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The ability of the high-risk and low-risk human papillomavirus E7 oncoproteins to disrupt complexes of the
retinoblastoma tumor suppressor protein pRB and the cellular transcription factor E2F was studied. The
ability of E7 to disrupt this transcription factor complex correlated with the different pRB binding efficiencies
of the high-risk and low-risk human papillomavirus-encoded E7 proteins. The pRB binding site was the sole
determinant for these observed differences. The phosphorylation status of the casein kinase II site that is
immediately adjacent to the pRB binding site in E7 had no marked effect on this biochemical property of E7.
Peptides consisting of the pRB binding site of E7, however, were not able to disrupt the pRB/E2F complex.
These data suggest that additional carboxy-terminal sequences in E7 are also required for the efficient
disruption of the pRB/E2F complex and that E7 and E2F may interact with nonidentical sites of pRB.

The human papillomaviruses (HPVs) associated with le-
sions of the anogenital tract can be divided into two groups:
the low-risk HPVs, such as HPV-6 and HPV-11, that are
associated with benign lesions such as condyloma acuminata
and the high-risk HPVs that are associated with cervical
intraepithelial neoplasia, which can progress to cervical
carcinoma (40). The E7 genes of the anogenital tract-associ-
ated HPVs encode multifunctional proteins that are struc-
turally and functionally related to the adenovirus ElA pro-
teins (Ad E1A) and the simian virus 40 large tumor antigen
(SV40 TAg) (13, 30, 37). The E7 proteins encoded by the
high-risk HPVs differ from the E7 proteins encoded by the
low-risk HPVs in their in vitro transformation potential as
well as in a number of biochemical and biological properties.
The high-risk HPV E7 proteins efficiently cooperate with an
activated ras oncoprotein to transform baby rat kidney cells
(26, 36, 37) and together with E6 are necessary for the
efficient immortalization of primary human epithelial cells
(16, 24). The high-risk HPV-encoded E7 proteins form
complexes with pRB with higher binding efficiency than the
E7 proteins encoded by the low-risk HPVs (3, 15, 25). An
intact pRB binding site of the HPV E7 protein was found to
be necessary for ras cooperation (29, 38), and the differences
in transformation efficiencies of the high-risk and low-risk
HPV-encoded E7 proteins closely correlate with their re-
spective pRB binding efficiencies (3, 26). Indeed, it was
found that the E7 proteins encoded by the low-risk and
high-risk HPVs contain a single consistent amino acid se-
quence difference in their pRB binding sites (aspartic acid 21
in HPV-16 E7 versus glycine 22 in HPV-6 E7) that largely
accounts for the differences in ras cooperation potential and
pRB binding efficiency of the low-risk and high-risk HPV-
encoded E7 proteins (17). Both low-risk and high-risk HPV
E7 proteins efficiently transactivate the Ad E2 promoter (26,
36, 39). An intact pRB binding site on HPV E7 is required for
transactivation of the Ad E2 promoter (12, 29, 38, 39).
Similar to the 12S form of Ad ElA, HPV E7 requires intact
E2F binding sites in the Ad E2 promoter for transactivation
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of this promoter (28). It has also been shown that E7, like
12S Ad EIA and SV40 TAg, is able to disrupt heteromolec-
ular complexes of the cellular transcription factor E2F (1, 7,
28). As measured by electrophoretic mobility shift assays
(EMSAs), E2F bound to DNA is present in at least two
distinguishable heteromolecular complexes in normal cells.
One of these complexes contains pRB (2, 5, 6, 8, 34), and the
other contains the pRB-related protein p107 as well as cyclin
A and cdk2 (5, 10, 22, 27, 34). The HPV-16 E7 protein was
shown to dissociate the pRB-containing E2F-DNA complex
more efficiently than the p107/cyclin A/cdk2-containing E2F-
DNA complex (7). The pRB/E2F complex was also found to
be absent or diminished in a panel of HPV-positive and
HPV-negative human cervical carcinoma cell lines, suggest-
ing that the loss of this interaction may be a step in cervical
carcinogenesis (7). Here it is shown that HPV-16 E7 is able
to disrupt the pRB/E2F complex with at least a 10-fold-
higher efficiency than HPV-6 E7. This difference between
HPV-6 and HPV-16 E7 maps entirely to the pRB binding site
of E7 and correlates with the difference in pRB binding
potential that was previously reported for the two HPV E7
proteins (3, 17, 25). It is also shown that the E7 pRB binding
site, although necessary for the disruption of the heteromo-
lecular E2F complexes, is not sufficient for this activity,
implying that E7 and E2F binding sites on pRB are not
identical.

