
pubs.acs.org/BiochemistryPublished on Web 11/09/2009r 2009 American Chemical Society

Biochemistry 2009, 48, 11939–11949 11939

DOI: 10.1021/bi901415k

The Human Papillomavirus E7-E2 Interaction Mechanism in Vitro Reveals a Finely
Tuned System for Modulating Available E7 and E2 Proteins†
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ABSTRACT: Transcription of the human papillomavirus E7 oncoprotein is negatively controlled by the viral E2
protein, and loss of this repression leads to irreversible transformation and carcinogenesis. Here we show that
interaction of the HPV16 E7 protein with the DNA binding domain of the E2 protein (E2C) leads to ionic
strength-dependent hetero-oligomerization even at the lowest concentrations measurable. Titration experi-
ments followed by light scattering and native gel electrophoresis show insoluble oligomeric complexes with a
g2000 nm diameter and intermediate soluble complexes 40 and 115 nm in diameter, respectively, formed in
excess of E2C. A discrete oligomeric soluble complex formed in excess of E7 displays a diameter of 12 nm. The
N-terminal domain of E7 interacts with E2C with a KD of 0.1 μM, where the stretch of residues 25-40 of E7,
encompassing both a PESTmotif and phosphorylation sites, is sufficient for the interaction. Displacement of
the soluble E7-E2C complex by an E2 site DNA duplex and site-directed mutagenesis indicate that the
protein-protein interface involves the DNA binding helix of E2. The formation of complexes of different
sizes and properties in excess of either of the viral proteins reveals a finely tuned mechanism that could
regulate the intracellular levels of both proteins as infection and transformation progress. Sequestering E2
into E7-E2 oligomers provides a possible additional route to uncontrolled E7 expression, in addition and
prior to the disruption of the E2 gene during viral integration into the host genome.

Most of the adult worldwide population is exposed to different
types of human papillomavirus (HPV) that causemucosal or skin
lesions, which can either resolve spontaneously or progress into
benign or malignant tumors (1). HPVs infect epithelial cells, and
the viral life cycle is intimately linked to the proliferation and
differentiation of these cells. The viral proteins that interfere with
the normal cellular controls that regulate these events can act as
oncoproteins. Cervical cancer is the most statistically significant
threat associated with HPV types, where 80% of these cancers
occur in developing countries (2). Effective vaccines have been
developed for preventing infection by certain types of HPVs,
whereas therapeutic vaccines for treating HPV-induced cancer
have not yet reached the market. However, it is estimated that 5
million cancer deaths will occur over the next 20 years due to
existing HPV infections (3).

Eight proteins are encoded in the small 8 kb circular DNA
genome of HPVs; two of them, E6 and E7, cooperate during cell

transformation by the virus (4). The primary event behind trans-
formation by E6 is binding and degradation of p53 (5). On the
other hand, E7 binds the retinoblastoma (pRb) tumor suppres-
sor (4), promoting its degradation via the ubiquitin proteasome
system (6). E7 counterparts in other DNA tumor viruses such as
E1A from adenovirus and large T-antigen in SV40 also bind to
pRb, thus validating a common viral strategy (7). E7 is the major
transforming protein in HPV, since its interaction with hypo-
phosphorylated pRb causes disruption of growth-suppressive
pRb-E2F complexes. These complexes play important roles in
the regulation of the G1/S phase transition by promoting
DNA replicative conditions required for replication of the viral
genome (5, 6). A wide variety of binding partners of E7 have been
and continue to be identified by different methods, suggesting
multiple ways by which E7 may induce transformation and
subsequent progression into cancer. E7 has a relatively short
half-life in HPV-transformed CaSki cells, and its degradation,
both in vitro and in vivo, is mediated by the ubiquitin-proteasome
pathway (8). E7 also has an N-terminal region harboring a CKII
consensus site responsible for the phosphorylation of two serine
residues (S31 and S32). This region, rich in acidic amino acids,
includes a PEST sequence (9), and mutagenesis studies suggested
that it is involved in the regulation of E7 stability (10). The fact that
PEST sequences have been shown to regulate the stability of short-
lived proteins (11) suggests that the same may be true for E7.
Phosphorylationof aPEST sequence inBPVE2was shown to alter
the local thermodynamic stability and half-life within cells (12).
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Despite the small size of E7 (98 residues), a large number of
different protein targets have been described, making its parti-
cular conformational properties puzzling. HPV16 E7 is an
extended dimer in solution with pH-dependent conformational
transitions leading to differential levels of exposure of hydro-
phobic surfaces, which we proposed could be related to its ability
to bind different proteins (13). HPV16 E7 can self-assemble into
soluble and highly stable spherical oligomers (E7SOs) 50 nm in
diameter and 790 kDa in mass (14) which display chaperone
holdase activity for model chaperone substrate proteins at
substoichiometric concentrations (15). These oligomers exhibit
amyloid-like properties, as judged by their ability to bind Congo
Red and thioflavin-T (14). This is consistent with the formation
of a molecular scaffold that allows multiple binding partners to
bind simultaneously to an E7 assembly in vivo (16).

Structures of two E7 proteins (fromHPV45 and HPV1a) have
been determined by NMR and X-ray crystallography, respec-
tively, and revealed a highly dynamic N-terminal domain in
solution and a C-terminal globular and well-structured zinc-
binding domain with a β1β2R1β3R2 topology (17, 18). The
N-terminal domain of HPV16 E7 is intrinsically disordered,
and although it is neither compact nor cooperatively folded, it
is a bona fide functional domain that has probably evolved to
maintain a dynamic but extended structure in the cell (19). These
properties would provide adaptability for binding to a variety of
protein targets through this domain.

E2 is the master regulator of the virus life cycle, where its main
roles involve the control of gene transcription and viral genome
replication (20, 21). E2 acts as a loading factor for the viral E1
helicase at the HPV origin of replication. E2 can also repress
transcription of integrated genomes, although it does not appear
to repress transcription from HPV episomes (22). The gene
silencing effect of E2 was shown to depend on interaction with
the Brd4 domain (23). An additional important function relates
to migration of the viral episome where E2 acts to tether HPV
DNA to mitotic chromosomes to ensure equal segregation,
mediated by the interaction of E2Cwith Brd4 (24).Many cellular
and viral proteins have been shown to interact with E2 (21, 25).
The E2 proteins are ca. 400 amino acid polypeptides consisting of
an N-terminal transactivation domain (ca. 200 amino acids) and
a C-terminal DNA binding and dimerization domain (E2C, ca.
85 amino acids), separated by a nonconserved “hinge” domain.
E2C domains from all strains analyzed so far share a particular
folding topology, the dimeric β-barrel (26).

