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Human papillomavirus type 16 E7 is considered to be a major viral oncoprotein playing an important role(s)
in cervical cancers. E7 protein was shown to bind to the protein product of the retinoblastoma gene (RB), while
simian virus 40 large T and adenovirus E1A were also shown to possess binding activity to RB protein. The RB
protein is a cell cycle regulator that is highly phosphorylated specifically in S, G,, and M, whereas it is
underphosphorylated in G, and G,. Recently, large T was demonstrated to bind preferentially to the
underphosphorylated RB protein, which is considered to be an active form restricting cell proliferation.
However, it is not known whether E7 can bind to phosphorylated RB protein. We successfully purified large
quantities of unfused human papillomavirus type 16 E7 protein expressed in Escherichia coli by using a T7
promoter-T7 RNA polymerase system. The purified E7 protein was demonstrated to bind preferentially to the

underphosphorylated RB protein.

More than 60 types of human papillomaviruses (HPVs)
have been reported. Among them, HPV types 16 (HPV-16),
18, 31, 33, 35, 39, 45, 51, 52, and 56 are frequently found in
cervical cancer tissues or cell lines (5, 13, 14). HPV-16 or -18
DNA has the ability to transform established rodent cell
lines (47, 52) and to immortalize primary rodent or human
keratinocytes (39, 41). The HPVs are therefore believed to
be involved in the development of cervical cancers. The viral
DNA integrated into the genome of cancer cells is truncated
to various degrees. However, E6 and E7 open reading
frames are consistently retained and expressed as mRNA or
proteins (2, 25, 43, 44, 46). Molecular genetic studies to
localize the transforming activities of HPV revealed that the
E7 region is the major transforming gene (38). Recent studies
suggest that not only the E7 but also the E6 region is
necessary for the transformation of primary human kerati-
nocytes (35).

The retinoblastoma gene (RB) was deleted or mutated in
many types of tumor cells, including retinoblastomas (17, 18,
30), osteosarcomas (17), small-cell lung carcinomas (21, 53),
breast cancers (29), bladder carcinomas (22), prostate carci-
nomas (4), and leukemias (9). The RB gene was reported to
restrict cell proliferation (4, 23). The loss of normal activity
of the RB gene is consequently believed to play a key role in
the generation of the cancers. It was reported that E7
proteins of HPVs could bind to the RB gene product, the RB
protein (3, 15, 19, 36). The transforming proteins of adeno-
virus and simian virus 40 (SV40), E1A and large T, respec-
tively, also associated with the RB protein (11, 50). These
observations suggest that the formation of complexes of the
RB protein and the transforming proteins of the DNA tumor
viruses may cause the loss or alteration of the biological
function of the RB gene product and allow the cells to
proliferate uncontrollably (20).

To test this hypothesis and understand the other biological
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significances of E7 protein, large quantities of pure E7
protein are required. However, HPV cannot propagate in
cultures, and cancer cells contain too little E7 protein to be
purified. Some investigators have reported the synthesis of
recombinant E7 proteins; however, all of the E7 proteins
reported so far were fused forms of E7 and prokaryotic
proteins (3, 26, 43, 44). We report here the successful
production of unfused HPV-16 E7 protein in Escherichia coli
and the purification of the protein to homogeneity. Using
E7-coupled Sepharose gels, we examine the ability of E7
protein to bind to the highly phosphorylated and the under-
phosphorylated forms of the RB protein.

MATERIALS AND METHODS

Construction of expression vector. An Ndel-HindlIll frag-
ment of T7 promoter expression vector pGEMEX™.-1
(Promega) was substituted for an EcoT22I-Ncol fragment of
HPV-16 (nucleotide positions 563 to 867) (42) by using a
synthetic single-strand oligonucleotide linker, 5'-TATGCA-
3’, which connected the translation initiation site of the
vector and the first ATG codon of the E7 open reading frame
in frame (Fig. 1). The resulting vector, pMX-E7, was used to
transform E. coli JM109 ADE3 lysogen carrying the T7 RNA
polymerase gene under the control of the lac promoter.