It was previously shown that purified bacterial fusion
proteins of HPV-16 E7 with Schistosoma japonicum gluta-
thione S-transferase (GST-16 E7) can efficiently disrupt
heteromolecular E2F complexes and that this property of
GST-16 E7 required an intact pRB binding site on E7 (7, 28).
Similar results were obtained here when these experiments
were performed with nuclear extracts from the human my-

eloid leukemia cell line ML-1 and with a short double-
stranded E2F oligodeoxynucleotide (5) as a probe (Fig. 1A
and B). The presence ofpRB and cyclin A in the correspond-
ing complexes was confirmed by supershift experiments with
the pRB-specific monoclonal antibodies C36 and PMG3-
245.11 and the cyclin A-specific monoclonal antibody C160
(all from PharMingen) as previously described (5, 34; data
not shown). Titration of GST-16 E7 into a standard E2F
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FIG. 1. (A) One nanogram of a double-stranded 32P-labeled oligodeoxynucleotide probe (5), AT'lF-AAGlTTCGCGCCCT-lTCTCAAT
TAA (lane 1), was used and reacted with 10 ,ug of nuclear extract (33) of the human myeloid leukemia cell line ML-1 (lane 2). To disrupt
protein-protein complexes, the nuclear extracts were treated with 0.16% deoxycholate (DOC) for 10 min at 25°C (lane 3). The specificity of
the bands was assessed by competition experiments with a 100-fold molar excess of either the wild-type (wt) E2F oligodeoxynucleotide (see
above) (lane 4) or a mutant (mt) oligodeoxynucleotide, ATITAAGTTTCGATCCCr1TCTCAATTAA (lane 5). EMSA reactions were carried
out in a volume of 25 p,l in 20 mM HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid)-KOH (pH 7.6)-0.1 mM EDTA-1 mM
MgCl2-40 mM KCl-10% (vol/vol) glycerol-0.1% (vol/vol) Nonidet P-40-1 ig of salmon sperm DNA at 25°C (5). Products were resolved on
nondenaturing 4% polyacrylamide gels in 22.5 mM Tris-borate-0.5 mM EDTA at 4°C at a constant voltage (14 V/cm). The positions of free
E2F as well as the pRB/E2F and cyclin A/E2F complexes are indicated. The presence of these proteins in the corresponding complexes was
confirmed by the use of antibodies as described in the text. (B) Effects of HPV E7 on E2F EMSAs. A total of 500 ng of unfused S. japonicum
glutathione S-transferase (GST) (lane 1), the same amount of a GST fusion protein with the pRB binding-negative HPV-16 E7 ADLYC mutant
(lane 2), or various amounts of a GST fusion protein with wild-type HPV-16 E7 (GST-16 E7) (lanes 3 to 5) were added to a standard E2F
EMSA. The construction of these GST fusion proteins by using the plasmid pGex 2T (Pharmacia) has been described (28). GST fusion
proteins were expressed in Escherichia coli HB101 and purified by affinity chromatography on glutathione Sepharose 4B (Pharmacia) as
previously described (28). Protein concentrations were measured by using the Bio-Rad assay, and the proteins were >80% pure as estimated
by sodium dodecyl sulfate-polyacrylamide gel electrophoresis followed by Coomassie blue staining. (C) The ability of E7 to disrupt
heteromolecular E2F complexes correlates with the pRB binding efficiency of the E7 protein. A total of 0.1 to 100 ng each of GST-16 E7,
GST-6/16 E7, GST 6-16-6 E7, and GST 16-6-16 E7 was titrated into standard E2F EMSAs as indicated. The data in the different panels of this
figure are all derived from a single experiment. The construction of these GST E7 proteins has been described (17). The proteins were
expressed;, purified, and analyzed as described previously (28). (D) Densitometric quantitation of the levels of free E2F shown in panel C
performed with a model P.D. laser densitometer and ImageQuant software (Molecular Dynamics, Sunnyvale, Calif.).
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EMSA leads to the gradual disruption of the heteromolecular
E2F complexes as manifested by the accumulation of free
E2F (Fig. 1B). At 100 ng of GST-16 E7, the pRB/E2F
complex is completely disrupted (Fig. 1B). The cdk2/cyclin
A/p107-E2F complex is only slightly diminished but is dis-
rupted at higher amounts of GST-16 E7 (Fig. 1B, lane 5).
Addition of up to 1 ,ug of either unfused GST or GST-16 E7
ADLYC that contains a disrupted pRB binding site had no
effect on the gel shift patterns (7) (Fig. 1B). A fusion of GST
with a chimeric HPV-6/HPV-16 E7 protein (GST-6/16 E7)
was also tested in a similar experiment. This protein consists
of the amino-terminal 48 amino acids of HPV-6 E7 fused to
amino acids 49 to 98 of HPV-16 E7 (26). It was previously
shown that the carboxy-terminal sequences of the high-risk
and low-risk HPV-encoded E7 proteins are interchangeable
and do not markedly influence the transforming or transcrip-
tional transactivating properties of E7 (26). The GST-6/16 E7
fusion protein did not efficiently function in disrupting the
heteromolecular E2F-DNA complexes, and only at the high-
est concentration of this protein were a slight decrease of the
E2F complexes and concomitant accumulation of free E2F
observed (Fig. 1C and D).

