, and Ramon Bartrons. Overexpression
of fructose 2,6-bisphosphatase decreases glycolysis and de-
lays cell cycle progression. Am J Physiol Cell Physiol 279:
C1359-C1365, 2000.—The ability to overexpress 6-phospho-
fructo-2-kinase/fructose  2,6-bisphosphatase (PFK-2)/(FB-
Pase-2) or a truncated form of the enzyme with only the
bisphosphatase domain allowed us to analyze the relative
role of the kinase and the bisphosphatase activities in regu-
lating fructose 2,6-bisphosphate (Fru-2,6-P,) concentration
and to elucidate their differential metabolic impact in epithe-
lial Mv1Lu cells. The effect of overexpressing PFK-2/FB-
Pase-2 resulted in a small increase in the kinase activity and
in the activity ratio of the bifunctional enzyme, increasing
Fru-2,6-P, levels, but these changes had no major effects on
cell metabolism. In contrast, expression of the bisphos-
phatase domain increased the bisphosphatase activity, pro-
ducing a significant decrease in Fru-2,6-P, concentration.
The fall in the bisphosphorylated metabolite correlated with
a decrease in lactate production and ATP concentration, as
well as a delay in cell cycle. These results provide support for
Fru-2,6-P,, as a regulator of glycolytic flux and point out the
role of glycolysis in cell cycle progression.

metabolism; 6-phosphofructo-2-kinase

FRUCTOSE 2,6-BISPHOSPHATE (Fru-2,6-P,) is a potent pos-
itive effector of 6-phosphofructo-1-kinase (PFK-1) and
inhibitor of fructose 1,6-bisphosphatase (FBPase-1),
enzymes of the fructose-6-phosphate/fructose 1,6-bisphos-
phate (Fru-1,6-P,) cycle (22, 34, 43). Its synthesis and
breakdown are catalyzed by the enzyme 6-phosphofructo-
2-kinase/fructose 2,6-bisphosphatase (PFK-2/FBPase-2)
(22, 34, 43). There are different tissue-specific mamma-
lian isoforms, all of which have kinase and bisphos-
phatase activities. They have been termed L (liver), M
(muscle), H (heart), and T (testis) (22, 30, 34, 43) and,
recently, an ubiquitously expressed isoform has also
been described (20, 32, 36). PFK-2/FBPase-2 isoen-
zymes differ in their kinetic properties, molecular
masses, and responses to phosphorylation by protein
kinases. In liver, the bifunctional enzyme, via regula-

tion of gene expression and phosphorylation state, con-
trols the cellular level of Fru-2,6-P, and is responsible
for directing hepatic metabolic flux toward either gly-
colysis or gluconeogenesis, whereas in extrahepatic
tissues that do not produce glucose, it contributes to
the control of glycolysis (22, 34, 43).

The kinase and bisphosphatase reactions are cata-
lyzed at separate sites on each subunit of a homo-
dimeric protein. The PFK-2 reaction is catalyzed in
the NH,-terminal half domain of the subunit and in-
volves ternary complex formation between the enzyme
and the two substrates, fructose-6-phosphate and
MgATP. The bisphosphatase domain, comprising the
COOH-terminal region of the enzyme, catalyzes the
hydrolysis of Fru-2,6-P, to fructose-6-phosphate and P;
through a covalent phosphoenzyme intermediate (22,
34, 43).

