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Proliferating and tumour cells express the glycolytic isoenzyme,
pyruvate kinase type M2 (M2-PK), which occurs in a highly
active tetrameric form and in a dimeric form with low affinity for
phosphoenolpyruvate. The switch between the two forms regu-
lates glycolytic phosphometabolite pools and the interaction
between glycolysis and glutaminolysis. In the present study, we
show the effects of oncoprotein E7 of the human papilloma virus
(HPV)-16 (E7)-transformation on two NIH 3T3 cell strains with
different metabolic characteristics. E7-transformation of the high
glycolytic NIH 3T3 cell strain led to a shift of M2-PK to the
dimeric form and, in consequence, to a decrease in the cellular
pyruvate kinase mass-action ratio, the glycolytic flux rate and the
(ATP+GTP)/(UTP +CTP) ratio, as well as to an increase in
fructose 1,6-bisphosphate (FBP) levels, glutamine consumption
and cell proliferation. The low glycolytic NIH 3T3 cell strain is
characterized by high pyruvate and glutamine consumption rates

and by an intrinsically large amount of the dimeric form of M2-
PK, which s correlated with high FBP levels, alow (ATP+ GTP)/
(CTP+UTP) ratio and a high proliferation rate. E7-trans-
formation of this cell strain led to an alteration in the glycolytic-
enzyme complex that correlates with an increase in pyruvate and
glutamine consumption and a slight increase in the flow of
glucose to lactate. The association of phosphoglyceromutase
within the glycolytic-enzyme complex led to an increase of
glucose and serine consumption and a disruption of the linkage
between glucose consumption and glutaminolysis. In both NIH
3T3 cell lines, transformation increased glutaminolysis and the
positive correlation between alanine and lactate production.

Key words: metabolome, nucleotide diphosphate Kkinase,
nucleotides, phosphoglyceromutase, phosphometabolites.

INTRODUCTION

In comparison with most normal proliferating cells, tumour cells
have to meet certain metabolic requirements. In particular, they
must be capable of sustained cell proliferation under unfavour-
able conditions, such as a poor supply of oxygen and glucose, as
is the case in solid tumours [1-3]. For these requirements, tumour
cells are able to regenerate energy either by glycolysis under
hypoxic conditions or by glutaminolysis in the presence of
oxygen [1-3]. To co-ordinate the different metabolic pathways
with oxygen and glucose supply, proliferating cells express a
particular isoenzyme of pyruvate kinase (EC 2.7.1.40), called
pyruvate kinase type M2 (M2-PK). M2-PK occurs in a tetrameric
form with a high affinity for its substrate phosphoenolpyruvate
(PEP), and a dimeric form with a low PEP affinity [4,5]. The
glycolytic phosphometabolite, fructose 1,6-bisphosphate (FBP),
induces the reassociation of the dimeric to the tetrameric form.
Serine, which is synthesized from 3-phosphoglycerate and
glutamate, activates M2-PK, whereas several other amino acids,
such as alanine and proline, which are directly linked to the
glutaminolytic pathway, inhibit M2-PK [5]. The interaction
between glucose and glutamine metabolism is further modulated
by the means by which hydrogen, produced in the glycolytic
glyceraldehyde-3-phosphate dehydrogenase (GAPDH) reaction,

is transported into the mitochondria [6-8]. The two possibilities
for hydrogen transport are the malate—aspartate shuttle and the
glycerol 3-phosphate shuttle [4]. In addition, the first evidence
shows that the association of phosphoglyceromutase (PGM)
type B (EC 5.4.2.1) within the glycolytic-enzyme complex can
alter the interaction between glutaminolysis and glycolysis [9].
The glycolytic-enzyme complex is a labile structure formed from
a variety of glycolytic enzymes and other constituents [6,8]. The
current available data suggest a regulatory function for this
complex [9,10-15]. The tetrameric form of M2-PK and the
glycerate 2,3-bisphosphate-independent PGM are associated
within the glycolytic-enzyme complex, whereas the dimeric form
of M2-PK and the glycerate 2,3-bisphosphate-dependent PGM
are not [4,6-9]. For PGM, it was shown that transformation of
rat oval cells induces the release of PGM out of the glycolytic-
enzyme complex [9].

During tumour formation, the tissue-specific isoenzymes
of pyruvate kinase, such as L-pyruvate kinase in liver and M1-
type pyruvate kinase in muscle and brain, are lost and M2-PK is
expressed [4,5]. All tumour cells so far analysed express a high
amount of the dimeric form of M2-PK with low-affinity for PEP
[4,5,7,16,17]. M2-PK was shown to be directly targetted by
certain oncoproteins, such as pp60'—" kinase [18,19] and the E7
oncoprotein of the human papilloma virus (HPV) type 16
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(E7) [16]. Both oncoproteins lead to a promotion of the dimeric
form of M2-PK in cells with high glycolytic flux rates. The ex-
pression of E7 in ras-expressing rat kidney cells leads to an
induction of cell proliferation, a promotion of the dimeric form of
M2-PK, a decrease in the ATP/ADP ratio and an upregulation
of FBP levels [16].