Similar results were obtained with several independent
preparations of the GST-16 E7 and GST-6/16 E7 proteins
(compare Fig. 1B and C) and with nuclear extracts from the
human histiocytic lymphoma cell line U-937 as well as with
E2F oligodeoxynucleotide probes derived from the c-myc or
dihydrofolate reductase promoters (19, 23) or the C9 oligode-
oxynucleotide probe described by Chittenden et al. (8) (data
not shown).
To assess the role of the pRB binding site for the observed

differences in the activities of the two fusion proteins,
chimeric E7 proteins that contain the HPV-6 E7 pRB binding
site in the background of HPV-16 E7 (GST 16-6-16 E7) or
with the HPV-16 E7 pRB binding site in the background of
the 6/16 chimeric E7 protein (GST 6-16-6 E7) were tested for
their ability to disrupt the heteromolecular E2F complexes
as measured by E2F EMSA. As shown in Fig. 1C and D, the
GST 6-16-6 E7 protein was able to disrupt the pRB/E2F
complex as efficiently as the GST-16 E7 protein, whereas the
GST 16-6-16 E7 protein, like the GST-6/16 E7 protein, was
much less efficient in these assays. Therefore, the observed
differences between GST-6/16 E7 and GST-16 E7 in disrupt-
ing the E2F complexes are due solely to the pRB binding
sites. These results parallel the previously reported pRB
binding efficiencies of these same chimeric E7 proteins in
that an exchange of the pRB binding site between the HPV-6
and HPV-16 E7 proteins led to a 7- to 10-fold difference in
the efficiency of pRB binding (17). Surprisingly, these chi-
meric proteins did not markedly differ in their ability to
transactivate the Ad E2 promoter (17). One explanation of
this could be that the levels of E7 proteins produced by the
transient cotransfection assays are high enough to titrate out
an amount of E2F sufficient to result in the transcriptional
activation of the E2F responsive reporter gene. Moreover,
while it was clearly demonstrated that HPV-16 E7, like the
12S form of Ad ElA, required the integrity of the E2F sites
in the Ad E2 promoter for the transcriptional transactivation
of the Ad E2 promoter, it cannot be ruled out that additional
cis elements may also be involved in mediating the transac-
tivation property of HPV E7. Indeed, mutation of the ATF
site in the Ad E2 promoter led to a two- to fourfold decrease
in transactivation both by the 12S form of Ad ElA and by
HPV-16 E7 (28). Experiments with additional E7-responsive
promoters may be necessary in order to delineate the cis

requirements for the HPV E7 transcriptional transactivation
property in more detail.