Until recently, it has not been possible to alter
properties of an enzyme in a metabolic pathway in a
systematic manner and then test the effect on the
function of the entire pathway in an intact cell. The
development of host/vector systems containing pow-
erful promoters has allowed transfer and expression
of normal and mutant cDNAs of proteins in mamma-
lian cells and evaluation of regulatory enzymes in
controlling pathway flux. There are different reports
of overexpressing enzymes of mammalian glucose
metabolism with concomitant analysis of the conse-
quences on pathway flux. Argaud et al. (1) studied
the effect of the overexpression of the wild-type liver
L-PFK-2/FBPase-2 and a double mutant of the pro-
tein, which only possessed PFK-2 activity in FAO
cells (rat hepatoma cells). When the wild-type en-
zyme was overexpressed, there was a decrease in
Fru-2,6-P, levels, even though PFK-2 maximal activ-
ity increased >22-fold, was in excess of FBPase-2
maximal activity, and enhanced glucose and inhib-
ited lactate production. Overexpression of the double
mutant resulted in a 28-fold increase in kinase ac-
tivity and a 3-fold increase in Fru-2,6-P, levels, in-
hibiting the rate of glucose synthesis and stimulat-
ing the rate of lactate production (1).
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In this work, rat liver PFK-2/FBPase-2 and a trun-
cated form with only the bisphosphatase domain of the
enzyme have been expressed in epithelial Mv1Lu cells
to study the role of this domain in regulating Fru-
2,6-P, concentration, the cellular metabolic activity,
and cell cycle progression.

MATERIALS AND METHODS

Chemicals. [a-3?P]dCTP (3,000 Ci/mmol), [y->?P]ATP
(3,000 Ci/mmol), [1-'*C]deoxy-D-glucose, [U-*Clglucose, Re-
diprime DNA labeling system, and Hybond-N membranes
were from Amersham International (Amersham, Bucks,
United Kingdom). CLONfectin was from Clontech (Palo Alto,
CA). Dulbecco’s modified Eagle’s medium (DMEM) and fetal
calf serum (FCS) were obtained from Biological Industries
(Kibbutz Reit, Haewek, Israel). Other materials and chemi-
cals were of the highest quality available.

Cell culture and transfections. Cells were derived in earlier
studies by chemical mutagenesis of the mink lung epithelial
cell line Mv1Lu (CCL-64, American Type Culture Collection).
A highly transfectable subclone of R-1B cells was generated
by stable transfection of the parental R-1B cell line with a
plasmid containing a histidinol marker (2). Cells were main-
tained in DMEM, supplemented with 10% (vol/vol) FCS, 100
units of penicillin/ml, and 100 pg of streptomycin/ml. In
stable transfected cultures, 0.4 mg/ml of G418 was added.
Stable liposome-mediated transfection of R-1B-Mv1Lu cells
was performed at 70-80% confluence, using 4 pg of CLON-
fectin and 4 pg of plasmid DNA per 35-mm dish, following
the manufacturer’s instructions. After transfection (4 h),
cells were washed in phosphate-buffered saline (PBS), and
R-1B-Mv1Lu cells were incubated in complete medium. After
24 h, the cells were trypsinized and replated at 1:4 dilution.
G418 (0.4 mg/ml) was added 24 h later. Colonies from the
transfections were isolated and analyzed for experimenta-
tion.

Plasmid constructions. Standard molecular cloning tech-
niques were used throughout (37). The full-length ¢cDNA
from rat liver PFK-2/FBPase-2 was used to prepare the
plasmid constructions (41). For the full-length construction
(pPFK-2/FBPase-2), a 417-bp fragment of PFK-2/FBPase-2
c¢DNA was amplified by PCR using the sense primer AGTAG-
GATCCAAGATGTCTCGAGAGATGGGAGAACT, which con-
tains the BamH 1 site upstream at the start codon (under-
scored) and seven complete codons complementary to amino
acids 1-7 of PFK-2/FBPase-2, and the antisense primer CCT-
TCCTCGCGGCTGAGA, which is complementary to nucleo-
tides 530-547 (12). The PCR product (417 bp) was digested
with BamH I/EcoR 1, and the resulting 317-bp product was
subcloned in the BamH I/EcoR 1 sites of the previously
digested pPFK-2/FBPase-2 plasmid. The new pPFK-2/
FBPase-2 plasmid was digested with BamH 1/Sal I and then
subcloned in the BamH I/Xho I sites of the pcDNA3 plasmids
(Invitrogen). For the truncated construction of the PFK-2/
FBPase-2 with only the bisphosphatase domain (pFBPase-2),
a 256-bp fragment was amplified by PCR using the sense
primers GATGTTCCTGATTATGCTTCCATCTTCGACG-
TGGGCACACG and AGTAGGATCCAAGATGTATCCTTAT-
GATGTTCCTGATTATGCTTCC, which contain the BamH I
site (underscored), a new start codon (bold), the epitope of the
Hemaglutinin, and six complete codons complementary to
amino acids Iley;-Tyry,, of PFK-2/FBPase-2, and the anti-
sense primer GTTGGCTAGTGCATAGGC that is comple-
mentary to nucleotides 1,023-1,040 (12). The PCR product
(256 bp) was digested with BamH I/Nco 1. The resulting
163-bp product was subcloned in the BamH I/Nco 1 sites
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of the previously digested pFBPase-2 plasmid. The new
pFBPase-2 plasmid was digested and subcloned in the
pcDNAS3 plasmid, as was done with the full-length construc-
tion.