The inhibition of the lower part of the glycolytic pathway leads
to an increase in the glycolytic phosphometabolites, e.g. FBP,
and to an increased channelling of the glucose carbon atoms to
nucleic acid synthesis [4,5,16]. This metabolic feature can induce
severe energy imbalance, because the flow of glucose to FBP
consumes ATP before ATP is regained by the flow of FBP to
pyruvate [5,20-24]. Therefore in proliferating, and especially in
tumour cells, the flow of glucose to FBP and from FBP to
pyruvate must be balanced with energy production from gluta-
minolysis in an exact manner [2,4].

In addition, cell proliferation is an energy consuming pro-
cess. To prevent cell death from nutrient limitation, several
metabolites, such as AMP, FBP and S5-phosphoribosyl-a-
pyrophosphate, directly interfere with the protein kinase
cascade regulating cell proliferation [4,7].

During the establishment of immortal cell populations from
primary mouse fibroblasts by a 3T3 protocol, different cell
strains can be derived which differ markedly in their metabolic
characteristics [25]. In particular, such experiments yield cell
strains with intrinsically differing glycolytic rates, varying be-
tween low and high [25]. Although these alterations most likely
originate from differences in stochastic events during spon-
taneous immortalization, no data are available concerning
the genetic and/or biochemical changes that are involved. In the
present study, we analysed the ability of E7 to transform high
glycolytic NIH 3T3 (hg-NIH) cells as opposed to low glycolytic
NIH 3T3 (Ig-NIH) cells. Both cell strains are efficiently trans-
formed by E7. Although E7 expression allows growth of both
cell types in soft agar, the proliferation rate of hg-NIH cells in
monolayer culture is considerably enhanced, whereas that of 1g-
NIH cells is not altered by E7. Furthermore, E7 expression has
quite distinct effects on metabolic parameters in both cell types.
We found that in 1g-NIH cells, in contrast to hg-NIH cells, the
dimeric form of M2-PK was dominant, and that in hg-NIH cells
expression of the E7 protein led to a shift of the tetrameric form
of M2-PK to the dimeric form, but in 1g-NIH cells E7 expression
did not induce a further increase in the content of the dimeric
form of M2-PK. In both hg-NIH and 1g-NIH cells, expression of
E7 triggered a considerable increase in the flux from glutamine to
lactate, whereas it affected the glycolytic flux rates differently.

MATERIALS AND METHODS
Cell lines

hg-NIH cells (early-passage NIH 3T3 cells, which have a high
aerobic glycolytic rate) were used after stable transfection with
the pMo expression vector (1/M cells) [26] or with expression
vectors encoding wild-type HPV-16 E7 (E7/2 cells) [26,27]. lg-
NIH cells (low glycolytic, wild-type NIH 3T3 cell line) were
obtained from A.T.C.C. (Rockville, MD, USA). Early passage
cells with a low glycolytic rate, were co-transfected with ex-
pression vectors for pJ4Q16E7WT or with empty vector [28], and
a hygromycin resistance gene. E7-expressing stable transfectants
were derived by selection in hygromycin-containing medium.

Cell culture

Cell lines were cultivated in Dulbecco’s modified Eagle’s medium
(DMEM) (Sigma, Deisenhofen, Germany), supplemented with
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2 mM glutamine, 100 units penicillin/ml, 100 yg streptomycin/
ml and bovine-calf serum (BCS) [10,29]. For flux measurements,
the cells were arrested in DMEM containing 0.59%, (v/v) BCS
for 48 h, washed twice in DMEM and then released into DMEM
medium containing 0.5%, (v/v) BCS. The supernatants were
analysed 4 h after release. For all other experiments DMEM
containing 109%, (v/v) BCS was used. Since enzyme activities
and metabolite concentrations are dependent on cell density,
for all gel-permeation and isoelectric-focusing experiments,
and for metabolite and nucleotide determinations, only prepara-
tions with the same mean cell density were used. In the case of
the flux measurements, cell density was taken into account
in the statistical analysis [7,30].

Transformation experiments

Cells were grown in DMEM supplemented with 10 9, fetal-calf
serum, 2 mM L-glutamine and 100 ug streptomycin/ml, and
transfected, as described previously [27,28], with 10 ug of each
plasmid and 1 ug of an expression vector for the hygromycin
gene by calcium phosphate co-precipitation [29]. The cells were
then placed under hygromycin selection (200 xg/ml) for 2 weeks.
Hygromycin-resistant colonies were harvested and analysed for
E7 expression by Western blotting. E7-expressing cell lines were
seeded into 0.3% (w/v) low-melting agarose (SeaPlaque
Agarose; Biozyme, Hessisch Oldendorf, Germany), and colonies
were counted 3 weeks later.

Determination of generation time

Cells were counted at different time points (7,, #,) using a
Neubauer Chamber. The logarithm of the cell number (N)
was plotted against the time (¢), and the generation time (g) was
calculated as follows:

v (growth rate) = 1gN, —1gN,/0.43429 x (¢, —1,)
Hence, g = 1/v.

Western-blot analysis

Immunoblots were performed as described in [7,16]. The mono-
clonal anti-E7 antibody (clone ED17) was obtained from Santa
Cruz Biotechnology and the monoclonal anti-M2-PK antibody
(clone DF4) from ScheBo-Biotech AG (Giessen, Germany).

