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ABSTRACT We report here that the E7 oncoprotein
encoded by the oncogenic human papillomavirus (HPV) type
16 binds to the glycolytic enzyme type M2 pyruvate kinase
(M2-PK). M2-PK occurs in a tetrameric form with a high
affinity to its substrate phosphoenolpyruvate and a dimeric
form with a low affinity to phosphoenolpyruvate, and the
transition between both conformations regulates the glyco-
lytic f lux in tumor cells. The glycolytic intermediate fructose
1,6-bisphosphate induces the reassociation of the dimeric to
the tetrameric form of M2-PK. The expression of E7 in an
experimental cell line shifts the equilibrium to the dimeric
state despite a significant increase in the fructose 1,6-
bisphosphate levels. Investigations of HPV-16 E7 mutants and
the nononcogenic HPV-11 subtype suggest that the interaction
of HPV-16 E7 with M2-PK may be linked to the transforming
potential of the viral oncoprotein.

Unicellular organisms have a variety of sensing mechanisms to
adapt the cell proliferation rate to variations in their environ-
mental nutrient supply. Several gene products, like the ras or
cdc kinase proteins, which are involved in nutrient sensing in
yeast (1, 2), are conserved during the evolution of multicellular
organisms, and in mammals, these gene products often are
altered in tumors. Despite our knowledge about the protein
machinery regulating cell proliferation increasing tremen-
dously over the recent years, we are still at the beginning to
understand how nutrients contribute to proliferation control in
multicellular organisms. There is, however, quite good evi-
dence that phosphometabolites derived from both glycolysis
(for recent review, see ref. 3) and the pentose phosphate
pathway (ref. 4 and references therein) provide some of the
signals linking metabolic conditions to cell proliferation. The
glycolytic phosphometabolites, which are necessary for the
biosynthesis of nucleic acids, phospholipids, and complex
carbohydrates, are up-regulated in the G1 phase of the cell
cycle (for recent review, see ref. 3), and constant high levels of
phosphometabolites have been detected by 31P NMR spec-
troscopy in rapidly proliferating tumor cells (5).

The key enzymes regulating the glycolytic phosphometabo-
lite pools and glycolytic f lux rate are hexokinase, 6-phospho-
fructo 1-kinase, and especially pyruvate kinase (PK) (6, 7). The
activity of PK, the key enzyme controlling the exit of the
glycolytic pathway, determines the relative amount of glucose
that is channeled into synthetic processes or used for glycolytic
energy production (6, 8). Proliferating mammalian cells ex-
press the M2 type isoenzyme of PK (M2-PK) (9), and expres-
sion of M2-PK is cell cycle regulated in proliferating rat
thymocytes (10). M2-PK occurs in an active tetrameric and a

less active dimeric form (8, 11, 12), and the switch between
both forms, which is controlled by the glycolytic phosphome-
tabolite fructose 1,6-bisphosphate (FBP) (8), regulates the
glycolytic f lux in tumor cells.

In humans, cancer of the cervix is linked to infection by
human papillomaviruses (HPV) of the high-risk group,
whereas viruses of the low-risk group are not associated with
cancers in vivo and fail to transform human cells in vitro (13).
The E7 oncogene of HPV-16, a high-risk HPV type, cooper-
ates with the HPV-16 E6 gene to immortalize human kera-
tinocytes (14) and with an activated ras gene to transform
rodent fibroblasts (15). The transforming activity of E7 is
sensitive to mutations in both the N-terminal (15) and C-
terminal (16) domains. Although the E7 N terminus mediates
binding to proteins of the retinoblastoma gene family and
thereby contributes to deregulation of the cell cycle (reviewed
in ref. 17), the function of the C-terminal domain remains to
be disclosed.