Purification of HPV-16 E7 protein. E. coli JM109 ADE3
lysogen harboring pMX-E7 was grown in 2 liters of Luria-
Bertani broth containing 50 pg of ampicillin per ml. To in-
duce E7 protein, isopropyl-B-D-thiogalactopyranoside (IPTG)
and zinc acetate were added to the medium at final concen-
trations of 0.5 and 1 mM, respectively. After 3 h of incuba-
tion, the cells were pelleted and stored at —80°C.

Approximately 6 g of the cell pellet was suspended in 5
volumes of 50 mM Tris-HCIl, pH 8.0, containing 1 mM
EDTA, 1 mM dithiothreitol, 1 mM phenylmethylsulfonyl
fluoride (PMSF), and 5% glycerol and lysed by the addition
of lysozyme at a final concentration of 0.5 mg/ml. After a
30-min incubation on ice, the lysate was sonicated briefly
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and ultracentrifuged at 100,000 X g for 1 h. The resulting
supernatant was subjected to a DE-52 (Whatman) column
(25 by 80 mm) equilibrated in 10 mM N-2-hydroxyethylpi-
perazine-N’-2-ethanesulfonic acid (HEPES)-NaOH, pH 7.6,
containing 1 mM dithiothreitol and 5% glycerol (buffer A).
The column was washed with buffer A containing 200 mM
NaCl, and then E7 protein was eluted with 280 ml of buffer
A containing 400 mM NaCl. Solid ammonium sulfate was
added to the eluate to give 40% saturation, and the eluate
was incubated while being stirred on ice for 30 min. Precip-
itated E7 protein was collected by centrifugation, dissolved
in 2 ml of buffer A, and dialyzed against buffer A. Finally,
the dialysate was passed through a Sephadex G-75 (Pharma-
cia) column (15 by 710 mm) equilibrated in buffer A. Eluted
fractions containing E7 protein were stored at —80°C and
used as a source of the purified E7 protein. All of these
procedures were performed at 0 to 4°C.

SDS-PAGE. Sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) was performed according to
the method of Laemmli (28), and the gel was silver stained
with a kit from Daiichi Kagaku (Tokyo, Japan).

Cell extract. SKG-IIIa cells (37) were cultured in Ham’s
F12 medium supplemented with 10% heat-inactivated fetal
calf serum. T601 cells, a HPV-16 primary transformant of
NIH 3T3 (47), and NIH 3T3 cells were maintained in
Dulbecco’s modified Eagle medium with 5 and 10% calf
serum, respectively. HL60 cells were grown in RPMI 1640
medium with 10% heat-inactivated fetal calf serum to a
semiconfluent state, 12-O-tetradecanoylphorbol-13-acetate
(TPA) was added to the medium at a final concentration of 50
nM in order to induce the cells to differentiate, and the
culture was continued for 40 h before harvesting.

The cell pellet was washed three times with phosphate-
buffered saline and lysed with 10 volumes of 50 mM HEPES-
NaOH, pH 7.0, containing 0.1% Nonidet P-40, 250 mM
NaCl, 5 mM EDTA, 50 mM NaF, 1 mM dithiothreitol, 50 pg
of aprotinin per ml, and 1 mM PMSF. After a 30-min
incubation with stirring on ice, the lysate was clarified by
centrifugation at 50,000 x g for 10 min and stored at —80°C.

Immunoblot analysis. Proteins fractionated by SDS-PAGE
were electrotransferred onto Durapore membrane (Milli-
pore) as described previously (24). The membrane was
blocked at 4°C for 12 h with a solution containing 4% nonfat
dry milk, 25 mM Tris-HCI (pH 8.0), 125 mM NaCl, 0.1%
Tween 20, and 0.1% NaN;. It was incubated at room
temperature for 2 h with anti-HPV-16 E7 rabbit serum
prepared in our laboratory (unpublished data) or anti-RB
monoclonal antibody PMG3-245 (Pharmingen) in the block-
ing mixture and washed three times with the blocking
mixture. It was then incubated at room temperature for 1 h
with alkaline phosphatase-conjugated anti-rabbit or anti-
mouse goat immunoglobulin G (Cappel) diluted in the block-
ing mixture. After being washed twice with the blocking
mixture and three times with 25 mM Tris-HCI (pH 8.0)-125
mM NaCl-0.025% Tween 20, the membrane was stained
with 0.4 mM Nitro Blue Tetrazolium and 0.4 mM 5-bromo-
4-chloro-3-indolylphosphate p-toluidine salt in 0.1 M Tris-
HCI (pH 9.5)-0.1 M NaCl-5 mM MgCl,.