Previous mutational analyses of the CK II phosphoryla-
tion site, which is located immediately adjacent to the pRB
binding site in HPV E7 (3, 14), had indicated that phos-
phorylation-negative E7 mutants were slightly impaired for
Ad E2 transactivation (12, 29) and that the high-risk HPV E7
proteins were better substrates for CK II phosphorylation
than the low-risk HPV E7 proteins (3). Therefore, the
question of whether the phosphorylation status of the CK II
site had an influence on the ability of E7 to disrupt the
heteromolecular E2F complexes was tested. No difference
was observed in the efficiency of disrupting the heteromo-
lecular E2F complexes between the GST 16 E7 wild-type
protein and the GST-16 E7 D-31-D-32 protein, in which the
two serine residues that are substrates for CK II phospho-
rylation were replaced by the negatively charged aspartic
acid residues to mimic phosphoserine residues (data not
shown). Moreover, both the wild-type form of GST 16 E7
and the CK II phosphorylation-negative mutant GST-16 E7
A-31-A-32, in which the two serine residues that are sub-
strates for CK II are replaced by two alanine residues, were
subjected to in vitro phosphorylation by CK II as described
previously (17) and then titrated into standard E2F EMSAs.
Both proteins retained the ability to disrupt the heteromo-
lecular E2F complexes at similar concentrations (data not
shown). These data indicate that phosphorylation of HPV-16
E7 by CK II does not markedly alter the ability of E7 to
disrupt the heteromolecular E2F complexes.

After the pRB binding site of HPV E7 was mapped as
being necessary for the disruption of the pRB/E2F complex
(7) (Fig. 1B) and after it was established that the pRB binding
site is a determinant for the efficiency of the E7 protein to
disrupt these E2F complexes, it was asked whether the E7
pRB binding site alone was sufficient for the disruption of
these E2F complexes. To be able to directly compare these
results with those obtained with GST full-length E7 fusion
proteins, GST E7 peptide fusion proteins were constructed.
These encoded one or two copies of amino acids (aa) 1 to 35
(CR 1 homology domain - pRB binding site-CK II phos-
phorylation site) as well as aa (1 to 35)2ADLYC (pRB binding
negative) of the HPV-16 E7 protein. Titration of each of
these GST E7 peptide fusion proteins into standard E2F
EMSAs had no effect on the shift pattern (Fig. 2A). Similar
results were obtained with a synthetic peptide encompassing
aa 2 to 32 of the HPV-16 E7 sequence that had previously
been shown to bind to pRB and p107 (11) (data not shown).
To determine whether the GST-16 E7 peptide fusion proteins
that contained an intact pRB binding site could still bind to
the pRB/E2F complexes, these peptide fusion proteins were
tested for their ability to block the action of GST-16 E7 on
the E2F transcription factor complexes. Preincubation of
500 ng of GST-16 (1-35) E7 but not GST-16 (1-35 ADLYC)
E7 could efficiently block the ability of wild-type GST-16 E7
to disrupt the heteromolecular E2F complexes (Fig. 2B).
These experiments showed that the GST-16 E7 peptide
fusion proteins were still able to efficiently bind to pRB (and
p107) but that they were inactive in disrupting the corre-
sponding E2F complexes. This strongly suggests that E2F
and E7 bind to separate sites on pRB (and p107).