RNA extraction and Northern blot analysis. Total RNA
was extracted from plated R-1B-Mv1Lu cells by the LiCl/urea
method (3). Northern blot analyses were carried out by stan-
dard procedures (37). To detect the full-length L-PFK-2/
FBPase-2 and the truncated construction mRNAs, a 1.4-kb
EcoR 1 fragment from the rat liver PFK-2/FBPase-2 cDNA,
labeled with [a-32P]dCTP by the random primer method, was
used as a probe (10). The integrity of the RNA was verified by
observing the rRNA bands in the ethidium bromide gel under
ultra-violet irradiation. The level of mRNA was evaluated by
densitometric scanning of the autoradiograms and corrected
by the amount of the 18S rRNA with the use of a ribosomic
c¢DNA probe.

Metabolite determination. To measure Fru-2,6-P, levels,
R-1B-Mv1Lu cells were homogenized in 0.1 M NaOH, heated
to 80°C for 15 min, and centrifuged at 12,000 g for 5 min.
Fru-2,6-P, was determined in supernatants by its ability to
activate pyrophosphate-dependent PFK-1 from potato tubers
as described by Van Schaftingen et al. (44). ATP and glyco-
lytic metabolites were measured spectrophotometrically in
neutralized perchloric extracts, using standard enzymatic
methods (19).

Measurement of enzyme activities. R-1B-Mv1Lu cells were
homogenized in medium composed of 100 mM KCl, 20 mM
TES, 5 mM potassium phosphate, 5 mM EDTA, 5 mM EGTA,
1 mM dithiothreitol, 0.5 mM phenylmethylsulfonyl fluoride,
and 2.5 mg/l leupeptin, pH 7.8 (buffer A). The enzyme was
partially purified by 6—21% polyethylene glycol 6000 precip-
itation. PFK-2 activity was assayed by measuring the rate of
Fru-2,6-P, production from 5 mM fructose-6-phosphate and 5
mM MgATP, pH 7.8 (4). FBPase-2 was assayed by 32P;
released from 5 pM [2-3?P]Fru-2,6-P2 in the presence of
5 mM P, at 30°C. The 3?P, was separated from [2-*?P]Fru-
2,6-P, by anion exchange chromatography (DEAE-Sephadex
A25) and elution with triethylamine/HCO5 (41).

Western blot analysis. Immunoblot analysis was performed
by a modification of the method described by Burnette (6)
with a 1:2,000 dilution of polyclonal antibody raised against
rat liver protein (16). Protein was extracted in homogenizing
buffer A. For Western blot analysis, 50 pg of total protein was
electrophoresed on SDS and transferred overnight to a mem-
brane that was incubated for 90 min at 37°C with a 1:2,000
dilution of polyclonal antibody. Before Western blot analysis,
the concentration of protein was determined (31). Bound
antibody was detected by the enhanced chemiluminescence
method.