Carcinogenesis by HPV appears to require integration of viral
DNA into the host cell genome, and there is a correlation
between the progress of the cancerous lesion and integration (27).
The E2 open reading frame is almost always disrupted upon
integration (28), and the consequent loss of E2 repression of E6
andE7 transcription results in enhanced proliferation and genetic
instability (29). However, E2 can suppress transcription from
integrated genomes and not from HPV episomes. A direct
interaction between E2 and E7 was reported in vivo, where E2
was capable of inhibiting E7-ras cooperation in cell transforma-
tion and showed a marked effect on E7 stability and localiza-
tion (30, 31). In this work, we set out to dissect the biochemical
interaction mechanism between the HPV16 E7 oncoprotein and
E2. We found that the DNA binding domain of E2 (E2C)
interacts in solution with E7 and determined that the folded
structure of this E2 domain is required for tight interaction. We
characterized the complexes formed at different concentration
regimes that could be representative of different stages of the

infection and cell differentiation processes. Finally, accurate
quantitative methods allowed us to map the interaction site of
each protein, and we postulate a plausible model to explain the
fine regulation of E2 and E7 protein levels and their roles in the
control of cell proliferation.

EXPERIMENTAL PROCEDURES

Reagents.Recombinant E7HPV16protein (100 amino acids)
was expressed and purified as previously described (13). High-
molecular weight E7 oligomers, E7SOs, were obtained as de-
scribed previously (14). E2C HPV16 (81 amino acids) and
mutants were produced, as described previously (32).

E7 peptides corresponding to the N-terminus of E7 HPV16
and the R1-E2C peptide were obtained from the Keck facility
(Yale University, New Haven, CT), purified by reverse phase
HPLC, and submitted to mass spectrometry. The peptides were
dissolved in water (pH 8.0), and quantification was conducted by
absorbance at 276 and 220 nm in HCl. The R1-E2C peptide
contains residues 289-307 of HPV16 E2 (LKGDANTLK-
CLRYRFKKHA). The last residue in the sequence was mutated
from Cys to Ala to avoid redox side reactions.

Double-stranded 18 bp oliglonucleotides containing the E2
recognition sequence (position 35 in the HPV16 genome) were
prepared as follows. Single-stranded oligonucleotides were
purchased, HPLC-purified, from Integrated DNA Technologies.
We annealing the oligonucleotides by mixing equal amounts in
10mMBis-Tris-HCl buffer (pH7.0) and 50mMNaCl, incubating
the samples for 5 min at 95 �C, and further slowly cooling them to
25 �C for 16 h.

E7HPV16 and synthetic peptides were labeledwith fluorescein
isothiocyanate (FITC, Sigma catalog no. F-3651). The coupl-
ing reaction was conducted via addition of 1.5 mg/mL FITC to
1 mg/mL full-length E7 or E7 peptides in 50 mM carbonate
buffer (pH 10.0 or 8.0, respectively) and 1 mM DTT for 3 h
at room temperature. The reactions were stopped with 50 mM
Tris-HCl (pH 8.0), and nonlabeled FITC was subsequently
removed by size exclusion chromatography in a PD10 column
(General Electric) in 50 mM Tris-HCl (pH 8.0) and 1 mMDTT.
Full-length E7, E7N [E7(1-40)], E7(16-40), and E7 BPV
peptide, all samples labeled with FITC,were purified by filtration
in Superdex 75 (General Electric). Labeled E7(25-40),
E7(16-31), and E7(1-20) were purified by reverse phase HPLC.
All labeled samples were tested via mass spectrometry. Protein
concentrations were determined by the Bradford colorimetric
assay, and concentrations of FITC-labeled E7 peptides were
determined from absorbance measurements at 492 nm.
Cell Lines, Electrophoretic Methods, and Immunodetec-

tion. (i) EMSA. Samples were incubated at an E7:E2C con-
centration ratio equal to 1 in 100 mM NaCl, 20 mM Tris-HCl
(pH 8.0), and 2 mMDTT. When the E2C-E7N interaction was
assayed, samples were incubated with 20 μM E7N and an
increased concentration of E2C under the same conditions used
for titration curves. Mixtures were loaded in a 6% polyacryla-
mide native gel containing 2% glycerol, 25 mM Tris-HCl (pH
8.3), 190 mM glycine, and 2 mM DTT. The native gels were
stained with Coomasie blue.

(ii) Cell Culture. CaSki cells derived from HPV16-positive
human cervical cancer (33) and non-HPVhuman osteosarcoma cell
line U2-OS were purchased from the American Type Culture
Collection (ATCC). CaSki cells were maintained in RPMI medi-
um1640 (GIBCO, Invitrogen) with 10% FBS; U2-OS cells were
grown in McCoy’s medium (GIBCO, Invitrogen) with 10% FBS.
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(a)Western Blotting. Cells (∼5� 106) were lysed for 30 min in
ice-cold CHAPS buffer (1% CHAPS in PBS, 2 mM MgCl2,
50 μMMG132, 2mMDTT, 2mMPMSF, and protease inhibitor
cocktail from Sigma).Whole cell extracts were centrifuged at low
speed, and the nuclear pellet was resuspended in the same lysis
buffer and sonicated for 5 s. After centrifugation at maximal
speed, the second fraction was pooled with the first one and the
total protein content was determined by Bradford quantification
assay. Five or ten micrograms of whole cell lysates and 10 ng of
recombinant and purified HPV16 E7 or HPV16 E2C were
separated on a 15% SDS-polyacrylamide gel and transferred
to a Hybond polyvinylidene difluoride (PVDF) membrane
(Amersham Bioscience). Membranes were blocked in 3% BSA
in Tris buffer saline (TBS) overnight at 4 �C and subsequently
incubated for 1.5 h at RT with the anti-E7 monoclonal M1
antibody (1:500 dilution in 0.25% BSA/TBS and 0.1% Tween
20). An HRP-conjugated anti-mouse IgG secondary antibody
was used, and the membranes were analyzed with an enhanced
chemiluminescence detection plus system (ECLplus,Amersham).

