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ABSTRACT: High-risk papillomaviruses are known to exert their transforming activity mainly through E7,
one of their two oncoproteins. Despite its relevance, no structural information has been obtained that
could explain the apparent broad binding specificity of E7. Recombinant E7 from HPV-16 purified to
near homogeneity showed two species in gel filtration chromatography, one of these corresponding to a
dimer with a molecular weight of 22 kDa, determined by multiangle light scattering. The E7 dimer was
isolated for characterization and was shown to undergo a substantial conformational transition when
changing from pH 7.0 to 5.0, with an increase in helical structure and increased solvent accessibility to
hydrophobic surfaces. The protein was resistant to thermal denaturation even in the presence of SDS, and
we show that persistent residual structure in the monomer is responsible for its reported anomalous
electrophoretic behavior. The dimer also displays a nonglobular hydrodynamic volume based on gel filtration
experiments and becomes more globular in the presence of 0.3 M guanidinium chloride, with hydrophobic
surfaces becoming accessible to the solvent, as indicated by the large increase in ANS binding. At low
protein concentration, dissociation of the globular E7 dimer was observed, preceding the cooperative
unfolding of the structured and extended monomer. Although E7 bears properties that resemble natively
unfolded polypeptides, its far-UV circular dichroism spectrum, cooperative unfolding, and exposure of
ANS binding sites support a folded and extended, as opposed to disordered and fluctuating, conformation.
The large increase in solvent accessibility to hydrophobic surfaces upon small pH decrease within
physiological range and in mild denaturant concentrations suggests conformational properties that could
have evolved to enable protein-protein recognition of the large number of cellular binding partners reported.

High-risk human papillomaviruses (HPVs) are directly
linked to cervical carcinomas, a predominant disease among
malignancies in women (1). HPV16 E7 and E6 proteins play
key roles in the oncogenic process through their ability to

interact with tumor suppressors retinoblastoma (RB) and p53,
respectively (2). In particular, E7 is the major transforming
activity, whereas E6 is more related to conferring malig-
nancy. E7 is a 98 amino acid acidic protein (3) containing
zinc (4, 5) and is present in all papillomaviruses. It shares
sequence and functional features with adenovirus E1A
protein and SV40 T antigen (6), including the ability to
disrupt the interaction between transcription factor E2F and
the Rb protein, which releases transactivation competent E2F
(7). Binding to Rb is essential for the transforming activity
of high-risk HPVs (i.e, strains 16 and 18), since low-risk
strains show little or no affinity for Rb (8).

Although the best described interaction of E7 with a
cellular target is that with the Rb tumor suppressor (9), it
can interact with a vast number of cellular proteins related
to cell growth and transformation (10), gene transcription
(11), apoptosis, and DNA synthesis, among other processes
(12). A large number of different proteins were described to
interact with E7, and these include glycolytic enzymes (13,
14), histone deacetylase (15), kinase p33CDK2, and cyclin
A (16). Despite the large body of functional information in
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vivo, there is still no structural information available to
explain its apparent broad specificity and puzzling confor-
mational properties. Functional HPV16 E7 recombinantly
expressed in bacteria was shown to contain strongly bound
tetrahedral zinc and displayed an apparently disordered far-
UV circular dichroism spectrum (17). Only recently have
the oligomerization properties of E7 started to be addressed
by equilibrium sedimentation analysis, where monomers,
dimers, and tetramers were detected (18).

In the present work, we isolated and characterized an E7
dimer and found that it displays an extended conformation
with nonglobular behavior, with a thermoresistant E7 mono-
mer. The E7 dimer is capable of undergoing structural
transitions that generate hydrophobic surfaces accessible to
solvent upon pH changes within a physiological range and
in mild denaturant concentrations. We discuss our findings
in connection with its properties regarding the ability of E7
to interact with a wide range of protein partners in the cell.