Heat and lactate production and oxygen consumption as-
sociated to glucose metabolism. To measure heat production,
oxygen consumption, and lactate production, cell suspensions
attached to microcarriers were used. For a 100-ml culture,
~3-107 cells were added to 0.3 g (dry wt) of preswollen
Cytodex-1 microcarriers (Pharmacia Biotech) and suspended
up to 100 ml with supplemented DMEM. To achieve a max-
imum yield of cells attached to microcarriers, the cultures
were stirred for 5 min every 30 min. After 2 h, the medium
was changed and the cultures were stirred continuously at 60
rpm. Microcarrier cultures were incubated for up to 48 h.
Before each determination, cells attached to microcarriers
were rinsed and suspended in Krebs bicarbonate buffer con-
taining 2.5 mM CaCl,, 2% BSA, and 10 mM glucose. To
measure heat production, 2.7 ml of the microcarrier suspen-
sion (10° cell/ml) was introduced into each measurement
vessel of a thermal activity monitor (LKB-Thermometrics,
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Jarfalla, Sweden) thermostatted at 37°C, as described (31).
The gas phase remaining in the vessels (0.8 ml) and stirring
at 120 rpm provided aerobic conditions during the measure-
ments. The resulting value indicated the heat evolved from
the metabolic activity of cell suspensions. Oxygen consump-
tion was measured using Clark-type oxygen electrodes (Rank
Brothers, Cambridge, England) (31). Samples were taken to
measure lactate production in the same conditions. To mea-
sure glucose uptake and the phosphorylated intermediate
production associated with glucose consumption, the same
medium containing glucose as the only glycolytic substrate
was used. The transport of 2-[1-*Cldeoxy-D-glucose was de-
termined as described by Simons (40), and the rate of glucose
uptake into the glycolytic flux was determined as the conver-
sion of [U-*C]glucose in phosphorylated or charged interme-
diates (29).

Cell proliferation and cell cycle analysis. For synchroniza-
tion, R-1B-Mv1Lu cells were cultured in DMEM supple-
mented with 10% FCS for 4 days up to confluence. After this
period, cells were harvested, countered, and plated (240,000
cells) into 6-mm dishes to start the experiment. At the indi-
cated times (0, 12, 13, 15, 16, 22, and 24 h) and after
trypsination, cells were washed twice in 1% BSA/PBS, fixed
with ice-cold 70% methanol/PBS, and incubated at —20°C for
30 min. After being washed in 1% BSA/PBS, the DNA was
stained by incubating at 37°C for 30 min with 40 pg/ml
propidium iodide and 50 ng/ml RNase A. Stained cells were
analyzed using a FACSCalibur flow cytometer (Becton Dick-
inson) with Cell Quest software. Cell cycle analysis of DNA
histograms was performed with the ModFit program (Verity
Software House).

Data analysis. Differences were tested by ANOVA and the
appropriate a priori contrasts.

RESULTS

Overexpression of PFK-2/FBPase-2 and FBPase-2
domain. The full length and the bisphosphatase do-
main of the rat liver bifunctional enzyme (Fig. 1) was
expressed in Mv1Lu cells using the pcDNA3 vector.
G418-resistent colonies of each construction (pcDNAS,
pPFK-2/FBPase-2, and pFBPase-2) were tested for the
ability to express the corresponding mRNA by North-
ern blot analysis. As shown in Fig. 24, control cells
(pcDNA3) did not express PFK-2/FBPase-2 liver isoform.
When the cells were transfected with pPFK-2/

kinase domain bisphosphatase domain

[

HA bisphosphatase domain

L ]

