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The E7 early viral protein of the oncogenic human papillomavirus type 16 (HPV-16) has been strongly
implicated in the maintenance of the malignant phenotype in cervical cancers and cancer-derived cell lines.
HPV-16 E7 is a nuclear phosphoprotein that can cooperate with ras to transform baby rat kidney cells,
transactivates the adenovirus E2 promoter, and binds to the retinoblastoma (RB) protein. The E7 phosphopro-
tein of the nononcogenic HPV-6b, which is generally associated with benign genital warts, is similar to the
HPV-16 E7 in amino acid sequence but differs dramatically in migration in sodium dodecyl sulfate-
polyacrylamide gels, sedimentation in nondenaturing glycerol gradients, and the ability to bind the RB protein.
Our results indicate that the RB protein preferentially binds the phosphorylated form of HPV-6b E7, which
comprises a minor fraction of the total E7 expressed in transiently transfected COS-7 cells. These character-
istics may help to explain the difference in the oncogenic potential of the oncogenic and nononcogenic types of
genital papillomaviruses.

The human papillomaviruses (HPV) that are found in
genital lesions can be divided into two categories: the
oncogenic types, such as HPV type 16 (HPV-16), -18, -31,
and -33, which are associated with a high percentage of
cervical cancers, and the nononcogenic types, such as
HPV-6b and -11, which generally cause benign tumors
(warts) and rarely progress to malignancy (24). The E7 early
viral proteins of HPV-16 (1, 33-35) and HPV-18 (29, 32) have
been strongly implicated in the maintenance of the malignant
state, as it has been shown to be the major viral protein in
cervical cancers and cancer-derived cell lines containing
HPV-16 or HPV-18 DNA, and in some cervical cancers only
the E7 DNA is retained (39). Furthermore, the inhibition of
HPV-18 E7 expression by antisense RNA to the E6 and E7
open reading frames in C4-1 cells decreases cell growth (37).
E7 mRNA in the oncogenic types is derived by splicing the
major E6-E7 transcript, which may be more efficient at
producing high levels of E7 than are the nononcogenic types,
which transcribe the E7 mRNA from a promoter located
within the E6 open reading frame (29, 33). It is possible,
therefore, that quantitative or biochemical differences in the
E7 proteins in the oncogenic and nononcogenic types may
account for the oncogenic potential of each type.
HPV-16 E7 shares some functional characteristics, such

as transformation and transactivation, with the viral proteins
ElA of adenovirus (25) and large T antigen (LgT) of simian
virus 40 (SV40) (6; for a review, see reference 22). In
addition, it has been shown that HPV-16 E7 (11), ElA (38),
and LgT (8, 23) all bind to a recently identified product of an
antioncogene, the retinoblastoma (RB) protein, which appar-
ently functions to restrict cell proliferation. It has been
postulated that defects in the expression or function of the
RB protein may play a significant role in various cancers,
such as retinoblastoma (18, 19), mesenchymal tumors (13),
breast cancers (17), small cell lung cancers (14), and bladder
carcinoma cells (15). The observation that the transforming
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viral proteins ElA, LgT, and E7 of HPV-16 can bind to the
RB protein has led to the hypothesis that these interactions
may functionally eliminate RB protein from the cell and
allow uncontrolled proliferation (21).
The experiments described here demonstrate some of the

differences and similarities in the E7 proteins of the onco-
genic HPV-16 and the nononcogenic HPV-6b. We now
report that the two E7 proteins differ in migration in sodium
dodecyl sulfate (SDS)-acrylamide gels, sedimentation in
glycerol gradients, and ability to bind the RB protein.

MATERIALS AND METHODS

Antisera. The HPV-6b E7-TrpE fusion protein plasmid
was constructed by cloning the 1.1-kilobase-pair NsiI frag-
ment between nucleotides 534 and 1644 of HPV-6b into the
PstI site of the bacterial TrpE fusion protein vector, pATH
11 (generously provided by T. J. Korner and A. Tzagoloff).
The E7-TrpE fusion protein plasmid was expressed in Esch-
erichia coli HB101, and the fusion protein was extracted and
purified on a 10% SDS-polyacrylamide gel as previously
described (3). Gel fragments containing approximately 0.5
mg of fusion protein were homogenized with Freund com-
plete adjuvant (Difco Laboratories) and used to immunize
rabbits. The animals were boosted four times with an equiv-
alent amount of protein in Freund incomplete adjuvant at 3-
to 4-week intervals.
Antiserum to the HPV-16 E7-TrpE fusion protein has been

previously described (34). Antiserum to the RB protein,
raised against the synthetic RB peptide 5 (38) containing
amino acid residues 248 to 261 of the RB protein (19), was

kindly provided by J. Horowitz.
Construction of HPV-16 and HPV-6b E7 expression vectors.