EXPERIMENTAL PROCEDURES

Expression and purification of HPV 16 E7.HPV 16 E7
was cloned as a thrombin cleavable fusion protein to the
maltose binding protein (MBP) into a pMALp2 vector (New
England Biolabs, Beverly, MA), a generous gift from Mark
Bycroft, and expressed inE.coli TB1 strain. Cell cultures
were grown in 5 L of LB medium at 37°C containing 100
µg/mL of ampicilin. Four hours after inoculation, 0.4 mM
IPTG was added to the culture for induction. Cells were
harvested by centrifugation after 18 h from induction and
stored at-70 °C. The pellet was resuspended in buffer A
(50 mM Tris-HCl, pH 7.5, 0.15 M NaCl, 1.0 mM 2-mer-
captoethanol), lysed by sonication, and centrifuged at 12 000
rpm. The resulting supernatant was precipitated by adding
solid ammonium sulfate to 80% saturation. The precipitated
protein was collected by centrifugation, resuspended, and
dialyzed against buffer A. The soluble fraction was subjected
to an amylose affinity column (New England Biolabs,
Beverly, MA) equilibrated with buffer A. MBP-E7 protein
was eluted with 15 mM maltose in the same buffer. The
MBP-E7 fraction was dialyzed against buffer A. CaCl2 and
human thrombin (Sigma, St Louis, MO) were added to a
final concentration of 2.5 mM and 0.33% (w/w), respectively,
and incubated for 2 h at 37°C. The reaction was stopped by
adding 2.0 mM of PMSF. The protein was dialyzed overnight
against 50 mM Tris-HCl, pH 7.5, 50 mM NaCl, and 1.0 mM
2-mercaptoethanol. As expected from its broad specificity,
E7 tends to interact with a number of different proteins, and
this complicates the separation. In addition, it binds too
strongly to the anionic exchange matrix, which in combina-
tion with the number of conformers observed made us
consider performing the anion exchange step in urea. We
found that not only it separates better from other proteins, it
yields an homogeneous sample. Solid urea was added to a
final concentration of 8 M and the sample was incubated
for 1h and loaded onto a Q-HyperD column (BioSepra,
Villeneuve la Garenne, France) equilibrated with 50 mM
Tris-HCl, pH 7.5, 50 mM NaCl, 1.0 mM 2-mercaptoethanol,
in 6.0 M urea. After washing with 5 column volumes, bound
protein was eluted with a 50-800 mM NaCl linear gradient
in urea. The fractions containing the E7 protein were pooled,
and DTT was added to a 10 mM final concentration. The
refolding step was performed by dialyzing the fraction against

1mM DTT, 20 mM Tris-HCl, pH 7.5, overnight at 4°C.
The refolded protein was concentrated by ultrafiltration and
subjected to gel filtration chromatography, Superdex 75
(Pharmacia Biotech, Uppsala, Sweden).

Determination of protein concentration and bound zinc.
Protein concentration was determined by Bradford colori-
metric assay and confirmed by quantitative amino acid
analysis with nor-leucine as a standard. Bound zinc was
determined by spectrophotometric measurement of the met-
allochromic indicator PAR (19). In brief, purified E72 was
dialyzed against phosphate buffer at pH 7.0 without DTT
and treated with Chellex 100, to remove soft bound metal.
One milliliter of a 5µM concentration of the Chellex-treated
protein was incubated with 100µM of PAR reagent and 100
µM of PMPS in 0.1 M of sodium phosphate buffer pH 7.0.
The reaction was followed at 500 nm and the amount of
zinc quantified against a curve with a standard solution
(Sigma, St Louis, MO). E72 was found to contain 1.15 mol
Zn per mol of monomer. This corresponds, within experi-
mental error, to a 1:1 stoichiometry, and we assume this
throughout the work.

Gel electrophoresis and size exclusion chromatography.
All experiments were performed according to the Laemmli
method (20), except urea-SDS-PAGE experiments that
were carried out using a Tricine-SDS-PAGE system (21).
In brief, each sample was heated with sample buffer (0.125M
Tris-HCl, 4% SDS, 6.0M urea, 0.02% bromophenol blue,
5.0mM EDTA, pH 6.8), resolved in a 12.5% acrylamide gel,
and stained by coomassie blue.

Unfolding gel filtration experiments were carried out on
a Superdex 75 equilibrated with 10 mM Sodium phosphate
buffer pH 7.0, with 1.0 mM DTT and the indicated GdmCl
concentration. The samples were incubated for 1 h before
injection, and the elution of the protein was monitored at
276 nm. The column was calibrated with the following
standard globular proteins: BSA (67 kDa), ovalbumin (43
kDa), chymotrypsinogen A (25 kDa), ribonuclease A (13.4
kDa) from a gel calibration kit (Pharmacia Biotech, Uppsala,
Sweden). The void volume (V0) and total volume (Vt) were
determined by loading Blue Dextran and acetone, respec-
tively, at each GdmCl concentration to check for column
compression. All experiments were carried out at 25°C
unless indicated.