MATERIALS AND METHODS

Two-Hybrid Screen. Yeast strain EGY48ypSH1834y
pLexA-16 E7(39–98)::HIS3 (18) was transformed with a hu-
man cDNA library derived from human serum-starved WI-38
fibroblasts (19), according to Gietz et al. (20). Primary trans-
formants (3.9 3 106) were plated on 2% galactosey1% raffin-
ose Ura2, His2, Trp2 Leu2 plates. Leu1 colonies were ana-
lyzed on selection media as described (19), to identify clones
in which both the LEU2 and LacZ reporter genes display
galactose-dependent transcription. Helper plasmids pSH1834
and pLexA-16 E7(39–98) were eliminated from positive clones
by genetic selection (21); subsequently, plasmids encoding the
selected B42 fusion proteins were rescued from the respective
yeast strains as described (21) and sequenced. For quantitative
interaction analysis, pLexA-E7 and B42-M2-PK fusion pro-
teins were coexpressed in yeast strain EGY48ypSH1834, con-
taining a LexA operator-lacZ gene (lexAo8-Gal1-lacZ::URA3),
and b-galactosidase activity was measured as described (18).
The values were corrected by subtracting the intrinsic trans-
activation activity of each individual LexA fusion protein.

In Vitro Interaction Analysis. Purified glutathione S-
transferase (GST) or GST fusion proteins (15 ngyml each)
immobilized on glutathione Sepharose 4B beads were incu-
bated with 1.0 mg of whole-cell extract from yeast cells, and the
amount of B42-HA1-M2PK protein that was retained on the
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beads was determined by direct immunoblotting as described
(22), by using a mAb to the HA1 epitope (YPYDVPDYA)
(kindly provided by T. Nilson, European Laboratory for
Molecular Biology, Heidelberg, Germany).

E7-Expressing Cell Lines. Early passage NIH 3T3 cells,
which have a high aerobic glycolytic rate, a low glutaminolytic
f lux rate, and a high amount of the tetrameric form of M2-PK
(S.M., unpublished data), were used after stable transfection
with the pMo expression vector (My1 cells; ref. 23) or expres-
sion vectors encoding wild-type HPV-16 E7 (E7y2 cells; ref.
23) or a C-terminal deletion mutant (D79–83; ref. 24). The
14y2 cell line was derived from baby rat kidney cells by stable
expression of an activated ras oncogene, combined with glu-
cocorticoid-inducible expression of the HPV-16 E7 gene (25).

Immunoprecipitations. Cells were extracted in hypotonic
lysis buffer as described (22); precleared extracts (1 mg each)
were either adjusted to 125 mM NaCl and 0.1% Nonidet P-40
and subjected to immunoprecipitation with mAbs to HPV-16
E7 (D6, kindly provided by R. Tindle, Queensland University,
Brisbane, Australia), and GST (GST-2; Sigma) or adjusted to
50 mM NaCl and 0.1% Nonidet P-40 and immunoprecipated
with a mAb to human M2-PK (DF4, ScheBo Tech, Wetten-
berg, Germany). Immunoprecipitates then were analyzed by
Western blotting, using antibodies to HPV-16 E7 (Ciba Corn-
ing, Alameda, CA) or M2-PK (DF4, ScheBo Tech).

Gel Filtration Analysis of M2-PK Activity. Cells (14y2) were
synchronized by removal and readdition of dexamethasone as
described (26). Whole-cell extracts were prepared from mock-
treated 14y2 cells or cells treated with dexamethasone for 4 hr.
Extracts from 2.4 3 107 cells were extracted in 3 ml of lysis
buffer (100 mM NaPi, pH 7.4y1 mM DTTy1 mM NaFy1 mM
b-mercaptoethanoly1 mM «-aminocaprone acidy0.2 mM phe-
nylmethylsulfonyl f luoridey10% glycerol), lysed in a dounce
tissue grinder, and centrifuged (20 min at 20,000 g) to remove
cell debris. Extracts were passed over a gel filtration column,
and the activities of various glycolytic enzymes were analyzed
as described (12).