Gel permeation

Cells were extracted in a lysis buffer [100 mM Na,HPO,/
NaH,PO, (pH 7.4), 1 mM dithiothreitol, 1 mM NaF, 1 mM
2-mercaptoethanol, 1 mM e-aminocaproic acid, 0.2 mM PMSF
and 109, (v/v) glycerol]. The extracts were passed over a gel-
permeation column (Sephadex G-200; Pharmacia, Freiburg,
Germany), and the activities of M2-PK and, as molecular-mass
markers, GAPDH, PGM and enolase, were determined in the
fractions as described previously [30,31].

Isoelectric focusing

Cells were extracted with a homogenization buffer containing
10 mM Tris/HCI (pH 7.4), 1 mM NaF and 1 mM 2-mercapto-
ethanol. Isoelectric focusing was carried out with a linear gradient
of glycerol [50-09% (v/v)] and ampholines (pI 3.5-10.5) as
described previously [8].

Flux measurements

Cell culture supernatants were collected at different cell densities
and immediately frozen in liquid nitrogen. Glucose, pyruvate,
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lactate, glutamine, glutamate, serine and alanine were measured
in the supernatants of the cells as described previously [7,30,31].

Nucleotide and metabolite measurements

The cells were extracted with 0.6 M HCIO,, the extracts were
centrifuged at 40000 g for 20 min at 4 °C, and the supernatants
were collected and neutralized with ice-cold KOH. The super-
natants were centrifuged again, divided into four aliquots and
freeze-dried. Fructose 1,6-bisphosphate, phosphoenolpyruvate
and pyruvate levels were determined enzymically, as described
previously [7,31]. Nucleotides were measured by reverse-phase
ion-pair liquid chromatography on a Hypersil ODS (5§ ym)
column (CS-Chromatography Service GmbH, Langerwehe,
Germany), as described previously [20].

Statistical analysis

For the glycolytic and glutaminolytic flux measurements, stat-
istical analyses were performed using the statistical program
package BMDP [32]. For comparison of the different cell groups,
one-way analysis of covariance, with cell density as the co-
variable, was performed. For those variables dependent on cell
density, an adjustment to the mean common cell density was
performed and flux rates were described as adjusted means. If the
distribution of the measured variables was normal, the arithmetic
mean (X) +S.E.M. were used in data. For distributions skewed to
the right, a logarithmic transformation of the data was performed
and the results are presented as geometric mean and dispersion
factor (x,-D.F.*'). This is the de-logarithmic form of the
arithmetic mean (4 S.D.) of the previously logarithmically trans-
formed data. In all other cases, the Student’s 7 test was employed.

RESULTS
Metabolic characterization of hg-NIH and Ig-NIH cells

In both NIH 3T3 cell strains, the fluxes of nutrients through the
glycolytic and glutaminolytic pathways were reconstructed from
measurements of rates of consumption and synthesis for selected
key compounds. It is well established that both pathways are the
main sources for energy, pyruvate and lactate in cultured cells
[1,7-9,30]. For flux measurements, two forms of calculations
were chosen. The first calculation was nmoles/h per 10° cells, and
describes the consumption or production of a certain metabolite
by each cell (Figure 1 and Table 1). The second calculation was
nmoles/h per dish, and allows detection of possible correlations
between the conversion rates of the different metabolites (see
Figure 5 and Tables 2a and 2b) [7-9,30]. The combination of
these calculations provides an individual metabolic character-
ization of each cell strain, and is outlined below.

In the hg-NIH cells, the glycolytic flux measurements revealed
high rates of glucose consumption and lactate production (Table
1). In 1g-NIH cells, the amount of glucose consumed was only
259, of that consumed in hg-NIH cells. Lactate production
of lg-NIH cells was 309, of that produced in hg-NIH cells
(Table 1).

We also addressed the functional linkage between glucose
consumption and lactate production. In glycolysis, one mol of
glucose is converted into two mol of lactate; therefore, the molar
ratio between lactate production and glucose consumption
indicates the amount of glucose that is converted to lactate.
When glucose consumption was plotted against lactate pro-
duction in hg-NIH cells, a close linkage between these parameters
could be shown (Table 2a). The slope of the regression line was
1.78, with a correlation coefficient (r) of 0.892. This value
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Figure 1 Relationship between serine conversion and cell density (A) and

glutamine conversion and cell density (B) in non-transformed hg-NIH cells

Values shown are 10° cell density/dish and the production/consumption of serine or glutamine
is expressed as nmol/h per 10° cells.

approaches the maximum value of 2 for the ratio of lactate
production/glucose consumption, indicating that most of the
glucose consumed (89 9%,) is converted to lactate. In the Ig-NIH
cell strain, the ratio between lactate production and glucose
consumption was decreased to 1.12 with a correlation coefficient
of 0.850 (Table 2b). Therefore, in 1g-NIH cells, only 56 %, of the
glucose consumed was converted to lactate. The remaining 44 %,
must have been used for synthetic processes, such as DNA
synthesis.

An inhibition of the pyruvate kinase reaction reduces the
availability of glycolytic pyruvate and increases the flow of
the glucose carbons to synthetic processes above pyruvate kinase
(Scheme 1) [4,5]. The lack of glycolytic pyruvate can be compen-
sated for by the consumption of pyruvate from the medium or
by pyruvate produced from glutamine or glutamate degradation.
Pyruvate is required for the glutaminolytic production of lactate
and, under optimal conditions, one mol of pyruvate is converted
into one mol of lactate. In both cell strains, we found a strong
correlation between pyruvate consumption and lactate pro-
duction (hg-NIH cells, r = 0.860; 1g-NIH cells, r = 0.962) (Tables
2a and 2b). When one mol of pyruvate is converted into one mol
of lactate, the slope of the regression line is 1.0 when pyruvate
consumption (abscissa) is plotted against lactate production
(ordinate). A slope value greater than 1.0 indicates that less
pyruvate is converted to lactate and that more lactate is derived
from sources other than pyruvate.