Circular Dichroism and Fluorescence Spectroscopy.CD
measurements were carried out on a Jasco J-810 spectro-
polarimeter (Jasco, Japan) employing a scan speed of 20 nm/
min, a band-pass of 1 nm, and an average response time of
4 s. All spectra were an average of at least10 scans. The
temperature was kept at 25°C using a Peltier temperature-
controlled sample compartment. Spectra of E72 HPV 16 at
10 and 1.5µM were taken on a 0.1 and 1.0 cm path length
cells, respectively. Each point in the GdmCl unfolding
experiments were incubated for 4 h in 10 mM sodium
phosphate buffer, 1.0 mM DTT, pH 7.0 prior to measure-
ment. For pH dependence experiments, 10µM of purified
E72 in 20 mM of sodium formiate (pH 2.5, 3.0, 3.5, 4.0);
sodium acetate (pH 4.5, 5.0, 5.5, 6.0) or Tris-HCl (pH 7.5)
buffers were used. Temperature denaturation curves of E72

were carried out in phosphate buffer pH 7.0 and monitored
following the amplitude of negative ellipticity band at 220
nm.
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Fluorescence emission spectra for ANS binding were
carried out at 25°C on a Aminco-Bowman spectrofluori-
meter with excitation at 350 nm, 4 nm band-pass, and
processing an average of two spectra. E72 was kept at 10
µM in each condition, and ANS concentration was 100µM,
determined from saturation experiments (not shown).

NMR spectra.1D 1H NMR spectra were acquired in a
Bruker DRX 600 MHz. E72 at 250µM was resuspended in
50 mM phosphate buffer, pH 7.1 and 5.0 mM DTT. The
spectra were recorded after 4 h incubation at 25°C.

Multiangle Laser Light Scattering.Multiangle laser light
scattering data were collected on a DANM DSP laser
photometer emitting light at 633 nm and detecting at 18 fixed
angle positions around a K5 flow cell (Wyatt Technologies,
Santa Barbara CA). Protein concentration was determined
by an OPTILAB DSP interferometric refractometer (Wyatt
Technologies). Molecular weight calculations were per-
formed on the ASTRA 4.73 software supplied with the
instrument. E7 was run in 10 mM Tris-HCl at pH 7.5 with
1.0mM DTT over a preequilibrated TSK-GEL G3000SWXL
size exclusion chromatography column (TosoHaas) at 25°C
prior to collection of light-scattering data. Data were also
collected in the same buffer with the addition of 0.3M
GdmCl. The protein concentration was∼100 µM in all
experiments.

RESULTS

Isolation of a stable HPV16 E7 dimer.HPV16 E7 was
purified from a maltose-binding protein fusion and an
unfolding/refolding step, to near homogeneity as judged by
SDS-PAGE (Figure 1a, inset). As explained in the Experi-
mental Section, the use of urea yields a more conformation-
ally homogeneous sample and largely improves the separa-
tion. Strongly cystein bound zinc is present right from the
early folding steps in the cytosol; therefore, the urea unfolded
E7 already contains the strongly bound metal. When refold-
ing from urea unfolded E7 was carried out by dialysis in
the presence of added zinc at pH 7.5, two species of 60 and
46 kDa were found on a Superdex 75 gel filtration column
(Figure 1a). These two species are not in equilibrium, after
at least 2 h incubation prior to reinjection (not shown).
Refolding urea unfolded E7 in the absence of added zinc in
the dialysis buffer in combination with a shock treatment
with 10mM DTT prior to dialysis causes the 60 kDa species
(Figure 1a, peak I) to virtually disappear. The peak corre-
sponding to a globular 46 kDa protein (peak II) can be
separated by gel filtration and always contain 1 mol of
strongly bound zinc per mol of monomer, irrespective of
how the species was obtained. The 60 kDa running species
does not involve the formation of a disulfide bridge since
SDS-PAGE of the peaks give a single band irrespective of
the presence or absence of reductant (Figure 1b).