Isoelectric Focusing Analysis of M2-PK Complexes. Ex-
tracts were prepared from E7-expressing or control 14y2 cells,
as described above, by using a lysis buffer containing 10 mM
Tris (pH 7.4), 1 mM NaF, 1 mM EDTA-Na2, and 1 mM
mercaptoethanol. Homogenates were subjected to isoelectric
focusing, and enzyme activities were determined in the indi-
vidual fractions as described (27).

Modulation of M2-PK Activity in Vitro. Fractions derived
from uninduced 14y2 cell extracts were incubated for 1 hr at
37°C with 90 ngyml of GST or 90 ngyml of GST-HPV-16E7
protein, followed by a determination of catalytic activity.
Analysis of the data in a Lineweaver–Burk plot was used to
determine the Km values. To determine the influence of
recombinant E7 on M2-PK quarternary structure in vitro,
extracts of My1 cells were incubated with recombinant GST or
GST-16E7 (90 ngyml) protein, followed by gel filtration ex-
periments similar to those described above.

Determination of Metabolite Concentrations. The concen-
trations of carbohydrates in cellular supernatants (8, 12),
intracellular concentrations of metabolites (8, 12), and nucle-
otides (28) were determined as described and used for the
calculation of the relative conversion rates.

RESULTS

Identification of M2-PK as Cellular Target for HPV-16 E7.
To identify cellular targets for the carboxyl-terminal domain of
the HPV-16 E7 oncoprotein, we used the two-hybrid system in
yeast. The C-terminal part of HPV-16 E7 was fused in-frame
to the DNA-binding domain of the bacterial LexA-repressor,
to yield LexA-16E7(39–98) (18), which can bind to the LexA-
binding sites of a synthetic LEU 2 reporter gene and thereby
allows us to monitor the interaction of E7 with a second hybrid

protein that contains the B42 transactivation domain fused
in-frame to a heterologous cDNA (Fig. 1A). When a galactose-
inducible human cDNA library (Fig. 1A) (19) was coexpressed
with LexA-16E7(39–98) in yeast strain EGY48ypSH1834 and
screened for transformants that grow on leucine-deficient
media, the cDNA encoding the glycolytic enzyme M2-PK (Fig.
1B) was repeatedly isolated. Coexpression of the M2-PK-B42
fusion protein with pLexA-16 E7(39–98) rendered yeast strain
EGY48ypSH1834 able to grow on galactose but not glucose
minimal plates, indicating that leucine prototrophy depends on
expression of the M2-PK-B42 fusion protein. The inability of