The consumption of glutamine, which is another source of
pyruvate production, was also analysed. We found that glutamine
consumption was higher in lg-NIH cells than in hg-NIH cells
(Table 1). The correlation coefficients for the ratio between
lactate production and glutamine consumption indicated that in
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Table 1 Nutrient fluxes in hg-NIH and Ig-NIH cells

Results are given as X, - DF£" or X+ S.E.M. (see Statistical analysis in the Material and methods section). *, P < 0.05; **, P < 0.01; ***, P < 0.001; n = 15. Results of the statistical comparison
of non-transformed hg-NIH cells with non-transformed Ig-NIH cells: glucose consumption, P < 0.001; lactate production, P < 0.001; pyruvate consumption, P < 0.001; glutamine consumption,

not significant; glutamate production, not significant.

lg-NIH

E7-transformed

Non-transformed E7-transformed

hg-NIH
Metabolites Non-transformed
Glucose consumption 45.7-11
Lactate production 83.2-1.1
Pyruvate consumption 10.8-1.0
Glutamine consumption 04+31
Glutamate production 05-1.2

288-1.1%

53.7-1.1
8.6-1.0""
55432
0.6-1.2

11,511 7111

26.9-1.1 17.7-1.1%
78-1.0 16.7-1.0"
52430 171 £33
05-1.2 0.1-127

lg NTH3T3 + E7
hg NTH3T3 + E7

control

- V2PK

- E7

Figure 2 Expression of E7 in Ig-NIH and hg-NIH cell lines

Expression of the transfected E7 proteins (g NIH3T3+E7 and hg NIH3T3 4 E7; bottom
panels) was determined by immunoblotting. Expression of M2-PK, which is not influenced by
E7 [16], was used to test for equal loading (top panels).

1g-NIH cells (r = 0.722) more glutamine was converted to lactate
than in the hg-NIH cells (r = 0.132) (Tables 2a and 2b).

Interestingly, 1g-NIH cells have a shorter generation time than
hg-NIH cells, indicating that, in this system, a low rate of
glycolysis was associated with enhanced cell proliferation (Table
3). This is probably due to an increase in the degradation of
glutamine to lactate, the alternative way of energy production in
tissue culture cells (Tables 1 and 2b).

Transformation of NIH 3T3 cells by E7

It has been shown in many previous studies that E7 can transform
rodent fibroblasts [16,26,33—35]; however, the metabolic status
of the recipient cells was not determined in these studies. Whereas
hg-NIH cells can be readily transformed by E7 (Table 3) [27], it
is unclear, so far, if 1g-NIH cells can also be transformed by E7.
To address these questions, E7 was expressed in 1g-NIH cells by
transfection with an E7-expression vector in combination with a
hygromycin-resistance gene. Stable clones were derived and tested
for E7 expression (Figure 2 and Table 3); subsequently, cells
were cultured in soft agar and the number of colonies were
determined. As was shown previously [27], expression of E7 in
hg-NIH cells (subclone 1/M) gave rise to a substantial number
of colonies, which were not observed in control experiments
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using either an empty expression vector or vectors expressing
transformation-deficient E7 mutants (Table 3) [27]. When Ig-
NIH cells were transfected with the E7-expression vector, again
a substantial number of colonies grew in soft agar, indicating
that E7 also transforms 1g-NIH cells (Table 3). In this system,
expression of E7 led to an induction of cell proliferation in
hg-NIH cells but did not detectably alter the proliferation rate
of 1g-NIH cells (Table 3).

Effect of E7 expression on M2-PK structure and activity

As described previously, in hg-NIH cells expression of the E7
protein led to a shift of the tetrameric form of M2-PK to the
dimeric form [16]. To investigate the effect of E7 expression on
M2-PK in 1g-NIH cells, we first of all compared M2-PK activities
in the non-transformed NIH 3T3 cell strains. When the V. of
M2-PK was compared in the two strains, no differences were
found between Ig-NITH and hg-NIH cells (results not shown). In
the hg-NIH cells, the tetrameric form of M2-PK was pre-
dominant, whereas the 1g-NTH cells contained more dimeric M2-
PK (Figure 3A). In 1g-NIH cells, which are characterized by a
high amount of the dimeric form of M2-PK, E7 expression did
not induce a further increase in the content of the dimeric form
of M2-PK (percentage of the dimeric form in non-transformed
lg-NIH cells, 62+4.0; in E7-transformed 1g-NIH cells, 62 +2.0;
X+S.EM., n=4).

Effect of E7 expression on the glycolytic-enzyme complex

The activity of several enzymes in the glycolytic pathway is co-
ordinately regulated through their physical association in a
complex, referred to as the glycolytic-enzyme complex’ [6-15].
To determine differences in the glycolytic-enzyme complex be-
tween hg-NIH and Ig-NIH cells, isoelectric focusing was used to
analyse the association of these enzymes. Proteins associated
within the glycolytic-enzyme complex focus at a common iso-
electric point that is different from the isoelectric point of the
purified individual proteins. Migrations of proteins inside or
outside the glycolytic-enzyme complex are reflected by shifts in
their isoelectric points [6,8,9].