A multiangle light-scattering experiment (see experimental
procedures) yields a molecular mass of 22 kDa for the 46
kDa running species, confirming the equilibrium sedimenta-
tion data (18), but now analyzed with a direct measurement
on the isolated species. The expected molecular weight of
the monomer is∼11 kDa but displays an anomalous
electrophoretic behavior, explained below. Using the PAR
colorimetric assay for bound zinc (19), we measured 1 mol
of zinc per mole of E7 monomer in the E7 dimer (see

experimental procedures), strongly suggesting that the tetra-
hedrically cystein coordinated zinc was formed at the initial
folding events in the bacterial cytosol. If we add EDTA and
reductant to urea unfolded E7, the protein cannot refold
properly, and high-molecular-weight aggregates are formed,
eluting in the exclusion volume of the gel filtration column.
These results suggest that the conversion into the larger 60
kDa running species may involve soft bound zinc, which is
eliminated by the excess of DTT, acting as metal scavenger
rather than a reductant. The sole addition of 0.1 mM zinc to
46 kDa E72 does not produce any of the 60 kDa running

FIGURE 1: Different species after purification of E7 to homogeneity.
(A) Size exclusion chromatography of purified E7 in a Superdex
75 column following refolding with (dotted line) or without (full
line) addition of zinc. For refolding, purified E7 was incubated at
60 µM with 8 M of urea and was dialyzed against 20 mM Tris-
HCl pH 7.5, 1.0 mM 2-mercaptoethanol plus the addition of 100
µM of ZnSO4 or without added zinc in the dialysis buffer in
combination with a shock treatment with 10 mM DTT prior to
dialysis. The four vertical bars denote the positions of molecular
size standards, from left to right: BSA (67 kDa), ovalbumin (43
kDa), chymotrypsinogen A (25 kDa), ribonucleaseA (13.4 kDa).
Inset: purified recombinant E7. 12.5% SDS-PAGE stained with
Coomassie Brilliant Blue R-250. Lane 1, molecular weight marker
in kDa. Lane 2, E7. (B) Effect of DTT on isolated peaks from size
exclusion chromatography. Samples isolated from the size exclusion
chromatography that eluted at a volume corresponding to a globular
protein of∼60 kDa (peak I) and∼46 kDa (peak II), assuming that
globular conformations (peak II) were treated with sample buffer,
incubated for 10 min at 95°C, in the presence or absence of 10
mM DTT when indicated. Coomassie blue stained SDS-PAGE
12.5%. Lane 1 and 2, peaks I and II, respectively, without DTT;
lanes 3, molecular weight markers; lanes 4 and 5, peaks I and II,
respectively, plus DTT.

10512 Biochemistry, Vol. 41, No. 33, 2002 Alonso et al.



species, and addition of 0.5 mM zinc leads to aggregation
(not shown). Formation of the 60 kDa species can only take
place if the protein is unfolded in urea and the 0.1 mM zinc
added in the refolding buffer, in the absence of DTT.

pH induces a structural transition in E7.The far-UV CD
spectrum of E72 at pH 7.5 is dominated by a minimum at
205 nm, with a band at around 220 nm and a small but clear
maximum at around 190 nm (Figure 2a). The band at 220
nm is indicative ofR-helix content, and the minimum at 205
can be interpreted as a mixture ofR-helix (208 and 220 nm)
and disordered structure (200 nm). As the pH of the buffer
is lowered, the ellipticity at 220 nm decreases, suggesting
an increase in helical content (Figure 2a). The protein
aggregates around pH 4.5 approximately at its pI (spectra
not shown), and below pH 3.5 it becomes less structured
but with an evidentR-helix nature. The spectra at pH 5.0
shows the typical features ofR-helix, i.e., minima at 208
and 222 nm, and a maximum at 192 nm, while at pH 2.5
the helical features are present, albeit with less intensity
(Figure 2a). Upon returning to pH 7.5, the spectrum is fully
recovered, and therefore, we assume full reversibility (not
shown). Figure 2b shows the ellipticity change at 220 nm
against pH.

An increase in the accessibility of hydrophobic regions to
solvent in the species at pH 5.0 can be inferred from the
large increase in the ANS binding (Figure 2c). This would
indicate that a substantial conformational change that takes
place on pH decrease within a physiological range not only
occurs at the level of the secondary structure but also on
tertiary structure, and the newly solvent-accessible hydro-
phobic surfaces must necessarily provide binding properties
that will be rather different to those at pH 7.0. The structural
transition displays an apparent pKa of around 6.0, which can
either be ascribed to histidine residues or acid groups with
anomalous pKa. Such was the case described for peptides
containing polyglutamic acid (22). The transition below the
pI simply indicates loss of structure due to acid denaturation.