FIG. 1. Identification of M2-PK as E7-binding protein. (A) Plasmid
pLexA-16 E7(39–98)::HIS3 (18) encodes the DNA binding domain of
LexA fused in-frame to the C-terminal part of HPV-16 E7 and the
HIS3 selectable marker. The structure of the expression library,
derived from vector pJG4–5 (19) by insertion of cDNA fragments from
a WI-38 cDNA library, is indicated. B42-TAD refers to the B42
transactivation domain. B42 fusion proteins are expressed from the
inducible GAL1 promotor, and these plasmids contain the TRP1 gene
as selectable marker. (B) The plasmid designated pB42-M2-PK::TRP1
was isolated during the interaction screen; it contains the full-length
human cDNA for M2-PK, as described by Tani et al. (43). (C)
Derivatives of yeast strain EGY48ypSH1834, expressing various LexA
fusion proteins as indicated, were transformed with the plasmid
pB42-M2PK::TRP1. pJG4–5, expressing the unfused B42 trans-
activation domain, was used as negative control. Transformants were
selected for uracil, histidine, and tryptophane prototrophy and grown
in glucose minimal medium (Ura2, His2, Trp2). Yeast cells then were
streaked out onto each of three plates and incubated for 4 days at 30°C
under the following nutrient conditions (19). Control: glucose minimal
medium with leucine; all strains grow. Glucose: glucose minimal
medium without leucine; selection for B42 fusion protein independent
activation of the LexAo6-LEU2 reporter. Galactose: galactose mini-
mal medium without leucine, selecting for B42 fusion protein depen-
dent activation of the LexAo6-LEU2 gene.
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two unrelated fusion proteins, LexA-Myc(C-term) and LexA-
Bicoid to bind to B42-M2-PK in this assay (Fig. 1C) indicates
that the E7 sequences are essential for binding to M2-PK.
When lacZ was used as a reporter gene (Fig. 2A), high
b-galactosidase activity was observed when B42-M2-PK was
coexpressed with LexA-16 E7(1–98) but not with the unrelated
fusion proteins LexA-Bicoid and LexA-Myc(C-term) (Fig.
2B), confirming the specific in vivo interaction between E7 and
M2-PK. When yeast extracts were incubated with GST-
HPV-16 E7 in vitro, the isolated B42 domain was unable to
bind to GST-HPV-16 E7 (Fig. 2C); in contrast, the B42-M2-PK
fusion protein was efficiently bound by GST-HPV-16 E7,
whereas no binding was observed for GST alone (Fig. 2D).
Deletion of amino acids 79–83 within the C terminus of
HPV-16 E7, as in the mutant D79–83, considerably reduces the
transforming potential of E7 (24). We found that this mutant
displays reduced affinity for M2-PK (Fig. 2D), suggesting that
the ability of E7 to bind M2-PK may play a role in cell
transformation. This conclusion is further strengthened by our
finding that the E7 protein of HPV-11, a nononcogenic HPV
subtype (13), binds only weakly to M2-PK, in both the two-

hybrid assay (Fig. 2B) and the GST pull-down experiment (Fig.
2D).

Physical and Functional Interaction of E7 with M2-PK in
E7-Expressing Cells. To address a potential interaction be-
tween E7 and M2-PK in E7-expressing mammalian cells,
immunoprecipitation experiments were performed. As shown
in Fig. 3, M2-PK was specifically coprecipitated with E7 in
extracts from E7-expressing NIH 3T3 cells (subclone E7y2; ref.
23) but not control NIH 3T3 (My1) cells (Fig. 3 A-C).
Antibodies to M2-PK precipitated similar amounts of M2-PK
from extracts of both E7y2 and My1 cells (Fig. 3D), whereas
coprecipitation of E7 was observed only in E7y2 extracts (Fig.
3E). These data strongly suggest that M2-PK can form a
complex with the E7 oncoprotein in mammalian cells. To
determine effects of E7 on the quarternary structure of
M2-PK, extracts from E7y2 and My1 cells were analyzed by gel
filtration, followed by a determination of M2-PK activity in the
individual fractions. We found that a substantial part of
tetrameric M2-PK is shifted to the dimeric form in E7-
expressing cells (Table 1), suggesting that E7 alters the equi-
librium between tetrameric M2-PK and the dimeric form in
favor of the dimer. In keeping with the current model (9, 29),
the shift of M2-PK to the low-affinity form was accompanied

FIG. 2. E7 domains required for M2-PK binding. (A) Structure of
the E7 proteins. Conserved domains 1 and 2 (cd1 and cd2) and the
putative zinc finger motifs (CXXC) of the E7 proteins of HPV-11 and
HPV-16 (44) are indicated. (B) Saccharomyces cerevisiae strain
EGY48ypSH1834, containing a LexA operator-lacZ gene
(LexAo8-Gal1-LacZ::URA3), was transformed with the plasmid
pB42-M2PK::TRP1. Plasmids encoding LexA fusion proteins were
coexpressed, as indicated. b-galactosidase activity was measured in
cellular extracts. LexA-Bicoid and LexA-C-Myc(C-term) were used as
negative controls. Extracts from yeast strains expressing the B42-HA1
(C) or B42-HA1-M2PK (D) fusion proteins were incubated with
purified GST or GST-E7 fusion proteins and immobilized on gluta-
thione Sepharose 4B beads. Bound proteins were separated on a 12.5%
SDS-polyacrylamide gel and analyzed by Western blotting using
anti-HA1 antibodies. Lysate refers to 5 mg of yeast whole-cell extract
that was loaded as input control.