In hg-NIH cells, a glycolytic-enzyme complex with the tetra-
meric form of M2-PK, glycerate 2,3-bisphosphate-dependent
PGM type B, enolase (EC 4.2.1.11), GAPDH (EC 1.2.1.12),
lactate dehydrogenase (LDH) (EC 1.1.1.27) as well as nucleotide
diphosphate kinase (NDPK) type A (EC 2.7.4.6) and adenylate
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Table 2 Correlations between the conversion rates of different metabolites

Correlations between different metabolite conversions in non-transformed and E7-transformed hg-NIH and Ig-NIH cells. For these calculations, the first metabolite (abscissa) (nmoles/h per dish)
was plotted against the second metabolite (ordinate) (nmoles/h per dish) (see Figure 5). Intercept, nmoles/h per dish; 7 = 15. For hg-NIH cells, PK mass-action ratio = 102 PGM (inside the
complex); PK mass-action ratio = 66 PGM (outside the complex). For Ig-NIH cells, PK mass-action ratio = 55 PGM (outside the complex); PK mass-action ratio = 117 PGM (inside the complex).

(a) hg-NIH cells

Non-transformed

E7-transformed

Abscissa Ordinate Slope  Intercept r Slope  Intercept r
Glucose Lactate 178 67 0892 1.68 206 0.916
Pyruvate Lactate 8.23 — 478 0.860 9.90 —558 0.966
Glutamine Lactate 0.63 1035 0132 3N 1352 0.699
Glucose Glutamine  0.12 64 0277 0.33 —120 0.739
Serine Glucose 0.78 638 0.841  2.55 1911 0.833
Serine Lactate 1.69 1215 0915 122 1035 0.735
Pyruvate Alanine 0.11 33 0.369 0.66 —25 0.910
Alanine Lactate 15.49 304 0454 1321 80 0.936
(b) Ig-NIH cells
Non-transformed E7-transformed
Abscissa Ordinate Slope  Intercept r Slope Intercept r
Glucose Lactate 112 226 0850 1.75 55 0.710
Pyruvate Lactate 2.72 100 0962 225 —263 0.890
Glutamine Lactate 0.42 483 0722 048 241 0.593
Glucose Glutamine  1.54 —363 0.707 0.80 —29 0.260
Serine Glucose 015 242 0.260 0.50 528 0.725
Serine Lactate 0.22 493 0281 1.14 1156 0.664
Pyruvate Alanine 0.27 7 0436 013 —50 0.798
Alanine Lactate 1.97 289 0433 1341 84 0.872
glucose Table 3 Transformation of NIH 3T3 cell types by E7
L
The different NIH 3T3 cell lines were assayed for colony formation in soft agar, and three
i e i independent clones were analysed in each case. Colony formation efficiency for the hg-NIH 3T3
; “:::t:x::: cell line (previously referred to as E7/2 [32]) was set to 100% (+ + + +).
4 b —
T Cell line Colony formation (%) Generation time (h)
- glutamate
> serine TF=> serine hg-NIH - 300
hg-NIH +E7 ++++ 22.9
Ig-NIH - 228
) 4 DO w-ketaglutarate
Wil it Ig-NIH+E7 +++ 23.8
- DO
MI-PK
ATF ATF LY AP
lactate =

® LS
pyruvate — Slotimnolics €— o100 nage — glutamate
PN ;

glatamine

pyruvate alanine

Scheme 1 Qverall view of the metabolic interactions

When PGM and M2-PK are associated within the glycolytic-enzyme complex, glucose is mainly
converted to lactate and serine consumption increases with increasing glucose consumption.
When PGM and M2-PK are not associated within the glycolytic-enzyme complex, all
phosphometabolites above M2-PK accumulate and are then available for synthetic processes,
such as nucleic acid synthesis. In this case, 3-phosphoglycerate is converted to serine, and
glutaminolysis increases with increasing glucose consumption.

kinase (EC 2.7.4.3) was found (Figure 4A) [6]. The dimeric form
of M2-PK focused outside the complex [6]. In contrast to the
non-transformed hg-NIH cells, in non-transformed 1g-NIH cells
PGM was not part of the glycolytic-enzyme complex (Figures 4A
and 4C). In hg-NIH cells, the expression of the E7 protein

induced the release of PGM from the complex, whereas PGM
migrated into the complex upon expression of E7 in 1g-NIH cells
(Figures 4B and 4D).

Furthermore, 1g-NIH cells were characterized by higher
GAPDH and lower NDPK type A activities compared with hg-
NIH cells (results not shown). The coupling of M2-PK and
adenylate kinase within the glycolytic-enzyme complex regulates
AMP levels [4,7,36]. NDPK couples the ATP/ADP ratio with
other nucleotide triphosphates [4]. To elucidate the metabolic
consequences of these enzymic alterations, we have further
investigated the main nutrient parameters.