(b) Far Western Blot. Purified recombinat proteins HPV16 E7
and HPV16 E2C and CaSki and U2-OS lysate samples were
separated by SDS-PAGE and transferred to a PVDF mem-
brane. The membrane was blocked with 2% BSA in TBS ON
at 4 �C, washed, and subsequently probed on-membrane with
5 μg/mL purified E2C [diluted in 25 mM Tris-HCl (pH 7.5),
0.25% BSA, and 0.05% Tween 20] for 2 h at RT. After the
samples had been extensively washed, bound E2C was detected
by incubating the membrane with a mouse anti-E2 monoclonal
antibody (34). The proteins corresponding to bands were visua-
lized after incubation with an HRP-conjugated anti-mouse IgG
secondary antibody and with the enhanced chemiluminescence
detection plus system (ECLplus, Amersham).
Light Scattering Measurements. Absorbance scattering

measurements were taken using a Beckman Coulter DTX 880
multimode detector and a Bio-Rad 550 microplate reader (340
and 415 nm, respectively). All the conditions were measured in
96-well plates (Corning nonbinding surface). Complex protein
aggregation kinetics were recorded in a Jasco UV spectrophoto-
meter by following scattering signals at 360 nm immediately after
both proteins had been mixed. Measurements were perfor-
med in 20 mM Tris-HCl (pH 8.0) and 1 mM DTT.

Measurements were conducted in different tubes containing
the same E2C concentration (2 μM) and varying E7 concentra-
tions in the presence of 20 mM Tris-HCl (pH 8.0) and 1 mM
DTT. Protein mixtures were incubated for 5 min until they
reached the steady state after scattering signals had been recorded
at 360 nm in a Jasco UV spectrophotometer. The 280 nm
absorbance of soluble fractions was measured after centrifuga-
tion of the samples. This was done in the same apparatus. Then
the pellet fraction and soluble fraction-precipitated TCA were
analyzed via SDS-PAGE.

DLS measurements were taken on a Zetasizer Nano S DLS
device from Malvern Instruments (Malvern). Measurements
were taken in 20mMTris-HCl (pH 8.0) and 1mMDTTat 20 �C.
E7 and E2C were filtered with Ultrafree-MC microcentrifuge
filters (0.22 μm, Millipore) before measurements were taken.
Protein mixtures were measured before and after centrifugation.

In constrained analysis, analysis of the data was conducted by
constraining the particle size range to specific limits. In E7 excess
experiments, the analysis was performed between 20 nm and
1 μm.Under stoichiometric conditions or in an excess of E2C, the
analysis was constrained to a 0.1-20 nm range.

Fluorescence and Circular Dichroism Spectroscopy.
Fluorescence anisotropy titration measurements and fluores-
cence intensity measurements were conducted using an Aminco-
Bowman Series 2 spectrofluorimeter. The fluorescein-labeled
protein or peptide was diluted to the desired concentration.
The assay buffer consisted of 20 mM Tris-HCl (pH 8), 50 mM
NaCl, and 5 mM DTT. The E2C protein was diluted appro-
priately in stepwise dilutions. The total volume reached less than
10% in each assay, and thus, the concentration of E7 protein or
E7 peptides can be assumed to have remained constant. Parallel
and perpendicular emission components were measured in
L-format by excitation at 495 nm and emission at 520 nm.
Anisotropy and fluorescence intensity were measured five times
at each titration point with an integration time of 3 s for each
intensity measurement, and the resulting anisotropy values were
averaged. The standard deviation for fluorescence anisotropy
measurements was in the range of (0.0003. A similar protocol
was used to titrate FITC-E7N with the R1-E2C peptide.

The dissociation constant (KD) of the complex was calculated
by fitting the plot of observed fluorescence anisotropy (r) change
of E7 or E7 peptides versus added E2C to the following equation
assuming a 1:1 stoichiometry (35):

r ¼ rfree þΔrint
2

fðxþ ½E7� þKDÞ-½ðxþ ½E7� þKDÞ2

-4½E7�x�0:5g ð1Þ
where x is the variable total concentration of E2C, Δrint is the
difference in intrinsic fluorescence anisotropy between the free
and complexed fragments, and rfree is the fluorescence anisotropy
of the free fragment. In the cases in which the fluorescence
intensity changed more than 15% during titration curves, the
fraction bound was calculated in each point according to the
method of Lakowicz (36). The initial and final fluorescence
intensity and anisotropy values needed to fit parameters were
measured under saturated conditions (data not shown).

Far-UV CD measurements were conducted on a Jasco J-810
spectropolarimeter using a Peltier temperature-controlled sample
holder and a 0.1 cm path length cell. All samples were incubated
for 5 min until reaching the steady state in 20 mM Tris-HCl (pH
8.0) and 1 mM DTT at 20 �C.

RESULTS

Interaction betweenHPV16E7 and the E2CDomain.On
the basis of our own preliminary experiments in which an E7-E2C
mixture showed a tendency to aggregate at low concentrations, we
looked for physical evidence of a direct interaction between recom-
binant E7 and E2C from HPV16 starting with an electrophoretic
mobility shift assay [EMSA (Figure 1A)]. E2C does not enter the
native gel because of its high basic pI (9.8), whereas the E2C-E7
complex runs retarded compared to E7. The shape of the E2C-E7
band suggests that the electrophoretic conditions are dissociative.

To investigate the binding of E2C to recombinant or endo-
genous E7 from HPV-transformed cells, we performed far
Western experiments. We analyzed whole cell lysates from the
HPV16-transformed CaSki cells and non-HPV-transformed
U2-OS cells. Total extracted proteins were separated by
SDS-PAGE, and E7 was detected by Western blotting using
the anti-HPV16 E7 M1 monoclonal antibody (Figure 1B).
Recombinant and purified HPV16 E7 was used as a positive
control, and this protein has a slower electrophoretic mobility
than the E7 protein in cell extracts presumably due to the absence
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of post-translational modifications. As shown in the far Western
assay using recombinant proteins (Figure 1C), the E2C probe
specifically labeled the recombinant E7 band. The anti-E2C
antibody used in these experiments did not cross react with
purified E7 at concentrations 4-fold higher than those used in
this experiment, validating its specificity in the far Western assay
results (not shown).Despite its highermolecularmass (11 kDa) as
compared to the E2Cmonomer (9.4kDa), themigration of theE7
protein was retarded due to its anomalous electrophoretic mobi-
lity (13) The reciprocal far Western experiment (data not shown)
showed that an E7 probe did not bind immobilized denatured
E2C, suggesting that the direct protein-protein interaction
requires a fully folded E2C. To determine whether the E2C probe
can also bind to E7 from lysates of HPV-transformed cells, we
repeated the far Western experiment. E2C bound to endogenous
E7 from theCaSki cell line, while no bindingwas detectedwith the
non-HPV-transformed cell line,U2-OS, confirming the specificity
of E2C-E7 interaction (Figure 1D).