FIG. 3. Interaction of M2-PK and HPV-16 E7 in mammalian cells.
(A-E) Extracts were prepared from E7y2 and My1 cells and subjected
to immunoprecipitation by mAbs to HPV-16 E7, human M2-PK, and
GST (control). Total cell lysate (60 mg) was loaded as input control.
(A and B) Immunoprecipitation with monoclonal anti-HPV-16 E7
antibodies; Western blot was performed with anti-M2-PK antibodies
(A) and antibodies to HPV-16 E7 (B). (C) Immunoprecipitation with
monoclonal control antibodies; Western blot was performed with
monoclonal anti-M2-PK antibodies. (D and E) Immunoprecipitation
with monoclonal anti-M2-PK antibodies; Western blot was performed
with anti-M2-PK (D) and anti-HPV-16 E7 (E) antibodies. (F) Western
blot analysis of the expression of the D79–83 mutant of HPV-16 E7 in
NIH 3T3 subclone D79–83. IgGh, immunoglobulin G heavy chain;
IgGl, immunoglobulin G light chain.
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by a substantial increase of the intracellular FBP levels (Table
1). We also analyzed the status of M2-PK in a cell line
expressing the D79–83 mutant of E7, which is deficient for
M2-PK binding (see above, Fig. 2). The protein encoded by this
E7 mutant is stable in mammalian cells (24) and well expressed
in the NIH 3T3 cell line derived by us (Fig. 3F). Expression of
D79–83 did not significantly affect the activity of M2-PK in cell
extracts or the intracellular levels of FBP (Table 1), indicating
that the ability of E7 to bind M2-PK is required for modulation
of M2-PK activity. The relatively large variation of FBP
concentrations observed in this experiment is probably the
result of subtle oscillations of the FBP levels, which appear to
be an intrinsic property of all cells (9).

Kinetic Studies on E7-Induced Alterations of M2-PK Quar-
ternary Structure. To address the mechanism by which E7
expression can modulate the function of M2-PK, we made use
of 14y2 cells, a cell line derived from normal rat kidney cells
by constitutive expression of an activated ras gene together
with glucocorticoid-inducible expression of HPV-16 E7 (25).
We found that expression of M2-PK is up-regulated in 14y2
cells as compared with normal rat kidney cells, whereas
expression of E7, induced by dexamethasone treatment for 4
hr, did not affect the expression level of M2-PK (Fig. 4A);
apparently, the observed up-regulation of M2-PK depends on
the ras oncogene, as was suggested by others (30). As in the
case of E7y2 cells, M2-PK could be coprecipitated from 14y2
cells with anti-E7 antibodies, indicating that both proteins also
interact in this cell line (data not shown). To determine the
influence of E7 on the quarternary structure of the enzyme,
extracts were subjected to gel filtration, followed by a deter-
mination of M2-PK activity in the individual fractions.
Whereas in mock-treated 14y2 cells the bulk of M2-PK activity
was found in fractions corresponding to the tetrameric form of
the enzyme, the peak of M2-PK activity was shifted to the
dimeric form on short-term expression of E7 (Fig. 4B). Ac-
cordingly, a significant amount of the M2-PK protein was
relocated from fractions 19–23 to fractions 31–34 in E7-
expressing cells, as determined by direct immunoblotting (Fig.
4B). The relative amount of the tetramer was 51% 6 9% in
control 14y2 cells and 29% 6 1% in E7-expressing 14y2 cells
(x 6 SEM, n 5 5, P , 0.05). In control experiments, we found
that dexamethasone had no effect on the equilibrium between
the tetrameric and dimeric forms of M2PK in normal rat
kidney cells (data not shown). Similarly, activation of E7 gene
expression in 14y2 cells did not affect the quarternary struc-
ture or catalytic activity of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH), enolase, or lactate dehydrogenase, as-
sayed as controls (Fig. 4B and data not shown). These results
suggest that expression of HPV-16 E7 triggers a specific
change in the quarternary structure of M2-PK.