Ile219

Fig. 1. Schematic representation of the construction of plasmid
6-phosphofructo-2-kinase (pPFK-2)/fructose 2,6-bisphosphatase
(FBPase-2) and plasmid FBPase-2. The pPFK-2/FBPase-2 plasmid
contains the rat liver full-length ¢cDNA. The pFBPase-2 plasmid
results from a 256-bp fragment of PFK-2/FBPase-2 that corresponds
to the bisphosphatase domain and the pcDNAS3 plasmid. Hemaglu-
tinin epitope, HA.
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Fig. 2. Northern and Western blot analysis of expressed full-length
(FL) PFK-2/FBPase-2 or the bisphosphatase domain (BP). Total
RNA (20 pg/lane) extracted from R-1B-Mv1Lu cells of the different
constructs (pcDNA3 plasmid, FL pPFK-2/FBPase-2, or BP
pFBPase-2 clones) were transferred to nylon membranes after elec-
trophoresis in 1.5% agarose and hybridized with a 1.4-kb EcoR I
fragment of rat liver PFK-2/FBPase-2 cDNA as a probe, as described
in MATERIALS AND METHODS. Representative Northern blots are shown
in A and B. Cell extracts transfected with the full-length (b) or the
bisphosphatase domain (¢) of the liver PFK-2/FBPase-2 ¢cDNA in
pcDNAS3 or vector alone (a) were analyzed by Western blotting using
antibody against liver PFK-2/FBPase-2, as described in MATERIALS
AND METHODS. Total protein (20 pg/lane) obtained from cells were
transferred to nitrocellulose membranes after electrophoresis in
SDS-PAGE (10%) and incubated with specific antibody. C: represen-
tative of 3 different Western blots.

FBPase-2 or pFBPase-2 constructs (Fig. 2, A and B),
colonies expressed complete or truncated liver iso-
forms, respectively. The mRNA sizes were different for
the two constructs: the full-length PFK-2/FBPase-2
mRNA had a similar electrophoretic migration to the
control liver isozyme (2.2 kb), whereas the mRNA size
of the truncated form was lower (1.4 kb). Protein ex-
pression was verified by Western blot analysis, using a
polyclonal antibody against rat liver PFK-2/FBPase-2,
which has been shown to recognize distinct PFK-2/
FBPase-2 isoforms (16). Figure 2C shows the Western
blot analysis of both constructions (pPFK-2/FBPase-2
and pFBPase-2) leading to the expression of two pro-
teins of 55 kDa (lane b) and 30 kDa (lane c¢), respec-
tively, recognized by the anti-bifunctional enzyme an-
tibody, whereas the protein was at low levels in control
cells. These results provided evidence that the full-
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Table 1. Effect of overexpression of PFK-2/FBPase-2 and bisphosphatase domain on kinase
and bisphosphatase activities and Fru-2,6-P, concentration in Mv1Lu cells

PFK-2/FBPase-2

Fru-2,6-P,, Kinase, Bisphosphatase, Kinase-to-Bisphosphatase
Clone pmol X mg protein * wU X mg protein ! wU X mg protein ! Activity Ratio
pcDNA3 25+4 36+3 1.0£0.2 36
pFBPase-2 5+ 2% 40+3 12+ 1% 3.3%
pPFK-2/FBPase-2 43 = 8% 73 £9% 1.3*+0.2 56

Results are means *+ SE for 3-10 independent experiments. Experiments were performed as described in MATERIALS AND METHODS.
*Indicate P < 0.001 statistically significant differences vs. pcDNAS clones. 6-Phosphofructo-2-kinase, PFK-2; fructose 2,6-bisphosphatase,

FBPase-2; fructose 2,6-bisphosphate, Fru-2,6-P,,.