We next moved to solution binding experiments using highly
purified recombinant E7 andE2C. Since preliminary experiments

indicated a substantial tendency toward visible aggregation when
both proteins weremixed, we analyzed the effect of ionic strength
by increasing the buffer salt concentration and quantified
aggregation by light scattering. Figure 2A shows that at 4 μM
for each protein, the aggregation process is minimized at neutral
pH (7.0-8.0) and 250 mM sodium chloride. At pH 5.6, higher
salt concentrations are required to revert the aggregation,
indicating a stronger tendency to precipitate at lower pHs.

As E7 protein can exist in different oligomeric species (14), and
E7SOs were tested for aggregation. Given the highly acidic pI of
E7 (4.2), the highly basic pI of E2C (9.8), and the influence of
ionic strength on the interaction, we also tested the N-terminal
acidic domain of E7, E7(1-40) (E7N), in the assay (19) as a likely
binding determinant. While the complex with E7SOs displayed a
salt-dependent aggregation similar to that of E7, those with E7-N
exhibited a much weaker tendency to aggregate (Figure 2B). A
similar conclusion can be drawn by following the aggregation
process as a function of time using a lower concentration of each
protein (0.5 μM), and without the addition of NaCl (Figure 2B,
inset). This is indicative of soluble binding and constitutes the
basis of the modular dissection described below.

It should be stressed that under the assay conditions used
throughout this work, E2C is always a dimer (Kdim in the
approximately picomolar range) (37), whereas E7 can present
in amonomer-dimer equilibrium (Kdim∼ 1 μM) (38); we express
its concentration as monomer.
Different E7-E2C Complexes Are Populated in Differ-

ent Concentration Regimes. The nature and stoichiometry of
the interaction and the aggregates formed were analyzed in a
titration experiment at pH 8.0 in the absence of salt and
monitored by light scattering, UV absorbance at 280 nm, and

FIGURE 1: E2C-E7 interaction innative gel electrophoresis and a far
Western assay. (A) E2C-E7 interaction analyzed by EMSA. In lane
E2C, this protein does not appear in the native gel because of its high
isoelectric point. In lane E7 and lane E2C-E7, the proteins are
retarded compared to E7 alone. Arrows mark the positions of the
E7-E2C complex and E7, respectively. (B) Detection of E7 in HPV-
transformed cells by a Western blot. Different amounts of CasKi
whole cell extracts (5 and 10 μg in lanes 2 and 3, respectively) and
recombinantHPV16E7protein (10ng in lane4)wereprobedwith the
M1 monoclonal antibody. U2-OS whole cell extracts were used as a
negative control (lane 1). (C andD)E2C-E7 interaction tested by far
Western blotting. (C) Interaction between recombinant HPV16 E7
and E2C. Lanes 1 and 2 contained 5 and 10 ng of HPV16 E7,
respectively. Lane 3 contained 5 ng ofHPV16 E2C, used as a positive
control. (D) Interaction between endogenous HPV16 E7 and recom-
binant HPV16 E2C. Lane 1 contained the U2-OS whole cell extract
(negative control). Lanes 2 and 3 contained 5 and 10 μg of CaSki
whole cell extracts, respectively. Lane 4 contained 5 ng of recombi-
nant HPV16 E2C (positive control).

FIGURE 2: Characterization ofE2C-E7aggregation by light scatter-
ing. (A) E2C-E7aggregation at pH5.6 (O), 7.0 (gray circles), and 8.0
(b). In all cases, 4 μM E7 and 4 μM E2C were used in 25 mM Tris-
HCl and 1 mM DTT. (B) E2C-E7 aggregation at different salt
concentrations anddifferent E7 states and domains:E7N (0), E7 (9),
and E7SOs (gray squares). In all cases, 3 μME7 and 3 μME2C were
used in the presence of 20 mM Tris-HCl (pH 8.0) and 1 mM DTT.
The inset shows aggregation kinetics measured after both proteins
had been mixed: E7N ( 3 3 3 ), E7 (;), and E7SOs (gray line). In all
cases, 0.5 μM E7 conformers were incubated with 1 μM E2C in
20 mM Tris-HCl (pH 8.0) and 1 mMDTT without salt.
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SDS-PAGE. Increasing amounts of E7 were added to a fixed
concentration of E2 in separate tubes, and measurements were
taken once the steady state was reached (kinetic traces not
shown). The light scattering signal reached a maximum at a an
E7:E2C concentration ratio of 1 (Figure 3A). After this point, the
signal decreases sharply at excess concentrations of E7, to reach a
basal value (no aggregation) at a ratio of 2, equivalent to two E7
monomers per E2C dimer. After scattering measurements, each
tube was centrifuged and the absorbance at 280 nm was
determined in the supernatant. This signal corresponds mainly
to E2C given the lowmolar extinction coefficient of E7 relative to
that of E2C (6335 and 41940M-1 cm-1, respectively). A specular
pattern was observed, i.e., minimal remainder concentration at
maximum scattering. The basal slope with an excess of E7
corresponds to a linear increase with concentration due to the
contribution from E7 tyrosines to absorbance.

The pellet and supernatant fractions from the assay described
above were analyzed by SDS-PAGE. As the E7 concentration is
increased up to a 1:1 molar ratio, the magnitudes of the bands
corresponding to insoluble E2C and E7 increase (pellet fraction),
whereas the magnitudes of the bands corresponding to soluble
E2C (supernatant fraction) decrease. This behavior mirrors that
seen in the light scattering assay, where the maximal visible
aggregation was reached at a 1:1 stoichiometry. At a molar ratio
of >1:1, further increases in E7 concentration lead to a decrease
in E2C and E7 concentrations in the pellet fraction, in parallel
with an increase in E2C and E7 concentrations in the supernatant
fraction. These assays confirm a dual behavior of these com-
plexes, i.e., maximum aggregation at an E7:E2C concentration
equal to 1, and maximum solubility of the complex in the

presence of an excess of E7 (Figure 3B). The solubility of E7 in
the absence of E2C was assessed in the concentration range used
in this experiment (0-12 μM), showing neither a detectable
scattering signal nor an appreciable pellet after centrifugation
(data not shown).