To further characterize E7-induced changes of M2-PK
complexes, we used another method, isoelectric focusing,
which allows us to detect the association of M2-PK with other
glycolytic enzymes (27). In this experiment, three peaks of
M2-PK activity could be detected in E7-nonexpressing 14y2

FIG. 4. Modulation of M2-PK activity by HPV-16 E7. (A) Over-
expression of M2-PK in 14y2 cells. Expression of E7 was induced in
14y2 cells by addition of dexamethasone for 4 hr. In a control
experiment, asynchronously growing NRK cells were either mock-
treated or treated with dexamethasone for 4 hr. Extracts were pre-
pared from these cells as indicated, and the abundance of M2-PK in
the cellular extracts was analyzed by direct immunoblotting. (B Upper)
Gel filtration analysis. Extracts from E7-expressing or control 14y2
cells were subjected to gel filtration, followed by determination of
M2-PK activity in individual fractions, by using a PEP concentration
of 2 mM. The peaks of main activities also are indicated for GAPDH,
enolase (EN), and lactate dehydrogenase (LDH), assayed in parallel.
(Lower) The abundance of M2-PK in each fraction was determined by
direct immunoblotting. (C and D) Isoelectric focusing. Extracts from
E7-expressing or control 14y2 cells were subjected to isoelectric
focusing, and M2-PK activity was determined in the presence of 2 mM
PEP (C) or 0.2 mM PEP (D) as indicated. The peak of main activity
also is indicated for GAPDH, assayed in parallel. pI values of selected
fractions are given for reference.

Table 1. FBP levels and the quarternary structure of M2-PK in
E7-expressing NIH3T3 cells

Cell type
FBP, nmoley
mg protein

Tetramer,
%

Dimer,
%

My1 0.22 6 0.04 63.5 6 0.3 36.5 6 0.6
D79-83 0.40 6 0.10n.s. 59.9 6 1.6n.s. 40.1 6 1.6n.s.

E7y2 0.40 6 0.04 47.2 6 0.9 52.8 6 0.8
(P , 0.05) (P , 0.001) (P , 0.001)

Control and E7-expressing NIH3T3 subclones were used for gel
filtration analysis of M2-PK as indicated; the results are given as the
relative amounts of the tetrameric and dimeric forms of M2-PK (x 6
SEM, n 5 4). FBP levels were determined in perchloric acid extracts.
x 6 SEM, n 5 5. n.s., not significant.
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cells, when measured at saturating substrate concentration,
i.e., 2 mM PEP (Fig. 4C). When measured at a substrate
concentration of 0.2 mM PEP (Fig. 4D), only the fractions
corresponding to the middle peak (pI 5 6.0) showed significant
M2-PK activity, indicating that these fractions contain the
tetrameric (high affinity) form of M2-PK (Fig. 4D). These
findings confirm the conclusion that on expression of E7 the
equilibrium of M2-PK is shifted to the dimeric state. This
experiment also revealed that expression of E7 considerably
reduces the M2-PK activity at low PEP concentrations (0.2
mM; Fig. 4D). The M2-PK present in the smallest peak
(leftmost peak in Fig. 4B; pI 5 4.5) cofocuses with GAPDH,
enolase, and phosphoglycero mutase (Fig. 4C) and therefore
represents the multienzyme complex as described (27). Ap-
parently, the major fraction of M2-PK in 14y2 cells is not
associated with this complex, and the composition of this
complex is not altered on E7 expression.