Immunoprecipitation of RB protein. HL60 cells cultured in
the absence or presence of TPA were labeled for 3 h in
methionine-free and phosphate-free Dulbecco’s modified
Eagle medium containing 100 pn.Ci of [**SImethionine per ml
and 300 pCi of [>?Plphosphate per ml, respectively. The cells
were lysed in 25 mM Tris-HCI (pH 7.4)-50 mM NaCl-0.5%
sodium deoxycholate-2% Nonidet P-40-0.2% SDS-1 mM
PMSF-50 pg of aprotinin per ml-50 pM leupeptin. After
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being incubated at room temperature for S min and on ice for
30 min, the lysate was centrifuged at 20,000 X g for 15 min.
To 50 wl of the resulting supernatant was added 1.5 pg of
anti-RB monoclonal antibody PMG3-245, and the mixture
was incubated on ice for 30 min before the addition of 30 pl
of a 50% suspension of Protein A-Sepharose CL-4B (Phar-
macia) to which 6 ug of anti-mouse immunoglobulin G,
rabbit immunoglobulin G (Pharmingen) had been adsorbed.
After a 30-min incubation at 4°C with shaking, the Sepharose
gel was precipitated and washed five times with 0.3 ml of 25
mM Tris-HCI (pH 7.4)-50 mM NaCl-0.5% sodium deoxy-
cholate-0.2% Nonidet P-40-1 mM PMSF. The precipitated
proteins were boiled for 5 min in 60 pl of Laemmli’s
SDS-PAGE sample mixture (28), resolved by 8% SDS-
PAGE, and autoradiographed.

E7-Sepharose. E7-Sepharose was prepared essentially ac-
cording to the instructions described in a manual from
Pharmacia. CNBr-activated Sepharose 4B (bed volume, 1
ml) (Pharmacia) was washed with 1 mM HCI and coupling
buffer containing 0.1 M NaHCO5-NaOH, pH 8.3, and 0.5 M
NaCl. The Sepharose gel was then suspended in 2 ml of
coupling buffer containing 5 mg of purified HPV-16 E7
protein or 5 mg of leucine 13-substituted E7 protein. After
rotation at 4°C for 24 h, the remaining active groups were
blocked with 0.1 M Tris-HCI, pH 8.0. Approximately 90% of
the E7 protein was coupled with the Sepharose.

RB-binding assay. The cell extract (25 pl) was incubated
with 5 ul of a 50% suspension of E7-Sepharose gel in binding
buffer containing 50 mM HEPES-NaOH, pH 7.0, 250 mM
NaCl, 0.1% Nonidet P-40, and 1 mM dithiothreitol. After a
30-min incubation at 4°C with shaking, the gel was precip-
itated and washed three times with 0.3 ml of the binding
buffer. The proteins that bound to E7-Sepharose were then
eluted by boiling for 5 min in 60 wl of Laemmli’s SDS-PAGE
sample mixture and fractionated by 8% SDS-PAGE before
being analyzed by immunoblotting with anti-RB monoclonal
antibody PMG3-245.

Site-directed mutagenesis. Site-directed mutagenesis was
done by the uracil incorporation method of Kunkel et al.
(27). Mutations were introduced into E7 sequence cloned
into M13mp18 phage vector with 21-mer synthetic oligonu-
cleotides, and the generated mutations were examined by
the dideoxy-chain termination sequencing method (40). Leu-
cine 13-substituted E7 protein was synthesized and purified
exactly by the method described for wild-type E7 protein.

Other methods. Protein was determined by the method of
Bradford (6) with a kit from Bio-Rad. The first 20 amino-
terminal residues of the E7 protein were determined by
Edman degradation with an Applied Biosystems ABI 477A/
120A protein sequencer. Oligonucleotides were synthesized
with an Applied Biosystems ABI 391A DNA synthesizer.