HPV-16 DNA (10, 31) and HPV-6b DNA (9, 30) cloned into
pBR322 or pUC19 have been described and were generously
provided by H. zur Hausen, E. M. deVillier, L. Gissman,
and M. Durst.
To construct HPV-6b E7/pSVLA4, genomic HPV-6b

DNA was cleaved at nucleotides 473 and 4722 with ThaI and
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BamHI, respectively, and blunt-ended with Klenow frag-
ment (Bethesda Research Laboratories, Inc.). XhoI linkers
(Pharmacia, Inc.) were ligated to the 4.2-kilobase-pair frag-
ment, which was then cloned into the XhoI site of the
eucaryotic expression vector pSVLA4 (3), into which an
XhoI site had been introduced next to the KpnI site.
The HPV-16 E7 expression vector was constructed by

recloning HPV-16 at the SphI site (nucleotide 7467). The
SphI-cloned HPV-16 DNA linearized by SphI was digested
with BAL 31, provided with XhoI linkers (Pharmacia), and
inserted into the XhoI-containing pSVLA4.

Cells and transfections. COS-7 cells (American Type Cul-
ture Collection) were grown in 60-mm-diameter tissue cul-
ture dishes in Dulbecco modified Eagle medium containing
10% fetal bovine serum, 100,ug of penicillin per ml, 100,ug
of streptomycin per ml, and 25 ,ug of amphotericin B
(Fungizone; GIBCO Laboratories) per ml. DNA transfec-
tions were performed with Lipofectin (Bethesda Research
Laboratories), using 3,ug of DNA per 60-mm-diameter plate.
Cells were labeled and harvested 72 h after transfection.

SiHa, CaSki, and HT-3 cell lines (American Type Culture
Collection) were grown in RPMI 1640 medium supplemented
with 10 or 15% fetal bovine serum, penicillin, streptomycin,
and amphotericin B at the concentrations indicated above.

Metabolic labeling and immunoprecipitations. Cells were
labeled with [35S]trans (ICN Pharmaceuticals Inc.),
[35S]cysteine (Amersham Corp.), or [32P]H3Po4 (ICN) as
previously described (3), and each 60-mm-diameter plate
was harvested in 0.5 ml of ELB buffer (250 mM NaCl, 50
mM N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid
[HEPES; pH 7.0], 5 mM EDTA, 0.5 mM dithiothreitol, 0.1%
Nonidet P-40) containing 0.2 mM phenylmethylsulfonyl flu-
oride and 0.005% aprotinin. Cell extracts were incubated at
4°C overnight with a 1:100 dilution of antiserum. Immune
complexes were bound to protein A-Sepharose CL-4B beads
(Sigma Chemical Co.) for 2 h at 21°C. The beads were then
washed four times in ELB buffer and once in 62.5 mM Tris
hydrochloride (pH 8) and suspended in final sample buffer
(62 mM Tris hydrochloride [pH 6.8], 10% glycerol, 0.0015%
bromphenol blue, 3% SDS, 5% 2-mercaptoethanol). Proteins
were eluted from the beads by boiling for 3 min. Immunopre-
cipitated proteins were separated by SDS-polyacrylamide
gel electrophoresis (PAGE). The gels were fixed in 50%
ethanol-7% glacial acetic acid, soaked in Autoflour (Nation-
al Diagnostics), and autoradiographed.

Phosphatase treatments. Calf intestinal alkaline phos-
phatase (CIAP) treatments were performed as described by
others (23). Briefly, immunoprecipitated proteins bound to
protein A beads were washed four times in ELB buffer and
equilibrated in CIAP buffer (100 mM Tris hydrochloride [pH
8], 5 mM MgCl2, 100 mM NaCl, 0.2 mM phenylmethylsul-
fonyl fluoride, 0.005% aprotinin). Samples were then incu-
bated for 15 min at 37°C in 40 ,u of CIAP buffer containing 24
U of CIAP (Boehringer Mannheim Biochemicals). The reac-
tion was stopped by washing the beads in NET-N (20 mM
Tris hydrochloride [pH 8], 100 mM NaCl, 1 mM EDTA,
0.5% Nonidet P-40). Conditions for potato acid phosphatase
(PAP) treatment were as described by others (7). Samples
were washed in PAP buffer (40 mM piperazine-N,N'-bis(2-
ethanesulfonic acid [PIPES; pH 6.0], 1 mM dithiothreitol,
0.005% aprotinin, 0.2 mM phenylmethylsulfonyl fluoride)
and incubated for 10 min at 30°C in 40 RI of PAP buffer
containing 1 U of PAP (Sigma). Samples with phosphatase
inhibitors contained 200 puM sodium orthovanadate and 100
,uM NaF during phosphatase treatments. Mock reactions
contained only phosphatase buffers. Reactions were stopped
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FIG. 1. Immunoprecipitation of HPV-16 and HPV-6b E7 pro-
teins expressed in COS-7 cells. Autoradiogram of 12% SDS-poly-
acrylamide gel of cells transfected with HPV-6b E7/pSVLA4 (lanes
1, 2, 5, and 6), the parental vector pSVLA4 (lanes 4 and 8), HPV-16
E7/pSVLA4 (lane 7). Transfected cells were labeled with [35S]trans
and immunoprecipitated as follows: preimmune anti-HPV-6b E7
serum (lane 1), anti-HPV-6b E7 serum blocked with HPV-6b E7-
TrpE fusion protein (lane 2), anti-HPV-6b E7 serum (lanes 4 to 6), or
anti-HPV-16 E7 serum (lanes 7 and 8). Lanes 5 and 6 are 8- and
1-day exposures, respectively, of the same immunoprecipitation to
more clearly demonstrate the multiple species of HPV-6b E7. The
positions of the HPV-6b E7 species and HPV-16 E7 protein are
indicated on the left. Lane 3, Molecular size markers (indicated in
kilodaltons on the right).