Modulation of M2-PK Catalytic Activity by E7. To analyze
whether the activity of M2-PK is altered by E7 in living 14y2
cells, we determined the intracellular concentrations of the
reactants and products of PK. Expression of E7 resulted in a
decrease of the ATPyADP ratio and an increase in FBP levels
(Table 2), and the ratio of products to reactant G 5
([pyruvate]z[ATP]):([PEP]z[ADP]) decreased from 19.3 to 6.8
on expression of E7, indicating that M2-PK activity is modu-
lated by E7 in vivo. To investigate whether E7 may directly
influence the activity of M2-PK in vitro, protein extracts
derived from E7 nonexpressing 14y2 cells were incubated with
recombinant HPV-16 E7 protein. We found that addition of
GST-16 E7 to tetrameric M2-PK led to an increase of Km from
0.25 6 0.04 mM to 0.46 6 0.04 mM (x 6 SEM; P , 0.05; n 5
3), whereas addition of GST did not induce significant changes
of the Km value. The data indicate that E7 reduces the PEP
affinity of M2-PK in vitro, probably by changing the equilib-
rium between the tetrameric and the dimeric forms of M2-PK.
In support of this conclusion, we found that addition of
recombinant E7 protein to extracts from My1 cells induced a
reproducible shift from the tetrameric to the dimeric forms of
M2PK; in this experiment, the bulk of the recombinant E7
protein was associated with the dimeric form of M2-PK (Fig. 5).

DISCUSSION

The loss of the tissue-specific isoenzyme of PK, i.e., PK type
L in liver or type M1 in brain, and the subsequent expression
of the M2 isoenzyme is one of the first steps in multistep
carcinogenesis (31). At later stages, expression of M2-PK is
up-regulated, and subsequently the enzyme is shifted to the
dimeric state. In all tumors so far investigated the low-affinity
dimeric form of the enzyme, termed tumor M2-PK (Tu

M2-PK) (32), is accumulated. Although the reasons for the
prevalence of the dimeric form in tumors remain obscure, it
has been hypothesized (9) that the expansion of phosphome-
tabolite pools resulting from the down-regulation of M2-PK
substrate affinity is required for the increased biosynthetic
activity of rapidly proliferating tumor cells. How are changes
of M2-PK activity brought about in E7-transformed cells? The
results reported here suggest that the E7 protein physically
interacts with and stabilizes the dimeric form of M2-PK. This
observation implies that part of the E7 protein is localized in
the cytoplasmic compartment, consistent with previous studies
applying biochemical fractionation and indirect immunofluo-
rescence analysis (33–35).

The results shown in this report establish the enzymatic
activity of M2-PK as in vivo target for E7. Because the binding
of E7 seems to favor the accumulation of the dimeric enzyme,
E7 may mimic the effect of inhibitory amino acids, e.g., alanine
or leucine, on M2-PK activity (29, 36, 37). We found that
expression of E7 increases the intracellular concentrations of
PEP and FBP, two glycolytic metabolites upstream of M2-PK.
Increased levels of FBP are known to favor the reassociation
of the dimeric to the tetrameric form. However, in E7-
expressing cells a significant part of M2-PK remains in the
dimeric form although FBP levels increase more than 2-fold
(Table 2), in agreement with the conclusion that E7 acts to
stabilize the dimeric form of M2-PK. The glycolytic metabo-
lites between PEP and FBP are essential for biosynthetic
processes. Concomitant with the E7-driven increase of these
precursor metabolites in 14y2 cells, we also found an E7-
dependent decrease in the ratio of ([ATP]1[GTP]):([UTP] 1
[CTP]) (calculated in Table 2), which is an indicator of altered
nucleotide biosynthesis (38).