Resistance of E72 to thermal denaturation in the presence
of SDS.As previously reported, E7 behaves as a 19 kDa
polypeptide on SDS-PAGE even though its molecular
weight approaches 11 kDa (17, 23). This was ascribed to
charge effects on the electrophoretic behavior based on
mutation of asp4 for arginine which recovered the expected
behavior (24). On the basis of preliminary experiments that
show that E7 was thermostable, our hypothesis was that the
anomalous electrophoretic behavior could be due to residual
structure, altered by the drastic replacement of an aspartic
residue for an arginine. The far-UV CD spectrum of E72 at
90 °C and in the presence of SDS shows that not only is it
not denatured, it also appears to become more structured, as
judged by the shift and increase in bothR-helix indicative
bands (208 and 222 nm) (Figure 3a).

To test the hypothesis that the anomalous behavior is due
to a stable and extended structure, we carried out an SDS-
PAGE experiment either in the absence or presence of 8 M
urea in the gel. Adding 8 M urea to both cracking buffer
and gel causes E7 to run as a 14 kDa polypeptide, instead
of 19 kDa, in the absence of urea (Figure 3b). If urea is
added only to the cracking buffer but not to the separating
gel, the electrophoretic mobility remains as 19 kDa, sug-
gesting that the presumably extended structure of E7 is quite
stable and tends to refold fast in the absence of the denaturant

in the gel. The fact that the mobility is not completely as
expected even with 8 M urea (11kDa), together with the
smear in the band, indicative of conformational equilibrium,
adds further evidence of the high stability of the structure
responsible for the anomalous electrophoretic behavior.

FIGURE 2: Conformational changes in the E72 dimer induced by
pH. (A) Circular dichroism spectrum of E72 at different pH (see
Experimental Procedures). (B) Molar ellipticity of E72 at 220 nm
as function of pH. The data at pH 4.0 and 4.5 showed turbidity,
indicating aggregation as expected around the theoretical isoelectric
point (pI 3.9). C) ANS binding to E72 as function of pH.
Fluorescence emission spectrum of 100µM ANS in the presence
of 10 µM E72 in 20 mM of Tris-HCl pH 7.5 (dotted line) and 20
mM of sodium acetate buffer pH 5.2 (full line); all samples were
incubated at 25°C for 1 h prior to measurement. The contribution
of free ANS at 100µM at each pH was subtracted.
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The next question is whether the 19 kDa SDS-PAGE
running species is effectively a hyperstable dimer (E72) or
an extended monomer. To test this, we made use of the MBP-
E7 fusion protein; if E7 runs as a dimer in SDS-PAGE,
then the MBP-E7 fusion should run as double the size of
MBP plus E7 (the hypothetical 19 kDa running dimer). MBP-
E7 was partially digested with thrombin and analyzed by
SDS-PAGE. Cleaved MBP expectedly runs as a 45 kDa
polypeptide, and the fusion runs exactly as 45 plus 19 kDa,
corresponding to extended E7 (Figure 3c). If E7 remained
as a dimer, the fusion should stay as a dimer as well, and
the expected migration would be equivalent to 109 kDa (2-
fold the molecular weight of the E7-MBP fusion). In any
case, the fusion protein runs as∼64 kDa from the expression
follow-up and throughout the purification steps.

Globularization and dissociation of E72 precede unfolding
of the E7 monomer by GdmCl.Having isolated a defined
dimeric species of E7, we further characterized it by
unfolding using chemical denaturants. Guanidinium chloride
denaturation experiments were monitored in parallel by
circular dichroism and size exclusion chromatography. In
both cases there is a biphasic response with a first transition
at 0.3 M GdmCl concentration (Figure 4a,b). The far UV-
CD spectrum indicates that the increase of negative ellipticity
corresponds to an increase in structure (Figure 4c). Light-
scattering measurements yield a molecular weight of 22 kDa
for the species at 0.3 M GdmCl, indicating that E72 does
not undergo dissociation in these conditions. Thus, our
interpretation is that the E7 dimer becomes more compact
with a more globular-like behavior. At 10µM protein
concentration, from 0.3 M denaturant onward, both molar
ellipticity and elution volume transitions take place in parallel
(Figure 4b). The complete transition from 0.3 to 6.5 M
GdmCl involves a molar ellipticity change of 6800 deg
dmol-1 cm2 and a 2.0 mL change in the elution volume, both
compatible with the unfolding of a globular protein. There
is no evidence of residual structure at 6.5 M GdmCl, as
judged by the far-UV CD spectrum (Figure 4c). We carried