by washing in NET-N, and all samples were washed with
62.5 mM Tris hydrochloride (pH 8) before suspension in final
sample buffer.
Phosphoamino acid analysis. COS-7 cells were transfected

with HPV-6b E7/pSVLA4 and labeled with 1 mCi of
[32P]H3PO4 per 60-mm-diameter plate in phosphate-free me-
dium for 1 h. The E7 protein was immunoprecipitated and
purified by SDS-PAGE. The protein was extracted from the
gel and hydrolyzed in 6 N HCI at 110°C for 1.25 h. The
phosphoamino acids were analyzed by high-voltage paper
electrophoresis as previously described (35).

Glycerol gradients. 35S-labeled cell extracts were layered
onto glycerol gradients (10 to 25% glycerol in phosphate-
buffered saline with 0.1% Nonidet P-40) and centrifuged at
4°C for 18 h at 190,000 x g in an SW50.1 rotor (Beckman
Instruments, Inc.). Fifteen 0.33-ml fractions were collected
from the top of the gradient and immunoprecipitated with
antisera at 4°C overnight.

RESULTS

Expression of HPV-16 and HPV-6b E7 proteins. To exam-
ine and compare the characteristics of the HPV-16 and
HPV-6b E7 proteins, we used a transient transfection system
to express the E7 proteins in COS-7 cells. The E7 proteins
were detected by immunoprecipitation of labeled cell ex-
tracts with the appropriate antiserum, separated by SDS-
PAGE, and visualized by autoradiography. Figure 1 shows
the characteristic migration patterns of the HPV-6b E7
(lanes 5 and 6) and HPV-16 E7 (lane 7) proteins. HPV-6b E7
was resolved into two major and one minor species by
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FIG. 2. Identification of the phosphorylated species of HPV-6b
E7. COS-7 cells were transfected with HPV-6b E7/pSVLA4, and
cell extracts were labeled with [35S]trans (lanes 1 to 4) or [32P]H3PO4
(ICN) (lanes 6 to 10). All samples were immunoprecipitated with
anti-HPV-6b E7 serum and treated as follows: CIAP alone (lanes 1
and 7), CIAP followed by PAP (lanes 2 and 8), CIAP followed by
PAP with phosphatase inhibitors sodium orthovanadate and NaF
(lanes 3 and 9), mock reactions without phosphatases (lanes 4 and
10), or no treatment (lane 6). Proteins were separated in a 12%
SDS-polyacrylamide gel and autoradiographed. Lane 5, Molecular
size markers (indicated in kilodaltons on the right). Multiple species
of HPV-6b E7 are indicated on the left.

SDS-PAGE; in contrast, the HPV-16 E7 protein migrated as
a single species. In the short exposure of HPV-6b E7 protein
(lane 6), the three species of this protein can be clearly
recognized. Both E7 proteins were abundantly expressed in
COS-7 cells when cloned into the pSVLA4 vector. Preim-
mune serum and serum blocked with the HPV-6b E7-TrpE
fusion protein (Fig. 1) failed to precipitate the E7 proteins,
confirming that the multiple species migrating at 12 to 15
kilodaltons (kDa) were HPV-6b E7 proteins.

Phosphatase treatments of E7 proteins. The appearance of
multiple species suggested the presence of modified forms of
HPV-6b E7. Since E7 of HPV-16 was shown to be phosphor-
ylated (35), we first determined whether the multiple bands
represented species differing in the extent of phosphoryla-
tion. A phosphorylated protein (Fig. 2, lane 6) comigrated
with the slowest-moving 35S-labeled E7 band (lane 4). This
band was confirmed to be a species of E7, since it was absent
in immunoprecipitates of 32P-labeled extracts from COS-7
cells transfected with the parental plasmid, pSVLA4 (data
not shown). If the slow migration of this E7 species was due
to phosphorylation, it should have been possible to convert
it into a faster-migrating species by phosphatase treatment.
This was indeed accomplished (Fig. 2; compare lanes 1, 2, 7,
and 8 with lanes 3, 4, 9, and 10). The treatment may not have
completely eliminated the slowest-moving band, consistent
with the phosphatase treatment of the 32P-labeled extracts,
where a faint band was still detectable after the treatment.
The reason for the incomplete conversion and removal of
phosphate is not known, since twofold differences in the
enzyme levels used produced the same result. The observa-
tion that the addition of phosphatase inhibitors prevented the