RESULTS

Expression and purification of unfused HPV-16 E7 protein.
In order to express unfused HPV-16 E7 protein in E. coli, we
chose a T7 promoter-T7 RNA polymerase system. Down-
stream of the T7 promoter, a genomic fragment of HPV-16
E7 was ligated to express E7 protein from the first ATG
codon (Fig. 1). The resulting vector was used to transform
the bacteria carrying the T7 RNA polymerase gene under the
control of the lac promoter. After 3 h of induction with 0.5
mM IPTG, a protein band of about 19,000 Da was accumu-
lated in the cells (Fig. 2, lanes 1 and 2). The molecular mass
of the HPV-16 E7 protein as deduced from its nucleotide
sequence is about 11,000 Da. However, the E7 protein
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FIG. 1. Construction of expression vector pMX-E7. The method
for constructing the plasmid is described in the text. The shaded box
indicates the HPV-16 genome DNA fragment containing the E7
open reading frame, and numbers beside the box refer to nucleotide
positions in HPV-16 (42).

expressed in cancer cell lines was reported to migrate to a
position corresponding to a molecular mass greater than
11,000 Da by SDS-PAGE (15, 43-45). The bacterially ex-
pressed E7 protein described here also showed this unusual
electrophoretic behavior.

Our E7 protein was soluble in the cells, although all of the
reported E7 protein expressed in E. coli was insoluble fused
protein forming inclusion bodies (3, 43, 44). The protein in
the supernatant resulting from a 100,000 X g centrifugation
was purified to homogeneity by DEAE-cellulose chromatog-
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FIG. 2. Induction and purification of HPV-16 E7 protein. Total
cell lysate from E. coli harboring pMX-E7 was analyzed by 12.5%
SDS-PAGE before (lane 1) or after (lane 2) a 3-h induction with
IPTG. Purified E7 protein was examined by 15% SDS-PAGE (lane
3). The migrations of standard proteins are indicated on the left
along with their molecular masses.
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FIG. 3. Immunoblot analysis of E7 protein expressed in HPV-16
transformant or cancer cells. Extraction of cells and immunoblotting
were performed as described in the text. Purified E7 protein (0.1 ng
of protein; lane 1) or cell extract from NIH 3T3 (80 pg of protein;
lane 2), from T601, an HPV-16 transformant of NIH 3T3 (lane 3), or
from cervical cancer cell line SKG-IIIa (lane 4) was fractionated by
12.5% SDS-PAGE and immunoblotted with anti-E7 rabbit serum.
The arrow indicates the position of E7 protein.

raphy, ammonium sulfate precipitation, and Sephadex G-75
chromatography (Fig. 2, lane 3). Its first 20 amino-terminal
residues, determined by Edman degradation, were identical
with those of the E7 protein predicted by the nucleotide
sequence (42).

Immunoblot analysis of E7 protein expressed in HPV-16
transformant or cancer cells. The extract from T601 cells, a
HPV-16 transformant of NIH 3T3 (47), was examined by
immunoblot analysis in which anti-E7 rabbit serum directed
against the purified E7 protein recognized a discrete protein
band migrating around 19,000 Da (Fig. 3, lane 3). A similar
band was also detected in the extract from SKG-IIIa cells
(lane 4) but not in the extract from NIH 3T3 cells (lane 2).
SKG-IIIa is a cervical cancer cell line that contains a single
copy of HPV-16 DNA per cell (48). The mobility of the
purified E7 protein (lane 1) was the same as those of the
bands that were effectively recognized by the anti-recombi-
nant E7 serum, and the intensities of these bands markedly
decreased when the serum had been preincubated with
excessive amounts of the purified E7 protein. On the basis of
these findings, we conclude that the 19,000-Da protein was
HPV-16 E7 protein. Both the purified and the SKG-IIla-
derived E7 proteins showed similar intensities in the immu-
noblot analysis (Fig. 3, lanes 1 and 4), in which the total
amounts of loaded proteins were 0.1 ng and 80 pg, respec-
tively. The content of E7 protein in SKG-IIIa cells is
consequently estimated as about 0.0001% of the total cellular
protein if there is no significant difference in the affinity of
the anti-E7 serum to both of the E7 proteins.
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FIG. 4. TPA-induced dephosphorylation of the RB protein in
HL60 cells. The RB protein in HL60 cells growing without TPA
(lanes 1 and 3) or treated with 25 nM TPA for 42 h (lanes 2 and 4) was
labeled for 3 h with [>**S]methionine (lanes 1 and 2) or [*?P]phosphate
(lanes 3 and 4) and immunoprecipitated with anti-RB monoclonal
antibody PMG3-245 as described in the text. Arrows indicate the
positions of highly phosphorylated (a, pp110-RB) and underphos-
phorylated (b, p105-RB) forms of RB protein.