out a GdmCl denaturation experiment at a lower protein
concentration (1.5µM), and the transition is represented in
Figure 5a. The same biphasic behavior is observed, i.e.,
increase in negative ellipticity from 0 to 0.3 M GdmCl and
subsequent decrease, indicative of loss of structure. However,
there are two transitions that become more evident in the
experiment at lower protein concentration, one from 0.3 to
2.0 M GdmCl and the other from 2.0 to 6.5 M denaturant.
The displacement of the first transition at lower protein
concentration strongly suggests that this phase involves
dissociation of the dimer. In the second transition, both
experiments are superimposable, strongly suggesting the
unfolding of the E7 monomer, where the 6.5 M GdmCl
species is the unfolded E7 monomer.

To evaluate the stability of the different species in the
transition, we carried out a thermal denaturation monitored
by changes in molar ellipticity. In the absence of denaturant
there, is no significant change in ellipticity (Figure 5b), which
confirms a high thermal stability, in agreement with the
spectra obtained at 90°C and SDS (Figure 3a). To our
surprise, at 2.5 M GdmCl concentration, the protein still does
not denature by temperature (Figure 5b). There is a small
ellipticity change when the species at 0.3 M GdmCl was
subjected to thermal denaturation, which we interpret as
dissociation since the final ellipticiy is coincident with the
end of the dissociation transition in the GdmCl renaturation
(see discussion).

Figure 6 shows the aromatic and amide region of the one-
dimensional 1H NMR spectra in 0, 0.3, and 0.7 M GdmCl.
In all conditions tested, E7 shows low chemical shift
dispersion. The addition of denaturant to 0.3 and 0.7 M
GdmCl does not lead to greater chemical shift dispersion.
This could be explained by the small change in ellipticity
observed. As the GdmCl concentration is increased, the lines
become sharper, and at 0.7 M, they become better resolved.
Changes in peak broadening can be analyzed by looking at
well-resolved lines, such as the resonances between 7 and
7.1 ppm (Figure 6, arrows). The globularization observed at

FIGURE 3: Resistance to heat SDS denaturation as the basis for the anomalous electrophoretic behavior of E72. (A) Circular dichroism
spectrum of E72 at 90°C (full line) and at 90°C plus 20 mM SDS (dotted line) in 10 mM of sodium phosphate buffer, pH 7.0. The samples
were incubated for 10 min before measurement. (B) Left panel: 12.5% urea-SDS-PAGE of purified E7 stained with coomassie blue (see
Experimental Procedures). Lane 1, E7; lane 2, molecular weight markers in kDa. Right panel: 12.5% SDS-PAGE. Lane 1, molecular
weight markers; lane 2, E7. All samples were treated according to experimental procedures prior to running. (C) Ruling out dimerization
of the MBP-E7. The fusion protein was partially cleaved with thrombin and analyzed in 10% SDS-PAGE. Lane 1, MBP (∼45 kDa) after
full cleavage of MBP-E7 fusion protein; lane 2, partially cleaved MBP-E7 fusion protein(∼64 kDa); lane 3, markers.
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0.3 M GdmCl appears to increase the resolution of bands;
however, this seems to be further improved at 0.7 M GdmCl.
We believe that the transition to the compacted conformation
observed at 0.3 M is not complete and 0.7 M chaotrope is
required. The unfolding of the monomer begins to take place
only after 1.5 M GdmCl (Figure 5a).

The different stages of the unfolding transition were further
characterized by monitoring the ability to bind ANS. At pH
7.5 in the absence of denaturant, E72 binds only a fraction
of the hydrophobic dye, as the small increase in fluorescence
suggests, to the same extent as the species at 2.0 M GdmCl,
presumably a partly folded monomer (Figure 7). The
compacted dimeric species at 0.3 M GdmCl shows a dramatic
increase in ANS binding, with a maximum at∼480 nm,
while at 6.5 M GdmCl there is no ANS binding as expected
for an unfolded polypeptide. On the basis of studies of ANS
binding sites, theλmax is indicative of the polarity of the site
(25); a polar site can go up to 497 nm (26). Therefore, it is
reasonable to assume a somehow hydrophobic nature for the
newly formed accessible ANS site in E7.