FIG. 3. Demonstration that HPV-6b E7 contains phosphoserine
residues. COS-7 cells were transfected with HPV-6b E7/pSVLA4
and labeled with [32P]H3PO4, and proteins were immunoprecipitated
with anti-HPV-6b E7 sera. The proteins were separated by SDS-
PAGE, the HPV-6b E7 protein was extracted from the gel, and
phosphoamino acid analysis was carried out by high-voltage paper
electrophoresis. The positions of Pi, phosphoserine (P-SER), phos-
phothreonine (P-THR), phosphotyrosine (P-TYR), and the origin of
migration (Ori) are indicated.

elimination of the slowest-moving species indicated that the
removal of the phosphate groups, rather than nonspecific
proteolytic cleavage, caused the shift in migration. Finally,
when E7 of HPV-16 was treated in the same fashion, no

change in mobility could be observed (data not shown),
leaving open the question of whether all or only some of
HPV-16 E7 was phosphorylated.
Phosphoamino acid analysis of HPV-6b E7. Protein phos-

phorylation is a major mechanism by which activity and
specificity of proteins are altered. Identification of the amino
acid(s) that is phosphorylated in E7 could provide prelimi-
nary information concerning the protein kinases involved.
To identify the phosphorylated amino acid(s), COS-7 cells
transfected with HPV-6b E7/pSVLA4 were labeled with
[32P]H3PO4, the labeled HPV-6b E7 protein was gel purified
and hydrolyzed, and the phosphoamino acids were sepa-
rated by paper electrophoresis. The results (Fig. 3) indicated
that HPV-6b E7 contained phosphoserine. The identity of
the small labeled spot that migrated more slowly than
phosphotyrosine is unknown. Thus, the E7 proteins of both
HPV-6b and HPV-16 (35) are phosphorylated at serine
residues.

Binding of HPV-16 E7 and HPV-6b E7 to the RB protein.
Genetic analysis of LgT of SV40 and ElA of adenovirus
showed a close linkage between transformation and binding
to the RB protein. The recent finding that E7 of the onco-

genic HPV-16 can bind to in vitro-synthesized fragments of
the RB protein could indicate that this interaction is also
closely linked to the oncogenic potential of the papillomavi-
ruses. To investigate this possibility, the in vivo interaction
of the HPV-16 E7 with the RB protein was compared with
that of E7 of HPV-6b, which is rarely associated with
cancer. First, it had to be established that HPV-16 E7 forms
complexes with the intact RB protein in vivo. To accomplish
this, extracts from 35S-labeled cells transfected with HPV-16
E7/pSVLA4 or with pSVLA4 were immunoprecipitated with
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FIG. 4. Binding of HPV-16 E7 and HPV-6b E7 to the RB protein. (A) Autoradiogram of a 12% SDS-polyacrylamide gel of COS-7 cells
transfected with HPV-16 E7/pSVLA4 (lanes 1 and 4) or the parental vector pSVLA4 (lanes 2 and 3). Cell extracts were labeled with [35S]trans
and immunoprecipitated with anti-HPV-16 E7 serum (lanes 1 and 2) or anti-RB serum (lanes 3 and 4). Positions of HPV-16 E7 and the RB
protein are indicated on the left. Molecular sizes (in kilodaltons) of size markers are indicated on the right of each panel. (B) Autoradiogram
of the immunoprecipitates shown in panel A when analyzed by 7.5% SDS-PAGE. The analysis of a 32P-labeled extract is included (lane 1).
The position of the RB protein is shown on the left, as is the position of the 81-kDa SV40 LgT protein ( ). (C) Autoradiogram of a 12%
SDS-polyacrylamide gel of cells transfected with HPV-6b E7/pSVLA4. Cells were labeled with [32P]H3PO4 (lanes 1 and 2) or [35S]trans (lanes
3 to 5). Cell extracts were immunoprecipitated with anti-HPV-6b E7 serum (lanes 1, 2, 4, and 5) or anti-RB serum (lane 3). Samples in lanes
2 and 4 were treated with CIAP to determine the position of the slowest-moving phosphorylated species of HPV-6b E7 in these gross
overexposures. The positions of the multiple species of HPV-6b E7 are indicated on the left. (D) Autoradiogram of a 15% SDS-polyacrylamide
gel of cells transfected with HPV-6b E7/pSVLA4 (lanes 3 to 5) or pSVLA4 (lanes 2 and 6). The transfected cells were labeled with
[35S]cysteine, and cell extracts were immunoprecipitated with anti-HPV-6b serum (lanes 2 to 4) or anti-RB serum (lanes 5 and 6). All lanes
represent 6-day autoradiographs except for lane 4, which shows a 5-h exposure of lane 3 to permit better identification of the individual
HPV-6b E7 species. Lane 1, Molecular size markers. Positions of the multiple HPV-6b E7 species are indicated on the left.