length form and the truncated form of the bifunctional
enzyme were correctly expressed in Mv1Lu cells.
Effect of the PFK-2/FBPase-2 or FBPase-2 overex-
pression on Fru-2,6-P,, levels and kinase and bisphos-
phatase activities. Because maximal velocity values for
the kinase and bisphosphatase reflect the amount of
enzyme (10), kinase and bisphosphatase activities
were assayed in FL12 and FL9 clones to determine
whether activity correlated with the amount of protein.
Expression of the L-type PFK-2/FBPase-2 increased
the kinase activity twofold, whereas the bisphos-
phatase activity remained unchanged, increasing the
kinase-to-bisphosphatase activity ratio. When the
truncated form with the only bisphosphatase domain
was overexpressed in BP6 and BP19 clones, kinase
activity did not change significantly, whereas the
bisphosphatase activity increased 12-fold, decreasing
the kinase-to-bisphosphatase activity ratio 10-fold,
with respect to the control cells (Table 1). The conse-
quences of the expression of the L-type PFK-2/
FBPase-2 isozyme resulted in a 70% increase in Fru-
2,6-P, concentration relative to the control levels. In
contrast, expression of the truncated form resulted in
an 80% decrease in the bisphosphorylated metabolite.
Effects on the metabolic activity. To ascertain
whether the changes in Fru-2,6-P, concentration had
an immediate effect on the metabolic activity of the
Mv1Lu cells, we measured the heat production rate, O,
consumption, and several metabolic parameters in the
different cell constructions. Results shown in Table 2
indicate that cells overexpressing FBPase-2, the trun-
cated form of PFK-2/FBPase-2, reduced their metabolic
activity by 40 wW/mg protein (—25%) with respect to
control cells. This reduction in heat production rate
coincided with a slight decrease in oxygen uptake and
was consistent with measurements of glucose uptake,
since reduced 2-[1-“C]deoxy-p-glucose transport in
those cells was observed. This reduction was also fol-
lowed by a decrease in [U-“C]glucose incorporation in
phosphorylated or charged intermediates, Fru-1,6-P,
and phosphoenolpyruvate concentrations, in lactate
production, and by a concomitant increase in hexoses-
6-phosphate concentration. These metabolic changes
reduced by 17% the ATP pool in the cells that ex-
pressed the truncated bisphosphatase form. In con-
trast, no significant differences were observed in any of
these parameters between control and L-type PFK-2/
FBPase-2-expressing cells (Tables 1 and 2).

Effects on cell cycle. Most cancer cells (9, 23, 33) and
treated cells with growth-promoting agents (8, 11, 14,
23, 25) have high glycolytic rates. Moreover, recent
studies suggest that glycolysis is necessary for prolif-
eration, because it ensures supply of energy and phos-
phometabolites (18). Because Mv1Lu cells expressing
the FBPase-2 domain have decreased glycolytic capac-
ity, we studied its involvement in their cell cycle. As
shown in Fig. 3, the percentage of cells in the different
cell cycle phases, as determined by flow cytometry
DNA measurements, changed in the different clones
studied. The percentage of cells in Gy/G; decreased as
the percentage of cells in S phase increased. After 14 h
of incubation, the percentage of cells in S phase increased
from 14% to 36% or 31% of the population of control
cells and those overexpressing PFK-2/FBPase-2, re-
spectively, the differences not being significant. In con-
trast, cells expressing the FBPase-2 truncated form

Table 2. Metabolic changes in Mv1Lu cells

Clone
pcDNA3 pFBPase-2 pPFK-2/FBPase-2

O, consumption, 625*+7.5 57.5*5.0 60.6 =5.0
pmol-mg
protein~1-h~1-1072

Heat production, 1557 115+ 20% 152+ 17
uwW X mg protein !

2-Deoxy-D-glucose 19.3+0.1 12.2+0.1F 19.1+0.1
uptake, pmol-mg
protein !-h™?!

Phosphorylated glucose 69.0+2.8 41.1*+247 62.1+4.1
metabolites, nmol X mg
protein~?!

Hexoses-6-phosphate, 14+0.2 2.8=*0.17 1.5+0.1
nmol X mg protein*

Fru-1,6-P,, nmol X mg 0.6+0.1 0.3%=0.1% 0.5+0.1
protein !

Phosphoenolpyruvate, 06+0.1 04x0.1*% 0.6+0.1
nmol X mg protein*

Lactate production, 3.88+x0.1 2.97*0.12 3.72+0.15
pumol-mg protein~!-h~?!

ATP, nmol X mg 157+5 130+6 155 +4

protein~?!