Effects of E7 on glycolytic and glutaminolytic flux rates

In hg-NIH cells, glycolytic and glutaminolytic flux measurements
revealed that the E7-induced promotion of the dimeric form of
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Figure 3  Fractionation by gel permeation of M2-PK in non-transformed hg-
NIH and Ig-NIH cells (A) and in E7-transformed hg-NIH cells (B), indicating
the quaternary structure

The results are of gel permeations of the cytosolic cell extracts. As internal molecular-mass
markers, the activities of GAPDH (160 kDa), enolase (100 kDa), and PGM (60 kDa) were
measured in each gel-permeation experiment. Percentage of the dimeric form (4 S.EM.,
n = 4): non-transformed hg-NIH (A, B, O), 37 +0.6; E7-transformed hg-NIH (B, @),
5340.8; non-transformed Ig-NIH (R, A), 62+4.0; E7-transformed hg-NIH 62 42.0 (not
shown on Figure, but given for comparison).

M2-PK was correlated with a decrease in the glycolytic flux rate,
as well as an increase of the flow of glutamine to lactate
(glutaminolysis) and pyruvate to lactate (Figure 3B; Tables 1
and 2a). In addition, the expression of E7 led to a release of
PGM from the glycolytic-enzyme complex (Figure 4B), with
distinct consequences on serine and glutamine metabolism. In
non-transformed hg-NIH cells with PGM inside the glycolytic-
enzyme complex, serine conversion was strongly influenced by
cell density, whereas glutamine conversion was only weakly
influenced by cell density (Figures 1A and 1B). The correlation
of these parameters indicates that, in non-transformed hg-NIH
cells, the association of PGM within the glycolytic-enzyme
complex led to a strong linkage between glucose consumption
and serine conversion (r = 0.841) as well as between serine con-
version and lactate production (r = 0.915), which indicates a
conversion of serine to lactate (Table 2a). The positive correlation
between glucose and serine consumption means that serine
consumption increased with increasing glucose consumption.
When no glucose was consumed, or at very low rates of glucose
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consumption, serine was produced. On the other hand, the
linkage between glucose consumption and glutamine consump-
tion was weak in non-transformed hg-NIH cells (Table 2a). In
E7-transformed hg-NIH cells with PGM outside the glycolytic-
enzyme complex, the correlation between lactate production and
serine conversion was reduced from 1.69 (r = 0.915) to 1.22 (r =
0.735), whereas the interaction between glucose and glutamine
consumption increased from 0.12 (r = 0.277) to 0.33 (r = 0.739)
(Table 2a).

In 1g-NIH cells, E7 expression led to a further inhibition of
M2-PK, as indicated by the increase of pyruvate and glutamine
consumption (Table 1 and Table 2b). However, a further
promotion of the dimeric form of M2-PK could not be detected
by gel-permeation (see legend to Figure 3). The flow of glucose
to lactate slightly increased from 569, to 889, after E7-
transformation (calculated from Table 2b). This compensation
of the E7-induced inhibition of M2-PK is presumably caused by
the reassociation of PGM within the glycolytic-enzyme complex,
which increases the flow of 3-phosphoglycerate to phosphoenol-
pyruvate (Figure 4D). Indeed the mass-action ratio of M2-PK
increased in E7-transformed lg-NIH cells (Table 4).

In accordance with non-transformed hg-NIH cells, in E7-
transformed 1g-NIH cells the re-integration of PGM led to
profound alterations in the interaction between glucose, glut-
amine and serine conversion (Table 2b).

In E7-transformed lg-NIH cells, the correlation between
glucose consumption and serine conversion increased from r =
0.260 in non-transformed Ig-NIH cells to r=0.725 in E7-
transformed cells (Table 2b), which indicates that serine con-
sumption increased with increasing glucose consumption. The
correlation between lactate production and serine conversion
increased from » = 0.281 in non-transformed cells to r = 0.664 in
E7-transformed Ig-NIH cells (Table 2b), which indicates a
conversion of serine to lactate. Similarly to non-transformed hg-
NIH cells, where PGM was also part of the glycolytic-enzyme
complex, in E7-transformed 1g-NIH cells, the strong linkage
between glucose and glutamine consumption was reduced from
r=0.707 in non-transformed cells to r= 0.260 in E7-
transformed cells (Table 2b). The release of alanine was not
influenced by the alterations in PGM and the glycolytic-enzyme
complex in either cell strain (Figure 5 and Tables 2a and 2b).

Whereas glycolysis produces lactate, in glutaminolysis both
lactate and alanine are produced (Scheme 1) [1,2,4,5]. In
both NIH 3T3 cell lines, transformation by E7 strongly increased
the correlation between alanine and lactate production (Figure 5
and Tables 2a and 2b). Furthermore, the reduction in the intercept
of the regression line indicated that alanine was already being
produced when lactate production was very low (Figure 5 and
Tables 2a and 2b).