To further investigate the size and confirm the formation of the
complexes, we made use of dynamic light scattering for measur-
ing particle size. E2C yields a hydrodynamic diameter of 4.5 nm,
in excellent agreement with the structure of the dimer (39),
whereas E7 yields a hydrodynamic diameter of 6.8 nm, which
shows twice its expected size (Figure 3C). This is in excellent
agreement with previous results fromour lab describing a dimeric
extended conformation in solution (13). We next performed
experiments in three different conditions from the titration curve
shown inFigure 3A: (I) excess of E2C, (II) E7:E2C concentration
ratio equal to 2, and (III) excess of E7. In an excess of E2, a visible
white aggregate was observed with a diameter size of ∼1-2 μm
(not shown).We refer to this species as insoluble aggregates (IA).
After brief centrifugation, two particle populations are found,
one with a hydrodynamic diameter of∼190 nm and a broad and
smaller population with a distribution near 1 μm (Figure 3C, I).
These larger particles have a size to similar those found before
centrifugation and should correspond to insoluble particles that
remained in suspension. This heterogeneity is expected from the
insoluble nature of the sample. When a ratio of 2 was assayed,
two populations with particle sizes of ∼40 and ∼100 nm were
observed (Figure 3C, II). We name all heterogeneous soluble
species as E2C-E7 oligomers (E2E7Os). In an excess of E7, a
well-defined narrow distribution with a hydrodynamic diameter
of ∼12 nm is observed, and we name this species the E7-E2C

FIGURE 3: Behavior of E2C-E7 complexes at different relative concentrations of both proteins. (A)Measurements were taken in different tubes
containing the same E2C concentration (2 μM) and varying E7 concentrations (see Experimental Procedures). We recorded the steady state
scattering signal at 360 nm (b) and 280 nmabsorbance (O) of the soluble fraction after centrifugation. (B) SDS-PAGEof the pellet fraction (top)
and SDS-PAGE of the soluble fraction precipitated with TCA (bottom). (C) Size distribution measured by dynamic light scattering. The top
panel shows the size distribution of 10 μM E2C, and the bottom panel corresponds to 10 μM E7. The other three panels correspond to three
different conditions of the titration curves of panel A. (I) E2C in excess: 10μME2Cand 4 μME7. (II) E7:E2C ratio of approximately 2: 10μME7
and 4 μM E2C. (III) E7 in excess: 10 μM E7 and 3 μM E2C. The inset shows the particle distribution obtained by constraining the interval of
analysis between 0.1 and 20 nm. All assays were performed with 20 mM Tris-HCl (pH 8.0) and 2 mMDTT.
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complex (E7E2Cx) (Figure 3C, III). In the last two assays, the
samples present some large size particles that disappear after
centrifugation, but these samples did not exhibit a visible white
aggregate as in the case of an excess of E2C.

To find small amounts of particles that can be in equilibrium
with the population presented before and that cannot be obser-
ved if the entire particle size range is considered, we performed
data analysis by constraining the range to a specific zone (see
Experimental Procedures). This analysis shows that a small
population of particles with a hydrodynamic diameter of
∼12 nm can be found for case (II), when the E7:E2C concentra-
tion ratio is approximately 2 (Figure 3C, II, inset). Following the
same constrained analysis, a population with a hydrodynamic
diameter of ∼70 nm was found when there was an abundant
amount of E7, case (III) (Figure 3C, III, inset).

Thus, there are three possible behaviors when these proteins
interact. When the concentration of E2C is in excess, hetero-
geneous oligomers with a high hydrodynamic diameter appear,
and they tend to leave the solution as IA.When the concentration
of E7 increases, these oligomers, E2E7Os, are smaller and more
soluble than in an excess of E2C. If the E7 concentration increa-
ses until exceeding twice the E2C concentration (that means one
E2C dimer to two E7 monomers), we found E7E2Cx, soluble
complexes with a defined size.

Finally, we performed far-UV CD spectroscopy to determine
whether conformational changes in secondary structure take
place in E7-E2C oligomers. We analyzed the maximum point
of aggregation at an E7:E2C concentration ratio equal to 1 (IA)
and in the minimum of scattering at an E7:E2C concentration
ratio equal to 2 (E2E7Os). In both cases, the spectra of the mix-
ture differ substantially from that of the sum of the individual
proteins at the same concentration, indicating a conformational
change due to interaction between both proteins (Figure 4). The
CD spectra of each complex not only differ from the spectra of
the individual components but also differ from each other,
suggesting conformational differences among the different com-
plexes. Differences in CD spectra intensity could be related to a
sample lost due to aggregation, but the wavelength position of
CD bands unequivocally confirms a conformational change. No
further conclusions about this change can be drawn since one or
both proteins may produce CD changes upon binding.
Mapping the Interaction Interface of the E2C-E7 Oli-

gomer. A titration experiment was conducted with a fixed
concentration of fluorescein-labeled E7 (FITC-E7) and increas-
ing amounts of E2C. Changes in fluorescence anisotropy and
light scattering were monitored in parallel. To reduce the level of
aggregation, the experiment was conducted in a 100 mM NaCl
buffer. However, both probes do not change in parallel; the
scattering remains practically invariable until the E7:E2C con-
centration ratio is approximately 1.0 and then increases to reach a
plateau at a 4-fold ratio. This suggests that a binding effect with a
small anisotropy change is followed by a larger change due to
oligomerization or aggregation, reported by both techniques.
The dissociation constant for E7E2Cx cannot be accurately
determined since the complex cannot be separated from
E2E7Os or IA species under these conditions (Figure 5).