anti-HPV-16 E7 or with anti-RB antisera (Fig. 4A). The
anti-RB serum precipitated HPV-16 E7, but it precipitated
only a fraction of that precipitated with the anti-HPV-16 E7
serum. Conversely, the anti-HPV-16 E7 serum precipitated a
portion of the RB protein (Fig. 4A; compare the RB and E7
bands in lanes 1 and 4). The finding that no RB protein was
precipitated with anti-HPV-16 E7 in COS-7 cells that did not
express the HPV-16 E7 (Fig. 4A, lane 2) indicated that the
coprecipitation from the E7-expressing cells was not due to
an immunologic cross-reactivity. These results thus show
that a complex was formed in vivo between the RB protein
and HPV-16 E7.

Since it has been reported that LgT of SV40 preferentially
binds to the underphosphorylated form of the RB protein
(23), it was of interest to see whether the same was true for
HPV-16 E7. In our analysis, the slower-moving phosphory-
lated RB protein was only marginally separated from the
bulk 35S-labeled RB protein (Fig. 4B, lanes 1 and 2). Fur-
thermore, the width of the 35S band seemed not to cover the
position of the 32P band, which suggested that in these cells,
the phosphorylated RB protein represented a minor species.
Since the RB protein that coprecipitated with anti-HPV-16
E7 migrated exactly as did that precipitated with anti-RB, we
can only conclude that the phosphorylated species was not
preferentially bound. As expected, immunoprecipitation
with anti-HPV-16 E7 from 32P-labeled cells did not result in
a 32P-labeled RB band (data not shown).
By far the strongest band immunoprecipitated with the

anti-RB serum from 32P-labeled COS-7 cells expressing
HPV-16 E7 (Fig. 4B, lane 1) was the 81-kDa LgT protein of
SV40 (22). In contrast to immunoprecipitation with anti-RB
serum, precipitates with anti-HPV-16 E7 serum did not

precipitate this protein (data not shown). This finding indi-
cates that immunoprecipitation of HPV-16 E7 from COS-7
cells by anti-RB serum was the result of binding of HPV-16
E7 to the RB protein rather than to LgT of SV40. The
absence of an SV40 LgT band in immunoprecipitates with
anti-RB serum of 35S-labeled extracts reflects the fact that
during a 1-h pulse, LgT of SV40 was much more efficiently
labeled with 32P than with 35S.
A potential interaction of the RB protein with E7 of

HPV-6b was analyzed in the same manner as that with
HPV-16 E7. Since HPV-6b E7 could be resolved into three
species, it was of particular interest to see whether there was
preferential binding to any particular species. The results
presented in Fig. 4C were obtained with cells labeled with
[35S]trans (ICN) containing mostly [35S]methionine. In com-
parison with COS-7 cells expressing HPV-16 E7, only a faint
band could be seen in precipitates with anti-RB serum (Fig.
4C, lane 3). The mobility of the band suggested that it was
the phosphorylated species of HPV-6b E7 that was copre-
cipitated. Because of the low intensity of the E7 band
relative to the background, a similar experiment was per-
formed by using [35S]cysteine, which preferentially labels
E7; to resolve the E7 species more clearly, SDS-PAGE
analysis was performed on a 15% gel (Fig. 4D). Because of
the low background, the results clearly show that the band
immunoprecipitated with anti-RB and comigrating with the
phosphorylated form of E7 was actually an E7 species, since
it was not present in COS-7 cells that did not express E7
(Fig. 4D, lane 6). Not surprisingly, in none of the precipitates
with anti-HPV-6b E7 could the RB protein band be recog-
nized. These results clearly show that E7 of HPV-6b bound
much less extensively to the RB protein than did E7 of
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HPV-16; interestingly, the binding was predominantly to the
phosphorylated species of HPV-6b E7.