Effect of E7 expression on metabolite and nucleotide levels

In hg-NIH cells, the PK mass-action ratio, calculated as
[pyruvate] - [ATP]/[PEP]-[ADP], decreased after E7-transform-
ation, reflecting the promotion of the dimeric form of M2-PK
after E7-transformation in this cell line (Figure 3B and Table 4).
Because of the inactivation of M2-PK, FBP levels increased in
E7-transformed hg-NIH cells (Table 4). The (ATP+GTP)/
(UTP+ CTP) ratio decreased after E7-transformation, and was
correlated with an increase in the proliferation rate (Tables 3 and
4). In the non-transformed 1g-NIH cells, the very low value of the
PK mass-action ratio reflected the high amount of the dimeric
form of M2-PK that was already present in this cell line in the
absence of E7 (Table 4). Due to the high amount of the dimeric
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Figure 4 Migration of PGM inside and outside the glycolytic-enzyme complex in non-transformed and E7-transformed hg-NIH and Ig-NIH cell strains

Results of isoelectric focusing experiments with cytosolic cell extracts. (A) Non-transformed hg-NIH cells, (B) E7-transformed hg-NIH cells, (C) non-transformed Ig-NIH cells, (D) E7-transformed
Ig-NIH cells. The glycolytic-enzyme complex is marked by arrows and consisted of the tetrameric form of M2-PK, the glycerate 2,3-bisphosphate-independent PGM type B, enolase, LDH, GAPDH,
adenylate kinase and NDPK type A [6]. @ and A, PGM type B measured in the presence of glycerate 2,3-bisphosphate; O and A\, PGM type B measured in the absence of glycerate

2,3-bisphosphate.

Table 4

Intracellular nucleotide and metabolite levels in hg-NIH and Ig-NIH cells

The values shown are nmol/h per 10° cells (means+S.D.; n = 5). PK mass-action ratio = [pyruvate] - [ATP]/[PEP]-[ADP]. ***, P < 0.001; **, P < 0.01; *, P < 0.05.

hg-NIH Ig-NIH
Metabolites Non-transformed E7-transformed Non-transformed E7-transformed
FBP 0.22 +0.04 0.4040.04* 05+02 05+02
PEP 03402 04402 12402 044017
Pyruvate 21402 28408 71414 6.0+1.6
ATP/ADP 111+24 97+24 103452 81+33
AMP 05404 03403 17415 0.05+0.09
GTP/GDP 81+33 98+54 77+19 174+11.9
(ATP+ GTP)/(UTP 4 CTP) 49426 32406 37+21 23+11
PK mass-action ratio 102 66 55 117

form of M2-PK, these cells also contained higher FBP levels than
the non-transformed hg-NIH cells (Table 4).

Although gel permeation revealed no effect of E7-expression in
lg-NIH cells, we noticed a substantial increase in the PK mass-
action ratio in E7-transformed Ig-NIH cells (Table 4). This may
reflect an activation of the pyruvate kinase reaction by increased
substrate availability by the re-integration of PGM into the
glycolytic complex or by changes in other parameters that

remain to be determined. Accordingly, PEP levels decreased in
E7-transformed 1g-NIH cells, but FBP levels did not increase
(Table 4). The (ATP+ GTP)/(UTP + CTP) ratio was lower in Ig-
NIH cells than in hg-NIH cells, which were also characterized by
a higher proliferation rate than the hg-NIH cells (Table 3). In Ig-
NIH cells, E7 expression led to a decrease in the (ATP+ GTP)/
(UTP+CTP) ratio but had no further effect on the cell pro-
liferation rate (Table 3).

© 2001 Biochemical Society
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See Table 2(b). Lactate or alanine production is shown as nmol/h per dish.

DISCUSSION
Interaction between glycolysis and glutaminolysis

In accordance with studies in cell culture and solid tumours, M2-
PK is the main regulator of the interaction between glycolysis
and glutaminolysis [1,2,4-9]. In 1g-NIH cells, which were also
characterized by a high glutaminolytic flux rate, the dimeric form
of M2-PK was predominant, whereas in the hg-NIH cells with a
low glutaminolytic flux rate, a high amount of the tetrameric
form was found (see Figure 3A and Table 1). E7-transformation
of the hg-NIH cells led to a promotion of the dimeric form of
M2-PK, a reduction in the glycolytic flux rate and an increase in
glutaminolysis (Figure 3B and Tables 1 and 2a).

Co-ordinating glycolysis and glutaminolysis: a role for the
glycolytic-enzyme complex

In the present study, we showed, for the first time, that besides
the tetramer/dimer ratio of M2-PK and the hydrogen shuttles, the
organization of the glycolytic-enzyme complex also plays an
important role in the co-ordination of glycolysis, serine metab-
olism and glutaminolysis [7-9].

The interaction between glycolysis, serine metabolism and
glutaminolysis takes place at the level of pyruvate and 3-
phosphoglycerate. 3-Phosphoglycerate is reduced to 3-hydroxy-
pyruvate and is transaminated, with glutamate as NH, donor, to
serine (Scheme 1) [37]. Pyruvate is transaminated with glutamate
to alanine [1,4]. Glutamate is the central intermediate of gluta-
minolysis [2,5]. The end product of glycolysis is lactate, whereas,
in glutaminolysis, lactate, serine and alanine are produced
(Scheme 1).

Both serine synthesis from glucose and serine degradation to
lactate are directly linked to 3-phosphoglycerate, the substrate of
PGM [4,37-39]. In solid tumours, degradation of the amino acid
glutamine to lactate (glutaminolysis) and the degradation of the
amino acid serine to lactate (serinolysis) are found (Scheme 1) [1].
The regulation of these pathways by nutrient supply in solid
tumours is different. Glutaminolysis is primarily regulated by the
oxygen supply, and serinolysis by glucose supply. Serine pro-
duction and its release from cells has the function of an energy
buffer when the flow of glucose to 3-phosphoglycerate exceeds
the flow from 3-phosphoglycerate to pyruvate by pyruvate kinase
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for the following reasons. In glycolysis, at first ATP is con-
sumed for the synthesis of FBP before energy is regained by the
flow of FBP to pyruvate. Net ATP synthesis occurs only with
the flow of 3-phosphoglycerate to pyruvate by the pyruvate
kinase reaction (Scheme 1) [21-23]. Besides mitochondrial gluta-
minolysis, the pyruvate kinase reaction is the only means by
which proliferating cells can regenerate ATP [1,2,4]. The as-
sociation of PGM within the glycolytic-enzyme complex allows
flexible regulation of the interaction of serinolysis and glut-
aminolysis with glycolysis [4,9].