The ionic strength dependence of the process and the basic
nature of E2C suggest that the acid N-terminal E7 domain could
be involved in the interaction. To test this, we conducted an
EMSA assay with HPV16 E7N and E2C. A band corresponding
to the E2C-E7N complex becomes evident as the E2C concen-
tration is increased (Figure 6A). An equimolar amount of E7C

did not compete for the E7N-E2C interaction under identical
native PAGE conditions (not shown), supporting the specificity
of the E7N complex and implying that if E7C could interact with
E2C, that interaction would be at least 1 order of magnitude
weaker than the E7N-E2C interaction. As a control for the
specificity of the interaction, a similar gel shift assay was
performed using BVP1-E7N instead of HPV16 E7N. At 20 μM
BPV1 E7N and 30 μM E2C, we observed no mobility shift in
BPV1-E7N as compared to the bovine domain alone (data not
shown).

As previously shown (Figure 2B), the E7N-E2C complex has
a weaker tendency to aggregate, allowing the characterization of
the process in solution. We conducted a binding experiment
following the anisotropy change in FITC-E7N upon addition of

FIGURE 4: Far-UV CD spectra of different E7-E2C oligomers. (A)
Spectrum of 2 μME7 and 2 μME2C. (B) Spectrum of 4 μME7 and
2 μME2C. Both assays were conducted in 20 mMTris-HCl (pH 8.0)
and 2 mMDTT.Mixtures of both proteins (;) and sum of E2C and
E7 spectra (---). Insets shows E2C spectra ( 3 3 3 ) and E7 spectra
(- 3-).

FIGURE 5: Fluorescence anisotropy and light scattering titrations of
FITC-E7 with E2C. Titration of 200 nM FITC-E7 with increasing
amount E2C in 20 mMTris-HCl (pH 8.0), 100 nMNaCl, and 2 mM
DTT. Anisotropy (b) and light scattering at 500 nm (O).
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E2C (Figure 6B). The stoichiometry corresponds to one dimer of
E2C per two molecules of E7N (Figure 6B, inset), and a KD of
109( 28 nMwas determined. To further map the interaction, we
use a set of peptides described inFigure 6C. TheKD values for the
different peptides assayed are listed in Table 1. An E7 peptide
corresponding to amino acids 25-40 contains most of the
binding energy for interacting with E2C (Figure 6C).

To determine whether E7 binding and DNA binding are
competitive events, we preincubated 100 nM fluorescein-labeled
E7N or full-length E7 with a 4-fold concentration of E2C. We
subsequently added increasing amounts of a DNA duplex
corresponding to the E2 specific site andmeasured the anisotropy

change. In the absence of DNA, the interaction between either
E7N or E7 and E2C is maximal as is the fluorescence anisotropy
change (Figure 7). As the DNA concentration is increased, the
complex is disrupted, reaching a basal value corresponding to
free E7 (anisotropy change equal to zero). In other words,
binding of DNA displaces E2C from the E7-E2C complex,
indicating that the DNA binding helix of E2C is involved in the
interaction. The comparison of both displacement curves shows
that a larger amount of DNA is required to displace full-length
E7 from the corresponding E2C complex than in the case of E7N,
suggesting a tighter binding, not directly measurable because of
solubility constraints (Figure 7).

Continuing with the same line of reasoning, and given the
results described above, we considered the highly basic DNA
binding helix as the candidate region for interaction with the
acidic N-terminal domain of E7. We analyzed the binding of
several site-directed mutants of the DNA binding helix to E7N in
solution by fluorescence anisotropy. Results are listed in Table 2.
Mutation of K297 to an alanine (K297A) decreases the affinity
by 7-fold, with a free energy change, with respect to the wild type,
of 1.2 kcal/mol. However, replacing the same residue with
arginine (K297R) slightly stabilizes the binding. Mutating the
noncharged contacting residue Y301 to alanine has a minimum
effect on binding, while the doublemutantK297A/Y301A causes
destabilization of the complex.Upon application of the principles
of double mutant cycles (40, 41), if the sum of the free energy
changes of individual mutations is equal to that of the double
mutant, the interaction is additive; if not, it is cooperative. In this
case, there is a negative cooperativity of 1.1 kcal/mol [2.4- (1.1þ
0.2) kcal/mol]; that is, the second mutation is more destabilizing
than the sum of the individual replacements.

FIGURE 6: Mapping the binding regionofE7. (A) InteractionofE7N
withE2C in an electrophoreticmobility shift assay. E7N (20μM)was
incubated with increasing concentrations of E2C (0, 5, 10, 15, 20, and
30 μM). The last lane has E2C without E7N. E2C does not enter the
native gel. Arrows mark the position of the E7N-E2C complex and
E7N. (B) Titration of 100 nM FITC-E7N with E2C by fluorescence
anisotropy. The binding constant (KD) was calculated according to
eq 1. The inset gives the binding stoichiometry: 1:2 E2C:E7N at
10 μM FITC-E7N. (C) N-Terminal region (CR1 and CR2) of E7
HPV16. One asterisk denotes the binding motif to pRB, and two
asterisks denote serines that can be phosphorylated by casein kinase
II. The lines below show all the peptides used. The E7(25-40)
peptide, enrichedwith acid residues and containing a potential PEST
sequence, is shown at the bottom. All E7 N-terminal peptides are
labeled with FITC. The data for binding of E2C to peptides of the E7
N-terminus are listed in Table 1.

Table 1: Mapping the E2C Binding Region in the N-Terminal Domain of

E7, E7N

peptide of E7 KD
a (nM) ΔGD

a (kcal/mol)

1-40 109 ( 28 9.4( 0.2

1-20 >2.3 � 104 <6.3

16-40 203 ( 23 9.03( 0.07

16-31 (6.3 ( 0.4) � 103 7.02( 0.04

25-40 278 ( 20 8.85( 0.04

aValues obtained at 20 �C.

FIGURE 7: Displacement of E7-FITC and E7(1-40) from its com-
plex with E2C by DNA followed by fluorescence anisotropy: FITC-
E7 (b) and FITC-E7N (gray circles). The competition assays were
performed via gradual addition of the competitive ligand (DNA
duplex corresponding to E2 specific site 35) as the E2C-E7 complex
or theE2C-E7Ncomplex in 20mMTris (pH8), 50mMNaCl, and 2
mMDTT.