We could not detect any DN A-binding activities for the
purified E7 protein when it was examined by DNA-cellulose
chromatography or by a gel retardation assay using a DNA
fragment corresponding to the HPV-16 long control region or
the adenovirus E2 promoter. ,

RB-binding properties of HPV-16 E7 protein. The purified
E7 protein was chemically coupled with Sepharose 4B gel
beads and used for a novel assay to determine the E7-binding
activity of cellular proteins. During incubation with E7-
Sepharose, E7-binding proteins were associated with E7 and
were therefore easily precipitated together with the gel. For
the source of RB protein, we chose HL60 cells, a human
leukemia cell line in which RB protein was reported to be
highly phosphorylated under the usual culture conditions,
whereas it was converted to the underphosphorylated form
when cells were cultured in the presence of TPA or dimethyl
sulfoxide (1, 8, 34).

The extract from HL60 cells cultured in the presence or
absence of TPA was incubated with E7-Sepharose prior to
the analysis of coprecipitated proteins by immunoblotting
with PGM3-245, an anti-RB monoclonal antibody that could
recognize both highly phosphorylated and underphosphory-
lated forms of RB protein (32). The phosphorylation status of
RB protein could be easily examined by SDS-PAGE, in
which the mobility of the RB protein shifted according to the
extent of phosphorylation (7, 8, 12). We performed **S- and
32p_labeling experiments showing that RB proteins in HL60
cells before and after the cells were cultured in the presence
of TPA were really highly phosphorylated and underphos-
phorylated, respectively, under culture conditions essen-
tially equal to those for the E7-Sepharose precipitation assay
(Fig. 4). In the absence of TPA, the RB protein in the cells
was highly phosphorylated to various degrees and showed
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FIG. 5. RB-binding properties of HPV-16 E7 protein. An RB-
binding assay was performed as described in the text. Extract from
HL60 cells cultured in the absence (lanes 1 to 3) or presence (lanes
4 to 6) of TPA was incubated with E7-Sepharose. The cell extracts
before the incubation (lanes 1 and 4), E7-Sepharose unbound
fractions (lanes 2 and 5), and bound fractions (lanes 3 and 6) were
immunoblotted with anti-RB monoclonal antibody PMG3-245. Ar-
rows indicate the positions of highly phosphorylated (a, pp110-RB)
and underphosphorylated (b, p105-RB) forms of RB protein.

broad and slowly migrating bands (pp110-RB) (Fig. 4, lanes
1 and 3 and Fig. 5, lane 1). In the presence of TPA, by
contrast, most of the RB protein was converted to the most
rapidly migrating form (p105-RB) or the underphosphory-
lated form (Fig. 4, lanes 2 and 4 and Fig. 5, lane 4). When
E7-Sepharose was incubated with the extract from prolifer-
ating HL60 cells, most of the RB protein, which was the
highly phosphorylated form, could not bind to the gel (Fig. 5,
lane 3) and remained in the liquid phase (Fig. 5, lane 2). On
the other hand, when the cells were treated with TPA, most
of the RB protein was converted to the underphosphorylated
form, which was preferentially and stably associated with
the E7-Sepharose and not released from the gel until boiled
under denaturing conditions (Fig. 5, lane 6). The residual
highly phosphorylated RB protein did not bind to the gel
(Fig. 5, lane 5) as was shown to be the case for the
TPA-untreated cells. The molecular masses (105 to 110 kDa)
of the bands recognized by PMG3-245 anti-RB antibody in
our experiments were identical to those demonstrated for
RB proteins by several other laboratories (7, 8, 11, 12, 32)
and compatible with the molecular mass deduced from its
nucleotide sequence. In our preliminary experiments with
PMG3-245 antibody, corresponding bands were not detected
in the retinoblastoma cell line Y79, which expresses no
normal RB protein (31) (data not shown). The nature of the
additional faster migrating bands shown in Fig. 4, lanes 1 and
2 and in Fig. 5, lanes 1 and 2 is unknown. The E7-Sepharose
also efficiently recognized the underphosphorylated RB pro-
tein from HL60 cells cultured in the presence of dimethyl
sulfoxide (data not shown). These results indicate that only
the underphosphorylated form of RB protein bore a higher
affinity to E7 protein.