Flexible modulation of glycolysis and glutaminolysis by E7

Besides the remarkable differences in the metabolic responses to
E7 transformation in both NIH 3T3 cell strains, there were also
some interesting similarities which contribute to the transform-
ation potential of the E7 protein in both cell lines [40,41]. These
common effects were directly linked to the inhibition of M2-PK
by E7. In both NIH 3T3 cell lines, E7-induced inhibition of M2-
PK led to an increased flow from glutamine to pyruvate and
lactate followed by a strong linkage between pyruvate con-
sumption and alanine production (Tables 2a and 2b). In both
NIH 3T3 cells lines, transformation by E7 strongly increased the
correlation between alanine and lactate production (Figure 5 and
Tables 2a and 2b).

An increased rate of alanine production is correlated with the
metastasizing potential of tumour cells [1,42]. Furthermore, in
solid tumours, alanine is released and a high correlation between
alanine and lactate production is found [1]. An increase in the
glutaminolytic flux rate is consistently observed during tumour
formation, which is independent of the molecular mechanism by
which tumour formation is induced [4,9].

Role of metabolic changes for cell proliferation and
transformation

A high concentration of the dimeric form of M2-PK, induced by
E7 expression in hg-NIH cells or by an unknown mechanism in
lg-NIH cells, was correlated with a high rate of cell proliferation
(Figure 3 and Table 3). On the metabolite level, a high con-
centration of the dimeric form of M2-PK was correlated with
high levels of glycolytic phosphometabolites, such as FBP, and
an increased channelling of phosphometabolites to nucleic acid
and NAD(P)(H) synthesis as well as a high NAD(P)(H)/NAD(P)
ratio (Figure 3 and Table 4) [4,7,43-45]. FBP is a potent activator
of protein biosynthesis [46]. AMP lowers the NAD(P) levels and
the NADH/NAD ratio [4,7]. It has been suggested that the
intracellular ratio of NAD(P)H/NAD(P) regulates tyrosine
phosphorylation and influences diverse cellular pathways, such
as the functions of telomerase and p53 [4,7,43,45]. In Ig-NIH
cells, E7 transformation led to no further promotion of the
dimeric form of M2-PK, and to no further increase in FBP levels
and synthetic processes. It seems that in non-transformed Ig-NITH
cells the synthetic capacity has reached its upper limit, which
might explain why, in lg-NIH cells, as opposed to hg-NIH cells,
no further enhancement of the cell-proliferation rate was found
after E7 transformation.

In accordance with these metabolic relationships, in yeast
cells, overexpression of pyruvate kinase leads to a total inhibition
of cell proliferation, which can be reactivated by a simultaneous
overexpression of protein kinase MCK, which phosphorylates
and inactivates pyruvate kinase [47]. The increase in glycolytic
phosphometabolite pools by promotion of the dimeric form of
M2-PK must be exactly balanced by the flow of glucose to FBP
and serine and glutamine metabolism. To ensure this co-
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ordination, the tetramer/dimer ratio of M2-PK is allosterically
regulated by glycolytic phosphometabolites, such as FBP, or
amino acids that link glutaminolysis with glycolysis, such as
serine and alanine [1-5]. Another mechanism is the flexible
association of PGM within the glycolytic-enzyme complex [9].
Because of the close linkage between glucose and glutamine
consumption in non-transformed 1g-NIH cells, energy production
should be totally disturbed when PGM is not associated within
the glycolytic-enzyme complex and when, additionally, M2-PK
is shifted to the dimeric form after E7 expression (Table 2b). It
is reasonable that only those E7-transformed cell clones of Ig-
NIH cells can survive when PGM is within the glycolytic-enzyme
complex, which leads to an increased flow from 3-
phosphoglycerate to PEP and to an increased PK mass-action
ratio (Figure 4D) [48]. By the reassociation of PGM with the
glycolytic-enzyme complex in E7-transformed 1g-NIH cells an
increase in AMP levels and an imbalance in the (ATP+ GTP)/
(UTP +CTP) ratio is prevented (Figure 4D) [4,16,49]. Studies
with different cell lines revealed a correlation between the
(ATP+GTP)/(UTP+CTP) ratio and cell proliferation [49].
There are indications that PGM associated within the glycolytic-
enzyme complex is phosphorylated on histidine and is
independent of glycerate 2,3-bisphosphate [6]. Within the
glycolytic-enzyme complex, PGM is activated by NDPK type
A, presumably by direct phosphate transfer [6]. Therefore the
primary inhibition of M2-PK by E7 may lead to alterations
in the (ATP+GTP)/(CTP+UTP) ratio, and may lead to
a reassociation of PGM within the glycolytic-enzyme complex
by the NDPK reaction.
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