Table 2: Parameters for Binding of E7(1-40) to E2C DNA Binding Helix

Mutants

KD (nM)

ΔΔGa

(kcal/mol)

ΔΔGE2C-DNA
b

(kcal/mol)

wild type 109( 28 0 0

K297A/Y301A 6098( 610 2.4( 0.2 2.9( 0.2

K297A 756( 76 1.1( 0.2 1.9( 0.1

K297R 52( 5 -0.4 ( 0.2 3.3( 0.1

Y301A 159( 20 0.2( 0.2 2.0 ( 0.1

aObtained by subtracting the ΔG of wild-type E2C (9.4 kcal/mol). A
positive value indicates weaker binding. bTaken from ref 41.
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Finally, we considered the possibility that a peptide containing
the entire DNA binding helix of E2 (R1-E2C) could interact with
E7N. Using circular dichroism experiments and fluorescence
anisotropy titrations of FITC-E7N, we found no evidence of
interaction (not shown). This result indicates that the conforma-
tion of the binding helix given by the architecture, i.e., tertiary
and quaternary structure of the full E2C domain, is required for
binding E7 as in the case of E2C-DNA interaction (42).

DISCUSSION

Papillomaviruses have evolved to make use of complex yet
efficient mechanisms for the utilization of the cell replication
machinery through the control of the host cell cycle, a fact that
ultimately allows PVs to replicate their genome and generate new
infective particles (43). Focusing on this aspect of the viral
biology, we find there are three proteins mainly involved: the
two oncoproteins E6 and E7 that are directly involved in the
control of host cell proliferation and the E2 transcription factor
that regulates expression of these oncoproteins (21, 44). To
generate a productive cycle, papillomaviruses require a stratified
epithelium, from the basal cell layers, where the oncoproteins are
actively expressed, to the external granular layers, where the late
viral proteins are expressed and assembled into mature capsids.
In this scenario, a host cell will change not only its intracellular
milieu along the differentiation process, including factors such as
the intracellular pH and redox potential, but also the levels of the
viral proteins. Variation of protein expression across the strati-
fied epithelium will cause the relative amount of each protein to
change, allowing for different types of interactions between the
viral proteins to occur. During this process, the E2 protein may
regulate cell proliferation by direct interaction with E6 and E7 as
well as by changing protein expression levels (21, 31, 45).

Both E2 and E7 make multiple interactions in cells, and both
proteins can form oligomers in solution. These complexes may
allowboth proteins to form scaffolds that enablemultiple partner
proteins to interact and thereby integrate various signals. E2C is
involved in oligomerization and aggregation during formation of
a complex with specific DNA at low ionic strengths (32) and by
mild modifications under the solvent conditions (46). These
results, together with those from others (47), suggest that
oligomerization might be a property inherent to E2C. The first
evidence that allows us to conclude that these oligomerization
properties could allow the formation of mixed heterogeneous
oligomers comes from our data showing that E2C andE7 display
a strong tendency to form insoluble aggregates (IA), which are
largely dependent of ionic strength, indicative of an electrostatic
nature. This is also true for the E7SOs, a spherical oligomeric
species (14, 15), and to a much lesser extent E7N (19). The
solubility of E7-E2 oligomers depends on pH, with a drastic
change between pH 5.6 and 7.0, suggesting the involvement of
histidine residues. Although we cannot rule out E7 histidines, the
strong role of these groups in E2C folding, dynamics, DNA
binding, and oligomerization (46, 48-50) suggests their partici-
pation in the process. This aggregation was observed even at the
minimal concentration measurable (0.1 μM). Under these con-
ditions, 85% of E7 will be monomeric according to its dissocia-
tion constant of 1 μM (38), indicating that dimerization is not
required for the interaction. Separation of binding and aggrega-
tion processes by ionic strengthmodification was not possible for
the full-length E7 protein, precluding an equilibrium measure-
ment of the dissociation constant. Therefore, although not

quantifiable in solution, the irreversibility of the aggregate will
cause its accumulation and would be expected to result in a
similar effect in vivo (see below).

We describe three interaction regimes according to the relative
concentration of the proteins. In an excess of E2C, there is a
visible IA; in an excess of E7, the major species is the 12 nm
diameter E7-E2C complex. At an E7:E2C concentration ratio
approximately equal to 2, heterogeneous soluble E2E7Os species
are observed, with a small population of the E7-E2C complex at
excess E7, likely at equilibrium. This strongly suggests that a
small excess of either of the molecules can shift the balance
toward the large insoluble complexes or the defined soluble
E7-E2C species and, therefore, establishes a highly sensitive
mechanism that tunes the balance between the two proteins.

Our hypothesis that there is a connection between the electro-
static nature of the E2C-E7 interaction and the involvement of
E7N and the basic DNA-binding site of E2C in the interaction
was confirmed. The marked oligomerization-aggregation ten-
dency observed and the different behavior of the full-length E7
could be due to a second weaker E2 binding site like that
involving the C-terminal domain reported by others (31). Never-
theless, under our conditions, E7C does not interact at concen-
trations at which E7N is fully complexed by E2C. Mapping the
sequences within E7N that are required to bind E2C shows that a
peptide corresponding to amino acids 25-40 of E7 binds with a
dissociation constant of 0.28 μM. Interestingly, this highly acidic
region corresponds to the casein kinase II (CKII) phosphoryla-
tion site of HPV16 E7 (D30-S-S-E-E-E-D-E37). E2C appears to
bind the E7 N-terminal domain at a different site used for Rb
binding (L22-Y-C24-Y-E26), but even in the case in which
binding of E2C would overlap with Rb, the 100-fold higher
affinity of the latter for E7 will displace any E2C-E7 reversible
interaction. However, a direct consequence of the E2C-E7
interaction has been observed in cells, that is, the stabilization
of E7 protein by E2 (31). This could be the consequence of either
blocking the PEST motif on HPV16 E7 protein which is
contained within E7(25-40) (19) or sequestration of E7 in a
more stable complex with E2. Although not specifically deter-
mined for E7, PEST motifs are often related to proteasome-
mediated protein degradation in short-lived proteins with regions
of extended structures such as E7 (9). An excess of E2 not only
will sequester E7 but also has the potential of interfering with
PEST-mediated degradation and could also modulate the de-
gradation rate of E7. HPV16 E7N has a high (þ8.7) PEST score
in the same region where the CKII phosphorylation site is
located, while BPV E7N displays a very low PEST score (-5.7)
and does not bind HPV16 E2C (data not shown).