RB-binding activity of mutated E7 protein. Not only the E7
of the other types of HPVs but also adenovirus E1As and
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FIG. 6. Sequence homology among SV40 large T antigen, adenovirus-5 E1A protein, and HPV-16 E7 protein. Amino acid sequences of
E1A conserved domains 1 and 2 are compared with homologous regions of large T antigen and E7 protein. Conserved amino acids are boxed.
Numbers beside the amino acid codes indicate amino acid positions in the proteins. The arrow indicates the position of E7 leucine 13, which

was replaced by serine in mutational analysis as described in the text.

SV40 large T contain highly homologous sequences corre-
sponding to HPV-16 E7 amino acids 4 to 37, which are
considered essential for both RB-binding and transforming
activities of HPV-16 E7 protein (Fig. 6) (3, 16, 26, 36, 49). A
point mutation substituting leucine 13 for serine was intro-
duced into HPV-16 E7, and the expressed protein was
purified and immobilized to Sepharose. The same quantities
of wild-type protein and leucine-substituted E7 protein were
coupled to the gel under the same conditions. Both proteins
had the same solubility, SDS-PAGE mobility, and reactivity
against anti-E7 antiserum. The resulting gel was incubated
with the extract from HL60 cells cultured in the absence of
TPA prior to the analysis of coprecipitated proteins by
immunoblotting with anti-RB monoclonal antibody PMG3-
245 (Fig. 7). About half of the highly phosphorylated form of
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FIG. 7. RB-binding activity of E7 protein in which leucine 13 is
substituted for serine. The cell extract from normally growing HL60
cells (lane 1) was incubated with wild-type (lanes 2 and 3) or mutated
(lanes 4 and 5) E7-Sepharose as described in the text. After the
incubation, both unbound (lanes 2 and 4) and bound (lanes 3 and 5)
proteins were analyzed by immunoblotting with anti-RB monoclonal
antibody PMG3-245. The arrow indicates the position of highly
phosphorylated RB protein.

RB protein was coprecipitated with the mutated E7-Sepha-
rose (Fig. 7, lane 5) but not with the wild-type E7-Sepharose
(Fig. 7, lane 3). The underphosphorylated RB protein from
TPA-treated cells also bound to the leucine-substituted
E7-Sepharose in a manner similar to that in which it bound to
the wild-type E7-Sepharose (data not shown). A mutation
substituting cysteine 24 in conserved domain 2 was reported
to reduce the binding affinity to RB protein (3, 26, 36). We
prepared cysteine 24-substituted E7 for glycine and coupled
it to Sepharose. The underphosphorylated RB protein bound
less efficiently to the cysteine-mutated E7-Sepharose (un-
published data).

DISCUSSION

We have described here the purification and the RB-
binding activity of the unfused HPV-16 E7 protein expressed
in E. coli. This is the first report describing the purification of
E7 protein in unfused soluble forms. In SDS-PAGE analysis,
both cell line-derived and bacterially expressed unfused E7
proteins migrated to the same position, corresponding to
19,000 Da (Fig. 3), which is discrepant with the molecular
mass of 11,000 Da deduced from its amino acid sequence.
The reasons for this aberrant mobility are not clear.