Results are means * SE for 4-10 different experiments. Experi-
ments were performed as described in MATERIALS AND METHODS. The
2-deoxy-D-glucose uptake and the phosphorylated glucose metabo-
lites were determined after 60-min incubation with 2-[1-“C]deoxy-
glucose and [U-'*C]-D-glucose, respectively. * and T, respectively,
indicate P < 0.05 and P < 0.001 statistically significant differences
vs. pcDNAS3 clones.
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Fig. 3. Effect of overexpression of the full-length bifunctional en-
zyme and the bisphosphatase domain on cell cycle progression. A:
Gy/Gy; B: S; C: Go/M phase on cell cycle progression. Cells were
incubated with DMEM supplemented with 10% FCS (vol/vol). At the
indicated times, cells were processed as described in MATERIALS AND
METHODS. Percentage of control pcDNA3 (0); pFBPase-2 (e®); or
pPFK2/FBPase-2 cells (»). Each determination was made in tripli-
cate, and the values represented correspond to the means = SE of 1
representative of 3 independent experiments.

showed a reduction in the number of cells cycling (30%
of truncated form expressing cells vs. 60% full-length
clones had left Go/G; phase after 18-h incubation),
therefore, decreasing the number of cells entering the
S and Gyo/M phases. These results indicate that the
lower metabolic activity of the cells expressing the
bisphosphatase domain has an immediate influence on
cell cycle progression.

DISCUSSION

Fru-2,6-P, is an important determinant of the glyco-
lytic flux, and its physiological significance has been
well documented in different cell types (5, 8, 11, 22, 23,
25, 33, 34, 43). The fact that it is now possible to
express L-type PFK-2/FBPase-2 or a truncated form of
the enzyme with only the bisphosphatase domain al-
lowed us to analyze the relative role of the kinase and
the bisphosphatase activities in regulating Fru-2,6-P,
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concentration and allowed us to elucidate the differen-
tial metabolic impact of PFK-2/FBPase-2 or the
FBPase-2 domain overexpression on cellular metabolic
activity in a highly transfectable clone (R-1B) of epi-
thelial Mv1Lu mink lung cells (2).

Previous studies of expression of the bisphosphatase
domain of rat (27, 41) or chicken (28) liver PFK-2/
FBPase-2 in bacteria showed that the turnover and
kinetic properties of the separate domain of the rat
liver enzyme were similar to those of the bifunctional
enzyme, except that its maximal velocity was 5- to
10-fold higher. Furthermore, studies in FAO cells (1)
have shown that the overexpression of liver L-PFK-2/
FBPase-2 decreases Fru-2,6-P, levels, even though
PFK-2 activity increased >22-fold and it was in excess
of FBPase-2 maximal activity. These changes produced
an enhanced glucose synthesis and inhibited lactate
production. The paradoxical drop in Fru-2,6-P, was
argued for covalent modification of the overexpressed
enzyme in these cells. Overexpression of a double mu-
tant of the protein, which only possessed PFK-2 activ-
ity, resulted in a 28-fold increase in the kinase activity
and a 3-fold increase in Fru-2,6-P, levels, inhibiting
the rate of glucose production and stimulating the rate
of lactate production (1).

Other studies have reported the overexpression of
glycolytic or gluconeogenic regulatory enzymes. Glu-
cokinase overexpression in FTO-2B cells correlated
quantitatively with enhanced glycolytic flux (42),
whereas phosphoenolpyruvate carboxykinase en-
hanced gluconeogenesis in H4IIE-C3 cells (35). In sev-
eral instances, there was no quantitative correlation
between overexpression of an enzyme and the pre-
dicted metabolic consequences. For example, a 10- to
100-fold overexpression of hexokinase I in a pancreatic
B-cell line (MIN 6) enhanced glucose utilization only
2-fold (24). Overexpression of glycogen phosphorylase
46-fold in primary hepatocytes did not change glycogen
content in the basal state, although preferential acti-
vation of glycogenolysis was evident upon treatment
with pharmacological agents (17). These results sug-
gest that other steps in a pathway may become rate
limiting when one enzymatic step is enhanced by over-
production of the protein. The impact of overexpression
of several glycolytic enzymes on overall flux has also
been studied in yeast without obtaining a marked
effect on the rate of ethanol production (38). The poor
response is probably the consequence of the effect of
overexpression of a given enzyme on the expression of
other enzymes, indicating that the transfected cells
adapt to the new conditions. As reported by Kacser and
Burns (26), the control of fluxes or metabolite concen-
trations in a metabolic pathway is found to be gener-
ally shared among all the enzymes, although a smaller
number may share the majority of this control.