Glycerol gradient analysis of HPV-16 E7, HPV-6b E7, and
the RB protein. In previous experiments, it was shown that
HPV-16 E7 from CaSki cells exhibits a heterogeneous and
unexpectedly high sedimentation rate in nondenaturing glyc-
erol gradients (35). The evidence shown here for a HPV-16
E7-RB protein complex formation in vivo and by others for
a complex formation in vitro (11) suggested that this complex
formation may be at least in part responsible for the unusual
sedimentation properties. Since we showed that HPV-6b E7
bound the RB protein to a much lower extent than did
HPV-16 E7, a difference in sedimentation between HPV-16
E7 and HPV-6b E7 would be expected. HPV-16 E7 was
present throughout most of the gradient, and the band
intensities were similar from fractions 3 to 13 (Fig. SC). In
contrast, HPV-6b E7 was predominantly present in fractions
3 to 6, and there was a clear indication of a biphasic
distribution with peaks in fractions 3 and 6. A direct indica-
tion that some of the fast-sedimenting HPV-16 E7 was
complexed to the RB protein is provided in Fig. 5A and B. In
fractions 6 to 13, which contained RB protein (Fig. SA), a
major portion of the E7 protein was precipitated with anti-
RB serum (Fig. 5B). The results thus show that binding of
HPV-16 E7 to the RB protein was in part responsible for the
unusual sedimentation properties of HPV-16 E7. In addition,
the biphasic distribution of HPV-6b E7 may indicate the
interaction with yet another cellular protein(s) or the forma-
tion of oligomeric complexes.

Demonstration of the RB protein in SiHa, CaSki, HT-3, and
COS-7 cells. When the sedimentation of HPV-16 E7 in
COS-7 cells (Fig. 5C) is compared to that in CaSki cells
shown previously (35), it is clear that the fast sedimentation
of the E7 protein in COS-7 cells was much more pro-
nounced; as indicated, this phenomenon can be attributed in
part to HPV-16 E7-RB protein complex formation. It was
possible, therefore, that the relatively slow sedimentation of
E7 from CaSki cells was due to a low content of RB protein
in these cells, which would limit complex formation. Fur-
thermore, the finding that some cancers are associated with
a defect in RB protein structure or expression (13-15, 17)
and the theory that interaction of the viral proteins SV40
LgT and adenovirus ElA with the RB protein may be critical
for the transforming function could indicate that relative
levels of E7 and RB protein were an important factor in the
development of HPV-associated genital cancers. To test
this, we immunoprecipitated the RB protein from three
cervical cancer-derived cell lines. One, HT-3, does not
contain any known HPV DNA, whereas CaSki and SiHa
cells contain HPV-16 DNA. The level of HPV-16 E7 expres-
sion is high in CaSki cells and low in SiHa cells. The results
of the anti-RB precipitations (Fig. 6) showed that SiHa,
HT-3, and COS-7 cells expressed similar levels of RB
protein, whereas the RB band in CaSki cells was much less
prominent. The high level of RB protein in COS-7 cells
relative to RB protein levels in the CaSki cell line may very
likely explain the differences in sedimentation of E7 ob-
served between the two types of cells. However, high levels
of RB protein expression are not necessarily paralleled by
high levels of E7 in cervical cancers, since SiHa cells
express a low level of E7 and a high level of RB protein, and
the reverse situation is seen in CaSki cells. This suggests that
besides the interaction of the RB protein with the E7
proteins, other factors play an important role in the devel-
opment of HPV-associated genital cancers.
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FIG. 5. Sedimentation of RB, HPV-16 E7, and HPV-6b E7 in

nondenaturing glycerol gradients. COS-7 cells were transfected with
HPV-16 E7/pSVLA4 (A to C) or HPV-6b E7/pSVLA4 (D). The cells
were labeled with [35S]trans and sedimented in glycerol gradients.
Fractions were individually immunoprecipitated as follows: anti-RB
serum (A and B), anti-HPV-16 E7 serum (C), and anti-HPV-6b E7
serum (D). Fraction numbers at the bottom correspond to all panels.
Fraction 11 contained half of pooled fractions 11 and 12, and fraction
13 contained half of fractions 13 and 14. Positions and sizes (in
kilodaltons) of molecular size markers, positions of the RB, HPV-16
E7, and HPV-6b E7 proteins are indicated to the left of each panel.
Sedimentation of the glycerol gradients was from left to right, and
the positions of lysozyme (L) (13 kDa) and bovine serum albumin
(B) (68 kDa) are indicated. The bands migrating at 14 kDa in panels
B and C represent labeled material migrating with the tracking dye
band. The gel in panel D was electrophoresed longer. The proteins
in panel A were separated on a 7.5% SDS-polyacrylamide gel,
whereas those in the other panels were separated in 12% SDS-
polyacrylamide gels.

DISCUSSION

We have used transient transfections of COS-7 cells to
characterize and compare the properties of the E7 proteins
of the nononcogenic HPV-6b and oncogenic HPV-16. The
E7 proteins were shown to differ in several properties and
particularly in the extent of their binding to the RB protein.
Although both proteins contain 99 amino acids and have the
same calculated molecular size of 11 kDa, their electropho-
retic mobilities in SDS-PAGE are quite different. The mo-

bility of HPV-16 E7 corresponds to a protein of about 20 kDa
and this, together with the very slow sedimentation on

denaturing glycerol gradients (35), suggested that the protein
had an unusual extended conformation similar to that of ElA
(36). HPV-6b E7 differs in this respect from HPV-16 E7; its
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FIG. 6. Immunoprecipitation of the RB protein from cancer-

derived cell lines and COS-7 cells. SiHa, HT-3, CaSki, and non-
transfected COS-7 cells were labeled with [35S]trans, and extracts
were immunoprecipitated with anti-RB serum (I) or preimmune
serum (P). Proteins were separated in 12% SDS-polyacrylamide
gels. Position and sizes (in kilodaltons) of molecular size markers
and the position of the RB protein are indicated on the left.