E7 protein was reported to be a small nuclear phosphopro-
tein containing one possible zinc finger structure (19, 45, 49)
and to be capable of transactivating the adenovirus E2
promoter (38). The cellular content of the E7 protein was
only 0.0001% (Fig. 3), which was very low, like the cellular
content reported for most of the transcription factors. How-
ever, we could not demonstrate any DN A-binding activity
for the purified E7 protein by DNA-cellulose chromatogra-
phy or by a gel retardation assay using the HPV-16 long
control region and adenovirus E2 promoter DNA fragments
as a probe. In contrast to E6 protein (24), E7 protein is an
acidic protein and apparently does not have DNA-binding
ability. The E7 protein is likely to exert its biological
functions through protein-protein interactions, including
those with RB protein, a nuclear phosphoprotein that is a
possible cell cycle regulator (10). In fact, HPV E7 proteins
which were fused or translated in vitro were reported to be
capable of binding to RB protein in a manner similar to that
of adenovirus E1A or SV40 large T (3, 15, 19, 36). However,
it was not known whether the phosphorylation state of the
RB protein affected its affinity to E7 protein. It is of great
interest to solve this question because large T was reported
to bind preferentially to underphosphorylated RB protein
(32, 33), whereas E1A was suggested to bind both highly
phosphorylated and underphosphorylated RB protein (51).

We have demonstrated here that the purified HPV-16 E7
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protein could bind preferentially to the underphosphorylated
RB protein but not to the highly phosphorylated form (Fig.
5). It was shown that all of the RB protein was underphos-
phorylated in G, or G, phase (7, 8, 12). At the G,/S
boundary, the RB protein was converted to the highly
phosphorylated form, possibly by cdc2 kinase (10). In M and
at the M/G, boundary, the RB protein completely lost its
phosphate groups. HL60 cells induced to differentiate
showed a striking conversion of RB protein from the highly
phosphorylated to the underphosphorylated form (Fig. 4) (1,
8, 34). These observations suggest that E7 protein functions
to inactivate or modulate the underphosphorylated RB pro-
tein that shuts down the entrance of cells in the cycle at the
G,/S boundary.

We introduced a novel assay using E7-Sepharose gel as a
ligand for the binding of RB protein. Our single-step precip-
itation method has some advantages over the commonly
used procedures with in vitro-translated E7 and/or RB
proteins (3, 15, 19, 26, 36); it is nonradioisotopic, easy and
rapid, and free of the problems associated with the use of
antibodies that may carry low affinity or cross-reactivity. As
is well known, the RB protein translated in vitro is smaller
than the RB protein expressed in cells, and therefore some of
its natural properties may be lost or altered.

HPV-16 E7 amino acids 4 to 15 and 17 to 37 share
significant homology with adenovirus type 5 E1A amino
acids 39 to 49 and 117 to 137, which are designated E1A
conserved domains 1 and 2, and SV40 large T amino acids 8
to 18 and 103 to 115, respectively (Fig. 6). These sequences
are well conserved among not only the oncoproteins of these
DNA tumor viruses but also E7 proteins of both malignant
and benign types of HPV, suggesting that these structures
carry very important functions common in the viruses.
Indeed, RB protein-binding activity was located in these
regions of E7, E1A, or large T (3, 11, 36, 51).

Both E1A conserved domains 1 and 2 were shown to be
required for the RB binding of E1A protein (51), whereas no
significant decrease in RB-binding affinity was observed with
E7 protein that contained a mutation in the region homolo-
gous to domain 1 (36). Within the corresponding region of
HPV-16 E7 protein, however, transforming activity for
human fibroblasts was mapped at an amino acid, leucine 13
(49), which is conserved even among all of the other se-
quenced HPVs, including types 1a, 5c, 6b, 8, 11, 18, 31, and
33. We have shown here that this leucine of E7 protein plays
an important role in distinguishing the underphosphorylated
RB from the highly phosphorylated RB protein under the
conditions we used. The leucine corresponding to leucine 13
of HPV-16 E7 is conserved in large T but not in E1A
proteins. It is quite interesting that E1A protein but not large
T was reported to bind to both the highly phosphorylated
and the underphosphorylated RB protein (51). The relation-
ship between the transforming activities of E7 protein and
the ability to bind to highly phosphorylated and/or under-
phosphorylated RB protein remains to be clarified.

It was reported that cysteine 24 in domain 2 plays an
important role in the binding of E7 to RB protein (3, 26, 36).
With the cysteine 24-substituted E7-Sepharose, we con-
firmed the observation showing decreased affinity of RB
protein to this type of mutated E7 protein. In any event,
E7-coupled Sepharose will be a valuable tool to identify
other cellular proteins that interact with E7 protein and also
to understand the molecular interaction between E7 and RB
proteins.
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