In this paper, we have produced stable Mv1Lu cell
lines expressing L-type PFK-2/FBPase-2 or the trun-
cated form of FBPase-2. The overexpression of PFK-2/
FBPase-2 resulted in a small increase in the kinase
activity and in the activity ratio of the bifunctional
enzyme, increasing Fru-2,6-P, concentration. How-
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ever, these changes did not modify any of the parame-
ters studied, suggesting that the basal Fru-2,6-P, lev-
els present in these cells are high enough to activate
PFK-1 and glycolysis. In contrast, when the truncated
form of the enzyme coding the bisphosphatase domain
was expressed, the change in the PFK-2/FBPase-2 ac-
tivity ratio caused by the increased bisphosphatase
activity produced a significant decrease in Fru-2,6-P,
concentration. The fall in this bisphosphorylated me-
tabolite could lead to a low PFK-1 activity and the
restriction of glycolytic flux at the level of the fructose-
6-phosphate/Fru-1,6-P, cycle. This is corroborated by
the increase in hexoses-6-phosphate concentration and
a decrease in 2-[1-'*C]deoxy-D-glucose transport,
[U-'Clglucose incorporation in phosphorylated inter-
mediates, Fru-1,6-P,, phosphoenolpyruvate concentra-
tions, and lactate production. All these differences in
enzyme activities and in metabolite concentrations
render a reduction of the metabolic activity of the
overexpressing FBPase-2 cells, as also indicated by the
measurements of heat production. Consequently, the
activity of the ATP-consuming processes must be re-
duced in cells overexpressing FBPase-2 to balance the
ATP supply and demand and maintain cell homeosta-
sis (21).

When quiescent cells are stimulated to proliferate,
the expression of several genes is induced at the G;/S
transition. These genes code for proteins involved in
progression through the cell cycle, for enzymes of DNA
synthesis and, as it has been shown previously, for
PFK-2/FBPase-2 (13, 25). Several reports have pointed
out the role of Fru-2,6-P, in the activation of glycolytic
flux in growing cells (5, 8, 11, 23, 25). The concentra-
tion of this metabolite increases in different prolifera-
tive states, and this change has been correlated with
an increase in PFK-2/FBPase-2 activity and in its
mRNA levels (5, 8, 11, 23, 25). Transformation of chick
embryo fibroblasts by retrovirus carrying either the
v-src or v-fps oncogenes has been observed to induce
Fru-2,6-P, synthesis and to cause increased glycolytic
flux and cell proliferation (23), and it has been shown
that the modulation of the expression of PFK-2/
FBPase-2 by growth factors is concomitant with their
mitogenic response (7, 25). In a recent work, Durante
et al. (15) observed, in Rat-1 fibroblasts that stably
express transgenes coding for the kinase domain of
PFK-2/FBPase-2, high Fru-2,6-P, concentrations that
resulted in a parallel increase in lactate production but
maintained similar proliferation rates than control
cells. Whereas serum deprivation in culture reduced
the growth rate of control cells, it caused apoptosis in
cells overproducing Fru-2,6-P,. These results could dis-
count the hypothesis that activation and/or overexpres-
sion of PFK-2-catalyzed Fru-2,6-P, synthesis may con-
tribute to the mitogenic potential of cells. Other
authors (39) have observed that glucose deprivation or
treatment with the glucose antimetabolite 2-deoxyglu-
cose caused nontransformed cells to arrest in the G/G,
phase of the cell cycle. In contrast, overexpression of
lactate dehydrogenase alone was sufficient to induce
apoptosis with glucose deprivation (39). These results
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suggest that regulatory points exist in the cell cycle
and in the apoptotic pathway that are sensitive to
glucose metabolism.

In conclusion, the data reported here show that the
cells overexpressing the phosphatase domain of the
bifunctional enzyme have decreased Fru-2,6-P, con-
tent, reduced lactate production, and delayed cell cycle
progression, providing support for Fru-2,6-P, as a reg-
ulator of glycolytic flux and pointing out the role of
glycolysis in cell cycle progression.
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