DISCUSSION

E7 plays a key role in the transformation of epithelia in
papillomavirus related cancers. Although the best described
cellular target is the Rb tumor suppressor, a vast number of
different cellular proteins were reported to interact with E7
(27). It is hard to envision how a single small protein can
display such a wide range of specific interactions. Neverthe-
less, this broad specificity must necessarily be related to
distinctive structural and conformational properties. Despite
its relevance, there is no structural information available for
E7; yet it can be expressed recombinantly (17, 28, 29) and
is highly soluble. Our effort has been directed to the
understanding of its conformational properties in solution,
hopefully clearing the way for detailed structural studies.

E7 purified to near homogeneity elutes as 46 and 60 kDa
globular molecular weight species in a gel filtration column.
SDS-PAGE experiments show that there is no intermolecu-
lar disulfide formation, and the two peaks run as the same
single band. We found that these species are not intercon-
vertible within several hours and the 60 kDa eluting species
can only be obtained by treatment with 8 M urea and
subsequent dialysis in the presence of added zinc, but not
by simply adding zinc to E72 once it is folded, suggesting
an energy barrier between the two species requiring at least
partial unfolding or rearrangement of the dimer. The zinc
molecules participating in the formation of the 60 kDa eluting
species must be other than strong tetrahedrically coordinated
zinc, since treatment with DTT can enrich the dimeric
species, most likely by scavenging softly bound zinc atoms
(29). On the basis of far UV CD spectra, it was previously
suggested that addition of cadmium could replace the
strongly cystein bound zinc (17). We found that spectral
changes do take place after the addition of excess zinc or
cadmium, but these are the effect of aggregation, presumably
through soft metal binding sites that that are formed
intermolecularly (not shown). Multiangle light-scattering
experiments presented here indicate that the isolated 46 kDa
eluting species is a dimer, a direct measurement that agrees
with what was found in equilibrium sedimentation analysis
(18).

Upon decreasing the pH from 7.5 to 5.0, the E7 dimer
undergoes a marked conformational transition, where an
increased helical content is observed. The protein aggregates
between pH 4.5 and 4.0, around its pI and shows substantial
helical content at pH 3.6, disappearing as the pH is further
decreased. The species at pH 5.0 shows an incremented

FIGURE 4: Globularization, dissociation and unfolding of E72 by
guanidinium chloride. (A) Size exclusion chromatography of E7
was carried out on a Superdex 75 column at different GdmCl
concentrations. Full line, 0 M GdmCl; dashed line, 0.3 M GdmCl;
dotted line, 1.5 M GdmCl. The column was equilibrated with the
indicated denaturant concentration in 10 mM sodium phosphate
buffer pH 7.0, 1.0 mM DTT. Samples were incubated for 4 h at
each GdmCl concentration before running. The four vertical bars
denote the positions of molecular size standards, from left to right:
BSA (67 kDa), ovalbumin (43 kDa), chymotrypsinogen A (25 kDa),
ribonucleaseA (13.4 kDa). B) Guanidinium chloride-induced un-
folding of E7 protein monitored in parallel by changes in far-UV
CD at 220 nm and size exclusion chromatography. Open circles,
molar ellipticity at 220 nm; solid circles, elution volume (mL,
inverted scale). (C) Circular dichroism spectrum of E7 at different
GdmCl concentrations.
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capacity to bind ANS, suggesting the formation of solvent
accessible hydrophobic sites. Thus, a substantial conforma-
tional change takes place within a physiological range of
pH that causes the protein to expose new regions to the
solvent. Considering the broad range of proposed cellular
partners for E7, one can speculate that subtle changes in cell
pH, or in any of its compartments, can have a dramatic effect
on the type of target proteins with which E7 interacts within
the cell. The cell nucleus is populated with histones and other

basic proteins, some of which are potential targets of E7,
including cellular transcription regulators. In this context,
the conformation or oligomerization state of the oncoprotein
will be largely dependent on the microenvironment where
the transcription related processes take place allowing for at
least some recognition selectivity. For example, the nuclear
and cytoplasmic environment is likely to change along the
differentiation process of the HPV infected epithelia, going
from basal cells to highly differentiated queratinocytes.