What might be the significance of the interaction between
E7 and M2-PK? Although it was convincingly demonstrated
that the interaction of E7 with nuclear proteins, e.g., the
members of the retinoblastoma protein family, is essential for
its transforming potential (reviewed in ref. 39), our current
observation that both HPV-11 E7 and the transformation-
deficient mutant D79–83 (24) of HPV-16 E7 fail to bind
M2-PK with high affinity (Fig. 2) raises the possibility that the

FIG. 5. Modulation of M2-PK by E7 in vitro. (Upper) Extracts from
My1 cells were incubated with GST (90 ngyml) or GST-HPV16E7 (90
ngyml) for 1 hr at 4°C and subjected to gel filtration. Activity of M2-PK
was measured in all fractions in the presence of 2 mM PEP. On
addition of GST-HPV16E7, the proportion of tetrameric M2PK was
reduced from 63% to 54%, and the proportion of dimeric enzyme
increased from 37% to 46%. For calibration of the column, the
maximal activities of GAPDH, lactate dehydrogenase (LDH), and
enolase (EN) were determined in the individual fractions. (Lower) The
distribution of M2-PK and GST-16E7 in the fractions was monitored
by direct immunoblotting using antibodies against M2-PK and GST,
respectively.

Table 2. E7-dependent alterations of intracellular concentrations
of glycolytic metabolites in 14y2 cells

Metabolites

x 6 SEM

E7 off E7 on Significance

FBP, nmoleymg protein 13.4 6 0.6 28.3 6 5.9 P , 0.5
PEP, nmoleymg protein 0.9 6 0.1 1.7 6 0.2 P , 0.05
IMP, nmoleymg protein 0.2 6 0.4 2.0 6 1.7 P , 0.05
[ATP] : [ADP] 5.2 6 1.4 3.5 6 0.6 P , 0.05
[ATP] 1 [GTP]
[UTP] 1 [CTP]

4.1 6 0.9 1.9 6 0.2 P , 0.001

[Pyruvate]z[ATP]
[PEP]z[ADP]

19.3 6.8

The concentration of various metabolites is given for mock-treated
and dexamethasone-treated 14y2 cells. In each case, the significance
of dependence on E7 expression was calculated as described (8, 12).
n 5 5. The term (pyruvatezATP):(PEPzADP) was calculated from the
concentrations of the individual metabolites.
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interaction of E7 with M2-PK, a cytoplasmic enzyme, also may
contribute to cell transformation. This hypothesis is in agree-
ment with our finding that expression of E7 in 14y2 cells leads
to a significant increase of the total glycolytic rate and an
increased conversion of glucose into lactate (Table 3), which
implies that expression of E7 insures the channeling of glucose
carbons to synthetic processes and at the same time reduces the
cell’s requirement for oxygen, two important properties of
tumor cells (3, 40, 41). Because of the complex regulation of
glycolysis it is difficult to prove that all of the alterations found
in our model system are directly correlated with the alterations
in M2-PK. Although the analysis of all glycolytic enzymes,
including their metabolite levels and equilibrium constants
(42), would be required to finally prove this cause-effect
relation, the present results suggest that the E7-expressing
14y2 cells are an interesting model to further characterize the
role of M2-PK and the glycolytic phosphometabolites in
cellular growth control.
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Table 3. E7-dependent alterations of nutrient fluxes in 14y2 cells

Metabolite conversions,
nmoleyh 3 105 cells E7 off E7 on Significance

Glucose consumption 85 6 3 121 6 3 P , 0.001
Lactate production 149 6 3 219 6 6 P , 0.001
Glutamine consumption 9 6 4 8 6 4 n.s.
Glutamate production 6 6 0.3 6 6 0.5 n.s.

The consumption and production of various key nutrients and
metabolites is given for mock-treated and dexamethasone-treated
14y2 cells. In each case, the significance of dependence on E7
expression is indicated by the P value. x 6 SEM, n 5 5. n.s., not
significant.
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