actual mobility in SDS-PAGE is only slightly lower than that
expected from the calculated molecular weight, and in this
regard it is similar to E7 of cottontail rabbit papillomavirus
(3) and to E7 of HPV-18 (4). A second property in which E7
of HPV-6b differs from other E7 proteins is that it is resolved
into three species. Labeling with 32P and treatment with
phosphatases clearly showed that the slowest-moving spe-
cies was phosphorylated and that phosphorylation was re-
sponsible for the slower migration. On the basis of relative
intensities of the three 35S-labeled E7 bands, less than half of
the E7 protein appears to be phosphorylated. The molecular
basis for the different mobilities of the other two forms is not
known. Both HPV-16 E7 and HPV-6b E7 are phosphory-
lated at serine residues. In contrast, E7 of cottontail rabbit
papillomavirus is not phosphorylated (3). The finding that
HPV-16 E7 is phosphorylated in cancer-derived CaSki cells
as well as in COS-7 cells makes it less likely that the extent

of phosphorylation of HPV-6b E7 is a state peculiar to
COS-7 cells.
The E7 proteins of HPV-16 and HPV-6b demonstrate

further differences in sedimentation properties in nondena-
turing glycerol gradients. Although both proteins have a
relatively high heterogeneous sedimentation rate, the overall
sedimentation rate of HPV-6b E7 is lower than that of
HPV-16 E7. The multiple species of HPV-6b E7 exhibit a
biphasic sedimentation profile, similar to the E7 protein of
cottontail rabbit papillomavirus (3), and the calculated mo-
lecular masses for the two peaks are 22 and 82 kDa.
Although the measurement of the sedimentation rates, par-
ticularly the slower peak, is not very accurate, it may
suggest that the HPV-6b E7 protein forms tetramer struc-
tures or complexes with some other cellular protein. Clearly,
the biphasic distribution is not dependent on the level of
phosphorylation, since all species appear in the faster-
sedimenting peak. Since E7 has been shown to be a zinc-
binding protein (2), we have considered the possibility that
this binding may affect its sedimentation. Pretreatment of an
extract with 10 mM EDTA and sedimentation through an
EDTA-containing gradient did not affect the sedimentation
of HPV-6b E7 (data not shown), suggesting that zinc was not
directly involved.
The first evidence for the binding of HPV-16 E7 to the RB

protein has been provided by an in vitro binding assay in
which a cDNA clone of the RB protein was transcribed in
vitro and translated in a cell-free system (11). Although no
intact RB protein was synthesized in this system, neverthe-
less some of the RB protein fragments were shown to bind to
HPV-16 E7 (11). To provide evidence for the binding of
intact RB protein to HPV-16 E7, we expressed HPV-16 E7 in
COS-7 cells. In this system, only full-length RB protein was
present, and immunoprecipitation with anti-RB serum re-
sulted in coprecipitation of a portion of the HPV-16 E7
protein. The previous reports that E7 is located in the
cytoplasm (34) and that the RB protein is located in the
nucleus (19) could indicate that the complex was formed
after cell disruption. More recently, it has been shown by
using immunohistochemical methods rather than cell frac-
tionation that HPV-16 E7 is located in the nucleus (28).
The COS-7/pSVLA4 expression system used in this study

allows high levels of expression of the HPV-16 and HPV-6b
E7 proteins against an identical spectrum of background
proteins. Importantly, the level of RB protein is not affected
by the expression of HPV-16 E7 (Fig. 4A and B); similarly,
no effect was noted in cells expressing HPV-6b E7 when
analyzed on 7.5 or 12% gels (data not shown). It is possible
that LgT of SV40 present in the COS-7 cells competes to
some extent with the E7 proteins for binding to the RB
protein; however, on the basis of the results of others (8, 23),
only a fraction of the RB protein is immunoprecipitated with
anti-LgT serum from these cells. Furthermore, the coprecip-

1 n f ~ m 37HPV-16 E7 M H G D T P T L HEY ML D L Q P E T T D L Y C Y E 0 L N D S S E E E D E

1I Ilii' 1 38HPV-6b E7 M H G R H V T L K D I V LD L Q P P DPVGLHCY1EQLVDSSEDEV D

Ad EIA S HF[EPPTLHE L YD L D V E V I D L T C H E AG F P P S D D E D E

6 [J2 9 [11117
SV40 LgT NRE ESLQLYM D L L G L E RI/N E E N L F C SUE E M P S S D D E A T

FIG. 7. Amino acid sequence homologies between HPV-16 E7, HPV-6b E7, adenovirus ElA, and SV40 LgT proteins. Only a portion of
the homologous amino acid sequences are shown. Minimum regions of ElA required for binding to the RB protein (11) and the corresponding
residues in HPV-16 E7, HPV-6b E7, and SV40 LgT are boxed. Numbers above each sequence indicate the amino acid position of each
protein. / I, Break in the amino acid sequence.