Evidence of the involvement of the DNA binding helix of E2C
in the E7 interaction interface comes from displacement of
E2C-E7 complexes by a specific E2 DNA site. Further, muta-
tions in the E2 DNA binding helix have a direct impact on E7
N-terminal domain binding, and the change for a noncharged
amino acid replacement, K297A or the double mutant K297A/
Y301A, severely decreases affinity. It is worth mentioning that
although DNA and E7 roughly share a binding region on E2C
(the DNA binding helix), the natures of both interactions are
different, as can be deduced from the fact thatwhile E2mutations
on the DNA binding are additive, E2 mutations on E7 binding
show a negative cooperativity of 1.1 kcal/mol. In addition, the
change to the basic residue arginine (K297R) slightly increases
the affinity for E7 (ΔΔG = -0.4 kcal/mol), while a similar
replacement causes a drastic destabilization of DNA binding
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(ΔΔG = 3.3 kcal/mol), due to steric hindrance caused by the
bulkier guanidine group of arginine (41), which does not other-
wise interfere with E7 binding. A peptide corresponding to the
DNA binding helix of E2 does not bind E7, indicating that the
interaction requires the positioning of this helix in a particular
conformation in the context of the entire domain architecture, as
was the case for the DNA interaction (42). This speaks of a level
of specificity that cannot involve merely electrostatic forces. At
this stage, we should state that our results concerning the
interaction site do not match the results from protein truncation
experiments using nonstructured fragments of E2 spanning part
of the hinge domain and parts of the DNA binding domain, and
these fused to GST (31). We believe that these differences may
arise from the fact that dissecting a protein in domains or
structural units will provide different information compared to
gradual fragmentation based on amino acid sequence and as part
of the same polypeptide as a tag protein such asGST (31). In fact,
the absence of binding by the isolated DNA binding helix of E2
supports this.

We have previously shown that E7 can oligomerize into
amyloid-like E7SOs and that these display chaperone holdase
activity with standard nonrelated protein substrates (14, 15).
These oligomeric forms with amyloid-like properties accumulate
in large excess in the cytosol exclusively, while monomeric-
dimeric forms of E7 do so in the nucleus of several cell lines and
carcinoma tissue; both species exist in a dynamic equilibrium (16).
The fact that the N-terminal domain of E7 faces the solvent in
E7SOs (15) agrees with our present observation of an interaction
between E7SOs and E2C, and this needs further investigation.
Hypothetically, if E2C is translated in the presence of high levels
of cytosolic E7 oligomers, it is likely to be sequestered into hetero-
oligomers, but we need to establish whether this leads to
destabilization and degradation as one would assume. Thus, in
the case of E2C, E7SOs could use their binding activity to takeE2
out of solution rather than chaperoning it into soluble forms. The
excess of free E7 protein may be readily degraded by the
proteasome or be active in Rb binding and degradation. These
interactions, and the fine-tuning exerted by changes in their levels
along the infective cycle, would provide a tightly regulated
mechanism for either controlling the transcriptional repression
of oncogenes or degrading any excess ofE7. In thisway, adequate
levels of E7 will be maintained, since uncontrolled transforma-
tion is detrimental for the virus life cycle as well as the host.

E2 and E7 come from the same viral genome and will share
many features such as natural host cell, temporality of expres-
sion, localization and local concentration, regulation of their
transcription by viral host cell elements, etc. These characteristics
provide further support for the specificity of the interaction of
these proteins, besides the submicromolar affinity. In addition,
there are no E2 binding sites in the genome of an infected cell
other than the four sites per HPV genome. This means that these
sites can be saturated and interaction with E7 can still take place
in the nucleus. Thus, E2 and E7 “see each other” in both cytosol
and nucleus. As opposed to transfected species, endogenous E2
protein has been hardly detectable in cells, which means that its
levels are strictly controlled along the infective cycle during
epithelium differentiation, providing a plausible post-transla-
tional regulatory meaning for interaction with E7. A further
regulatory step could be the fact that the E7 protein is a weak
dimer, while E2 protein is an obligate dimer with subnano-
molar dissociation constant under similar conditions (37). It is
important to stress that the interaction we describe here is

one of the two E7 interactions actually accurately quantified in
solution using pure components; the other is the Rb tumor
suppressor.

We propose the following hypothesis for the biological im-
plications of the in vitro results we present here, summarized in
Figure 8. As transcription of the viral early genes proceeds, the
levels of both E2 and E7 proteins would increase gradually and
E2 will repress transcription, keeping E7 level low. The cell
differentiation process involves infected cells migrating to the
upper layers of the epithelium with host cell factors affecting the
translation-degradation balance of E2 and E7. An increase in
the level of E7 expression causes entry into the S phase through
targeting of Rb and other pocket proteins, although E7 levels are
strictly controlled at a level that allows S phase entry, but not
uncontrolled cell proliferation, something that would be detri-
mental for the virus life cycle. In this context, free E2 levels would
start to decrease through direct interaction with E7. It is possible
that newly synthesized E2 would then be retained in the cytosol
where E7 is present as accumulations of oligomeric forms of the
oncoprotein (16). This could prevent E2 from reaching the
nucleus and, therefore, derepress the expression of E7 (and
E6). The derepression of E7 is taken to the highest levels upon
random viral integration and disruption of the E2 gene. We can
conclude that the interaction between E2 and E7 can produce the
relocalization of these proteins and regulate or modify their
functions, in excellent agreement with recent results in cellular
models (30). Further experiments are required to test the model
proposed here, including the evaluation of the role of the E6-E2
interaction and the precise colocalization of E2, E7, and E6, and
their relative protein levels in model cells and tissues. Finally,
sequestering, insolubilization, or relocalization of E2 with excess
E7 implies that the oncogene may also downregulate viral DNA
replication by blocking access to the replication origin.
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FIGURE 8: Model for the E2C-E7 interaction complexes. The figure
shows the size distribution of the complexes as a function the E7:E2C
concentration ratio. The distribution ranges from insoluble aggre-
gates (IA) in an excess of E2C to heterogeneous oligomers (E7E2Os)
and to the soluble complex (E7E2Cx) in an excess of E7. E2C dimers
are represented in white and E7 monomers in black. The figure also
shows the most representative cellular functions of E2C and E7 and
how they may be regulated by an equilibrium between free proteins
and the described complexes. An asterisk denotes E7E2Cx repre-
sented by itsminimal formula,where the n subscript is a defined value
between 1 and 5. The maximum value of n corresponds to the
molecular weight for a globular protein of 12 nm and 223 kDa. This
value could be smaller due to the fact that the E7N-terminal domain
is intrinsically disordered and noncompactly folded.
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