Interestingly, a recent report showed that a fragment of
pRB consisting only of the binding pocket (aa 379 to 792),
which is necessary and sufficient for binding to Ad ElA and
SV40 TAg, was not sufficient for growth suppression in
human RB-/- cells or for binding to E2F as measured by
EMSA (31). Amino acid sequences at the carboxy terminus
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FIG. 2. Amino acid sequences in HPV-16 E7 other than the pRB binding site are necessary for the disruption of the E2F transcription

factor complexes. (A) GST peptide fusion proteins consisting of the HPV-16 E7 pRB binding site are not able to disrupt heteromolecular E2F
transcription factor complexes. A total of 0.1 to 500 ng of GST 16-E7 and 500 ng and 1 p,g of each GST-16 E7 peptide fusion protein encoding
one copy [GST-16 (1-35) E7] or two copies [GST-16 (1-35)2 E7] of aa 1 to 35 or two copies of aa 1 to 35 with a 4-aa deletion, ADLYC, in the
pRB binding site [GST (1-35A)2 E7] were added to standard E2F EMSAs. GST fusion proteins were expressed and purified as described
above. (B) GST peptide fusion proteins consisting of the HPV-16 E7 pRB binding site can prevent the disruption of heteromolecular E2F
complexes by GST-16 E7. A total of 500 ng of GST E7 peptide fusion proteins encoding aa 1 to 35 [GST-16 (1-35) E7] or aa 1 to 35 with a
4-aa deletion in the pRB binding site [GST-16 (1-35A) E7] was added to E2F EMSAs and tested for the ability to block the action of 10 ng
of GST-16 E7 on the E2F transcription factor complexes. The level of free E2F in each lane was estimated by densitometric scanning as
described in the legend to Fig. 1D and is indicated. The data in all panels of this figure are derived from a single experiment.

of pRB (aa 792 and 928) that are located outside the binding
pocket were found to be also required for both the growth-
suppressive activity in RB-/- cells and the E2F binding
property (31). In addition, the sequence of the recently
cloned E2F-1 transcription factor does not contain the pRB
binding core consensus sequence L-X-C-X-E that is con-
tained within the pRB binding sites of the Ad ElA, HPV E7,
and SV40 TAg (18, 21) and that was detected in other
pRB-associated cellular proteins (9, 21). This further sup-
ports the idea that E2F binds to sites on pRB and p107
different from those used by the viral oncoproteins and the
L-X-C-X-E-containing cellular proteins.
These data also suggest that additional amino acid se-

quences in E7 located between aa 35 and 98 may be required
for the full activity of HPV E7 to disrupt heteromolecular
E2F-DNA complexes. These sequences, however, do not
constitute a second independent binding site for pRB on the
E7 protein, since deletion of the pRB binding site (ADLYC)
in the context of the full-length E7 protein abrogates the
ability of E7 to form a complex with pRB (25) and to disrupt
the E2F/pRB complexes bound to DNA (7) (Fig. 1B).
Similarly, the pRB binding-negative E7 mutant (ADLYC) is
also inactive in transactivating the Ad E2 promoter (29).
So far, most mutagenic analyses of E7 have failed to map

any specific activities to the carboxy-terminal portions of the
E7 molecule. Indeed, most of these studies suggest that the
carboxy-terminal portion of E7 which contains two copies of

the C-X-X-C motif required for zinc binding (4) may be
necessary for protein stability and/or subcellular localization
(12, 29, 38, 39). It was recently reported that the pRB binding
activity of HPV-16 E7 is not required for the HPV-16
E6/E7-induced immortalization of primary human foreskin
keratinocytes (20). The only HPV-16 E7 mutant that scored
negative in the keratinocyte immortalization assay contained
a point mutation at the second C-X-X-C motif at amino acid
residue 91 (cysteine to glycine) (20). Interestingly, a recent
study by Stirdivant et al. (35) reported that pRB binding was
necessary but not sufficient for HPV-16 E7 to abrogate the
ability of pRB to bind to DNA cellulose. Amino acid
sequences in the carboxy terminus between residues 60 and
75 in E7 were shown to be important for this activity.
Finally, a study by Rawls et al. (32) suggested that an
HPV-16 E7 peptide encompassing amino acid residues 67 to
98 was able to transactivate the Ad E2 promoter when the
corresponding peptides were microinjected together with a
reporter plasmid into HeLa cells.

In conclusion, the data presented suggest that amino acid
sequences at the carboxy terminus of the HPV E7 proteins
are important for HPV E7's function and may somehow
modulate E2F activity or the activity of a factor in the E2F
pathway.
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