J. VIROL.



RB PROTEIN BINDING TO E7 PROTEINS OF HPV-6b AND HPV-16 729

itation of HPV-16 E7 with anti-RB serum is not mediated by
LgT of SV40, since anti-HPV-16 E7 serum coprecipitates
RB protein but not SV40 LgT (Fig. 4A and B). Finally, in
immunoprecipitates from SiHa cells with anti-RB serum, a
weak band of E7 protein could be detected after much longer
exposures of X-ray films than those shown in Fig. 6.
Although the role of RB-HPV E7 complexes in malig-

nancy is unknown, the differences in binding by the onco-
genic HPV-16 E7 and nononcogenic HPV-6b E7 to the RB
protein support the current hypothesis that the E7 proteins
may effectively remove functional RB protein from the cell,
allowing uncontrolled growth (11). The difficulty in detecting
the interaction of HPV-6b E7 with the RB protein could
imply that the interaction is very weak and many complexes
do not survive the immunoprecipitation procedures or that
the RB protein binds only a subset of the E7 proteins. Our
data strongly suggest that the RB protein binds only to the
phosphorylated species of HPV-6b E7. Therefore, the level
of phosphorylation of the E7 protein may play a critical role
in binding to the RB protein. However, even when only the
phosphorylated species of HPV-6b E7 is considered, much
less of the RB protein is bound by this subset of HPV-6b E7
than by HPV-16 E7.
The E7 protein of HPV-16 has functional and structural

characteristics similar to those of the adenovirus ElA pro-
tein and SV40 LgT. Phelps et al. (25) have demonstrated
that, like ElA, HPV-16 E7 can transactivate the adenovirus
E2 promoter and can cooperate with the oncogene ras to
transform primary baby rat kidney cells. ElA (38), LgT (8,
23), and HPV-16 E7 (11) have all been shown to bind to the
RB protein. Furthermore, mutational analysis of E1A and
LgT have shown that there is a close linkage between
transforming ability and binding to the RB protein. To
determine whether sequence differences between HPV-16
E7 and HPV-6b E7 could explain the difference in RB
protein binding and the apparent inability of HPV-6b E7 to
cooperate with ras in cell transformation, the regions re-
quired for binding to the RB protein by ElA (11) were
compared with the homologous sequences in HPV-16 E7,
HPV-6b E7, and LgT (Fig. 7). The minimal regions, 12
amino acid residues, of ElA required for binding to the RB
protein are enclosed in boxes, along with the corresponding
amino acids in HPV-16 E7, HPV-6b E7, and LgT. Of these
12 amino acid positions, HPV-6b is identical to HPV-16 at 8
positions. Of those that differ, three (Asp-10, Val-12, and
Asp-35 in HPV-6b) represent conservative changes. HPV-16
E7 differs from ElA in four of the boxed positions, and all of
the differences are conservative. It is interesting to note that
mutations in Cys-124, Glu-126, Ser-132, and Glu-135 of ElA
eliminate the ability of this protein to cooperate with ras in
transformation (20, 40). In the corresponding amino acids of
HPV-16 E7, mutations in Cys-24 and Glu-26 also abolish
transformation and severely inhibit transactivation (12).
HPV-6b E7 is identical to HPV-16 E7 at these amino acid
residues. DeCaprio et al. (8) have reported that mutations in
Glu-107, Glu-108, and Ser-112 abolish transformation and
RB-binding in SV40 LgT and that mutations in both Cys-105
and Asp-114 eliminate binding to the RB protein. In these
apparently critical positions, HPV-16 E7 and HPV-6b E7 are
identical. The only nonconservative difference exists at
position 4, where in HPV-6b E7 a basic amino acid, arginine,
is located, and the corresponding residue in HPV-16 E7 is an
acidic amino acid, aspartic acid. At present it is not known
whether this nonconservative difference or conservative
differences are linked to the difference in RB protein binding
or to the difference in cooperation with ras.

Finally, our finding that the phosphorylated HPV-6b E7
binds preferentially to the RB protein could provide an
additional explanation for why HPV-6b is associated with
cancer in rare cases. The first explanation is that in some of
these cancers, alteration in the noncoding region (5, 16, 26)
resulted in a more active enhancer (27), which may lead to a
higher level of E7 expression and binding ofRB protein. The
second explanation would be that changes in the expression
of cellular kinases may lead to a higher level of E7 phos-
phorylation and stronger binding of the RB protein. This
situation may exist in those HPV-6-associated cancers in
which no alterations in the noncoding region of the resident
HPV-6 were noted (5).
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