The well-known anomalous electrophoretic mobility of E7
in SDS-PAGE (24) was shown to be normalized by
mutation of asp4 to arginine. This rather drastic mutation is
otherwise based on sequence homology with low-risk HPV
strains (23). Sequence comparison of the most relevant strains
show that aspartic or glutamic residues are present in strain-
16 and a few other strains. The rest of the strains alternate
among either arginine, lysine, and asparagine, and several
display a proline residue, including the high-risk HPV-18.
This position could be key in the determination of stability,
and this could not only influence its structure but its
hydrodynamic properties.

The anomalous electrophoretic behavior can be explained
by persistent structure, since it was shown to be resistant to

FIGURE 5: Dependence of E7 GdmCl denaturation on protein concentration and thermal stability of the different species. (A) Molar ellipticity
at 220 nm of E7 at 10µM, solid circles and at 1.5µM, open circles, as function of GdmCl concentration (see experimental procedures).
(B) Thermal denaturation of 10µM E72 monitored by changes in molar ellipticity at 220 nm. Open circles, 0 M GdmCl; closed triangles,
0.3 M GdmCl; closed circles, 2.5 M GdmCl.

FIGURE 6: Amide and aromatic region of 1D proton spectra of E72
at different guanidine chloride concentrations. The spectra were
obtained in a Bruker DRX 600 at 398 K. GdmCl was added, and
the 1D proton spectra were obtained after 2 h. Top, 0 M, middle,
0.3 M, and bottom, 0.7M GdmCl. Arrows indicate some isolated
peaks that resolve better as the denaturant increases.

FIGURE 7: ANS binding of E7 after the GdmCl-induced confor-
mational transition at the diferent denaturant concentrations indi-
cated.
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the combined effects of high temperature and SDS, and its
expected mobility was largely restored when urea was added.
However, the residual structure causes it to behave as an
extended rather than a more compact molecule. When urea
was used in the cracking buffer but not in the gel, the protein
still behaved anomalously, suggesting that the stable and
extended structure is recovered rapidly upon reduction of
the temperature and dilution of the urea. In a gel filtration
experiment, the E7 monomer in urea would run as an
unfolded 11 kDa protein, with a larger hydrodynamic radius.
This can be observed in the GdmCl experiment (Figure 4B)
where the unfolded monomer behaves as a∼50 kDa globular
protein, a volume increase expected for the unfolding of any
globular or nonglobular protein. The folded monomer in
principle is populated at 2.5 M GdmCl (Figure 5A), behaving
as a ∼32 kDa globular protein. Therefore, if a folded
monomer could be isolated, this would be extended too.

Although the mutation of asp4 to arginine confers the
expected electrophoretic mobility, our results suggests that
this could be explained by the effect of this mutation on the
extended conformation of E7, persistent under SDS-PAGE
conditions. A previous functional mapping performing
several three amino acid deletions at the N-terminal domain
(30) did not produce a normal electrophoretic behavior,
stressing that it is not merely a charge effect.

That the 19 kDa running species is not a denaturation
resistant dimer was confirmed by experiments with the E7-
MBP fusion, which leads us to conclude that the 11 kDa E7
monomer retains a extended structure in SDS-PAGE that
causes it to behave as a 19 kDa polypeptide. In line with
this is the anomalous hydrodynamic volume of the E7 dimer,
which behaves as a∼46 kDa globular protein but was
measured to be 22 kDa by light scattering experiments. Taken
together, these results indicate that E72 bears an extended
conformation, a property that is retained in the E7 monomer,
where the latter showed to be thermoresistant.

Low concentrations of GdmCl give rise to a conforma-
tional change in E72 to a state with increased helical content
and a very large change in hydrodynamic volume. The
species at 0.3 M GdmCl elutes as a∼28 kDa protein, and
its dimeric nature was confirmed by light scattering measure-
ments. Thus, under these conditions, a globular conformation
of E72 is induced, as opposed to its extended native
conformation. Despite its highly stable structure, preliminary
NMR spectra show that there is little chemical shift disper-
sion, which, in the absence of the body of experimental data
we have gathered, would be interpreted as a disordered
polypeptide. In agreement with the information from CD,
extended structures tend to display little chemical shift
dispersion (31). This extended conformation is clearly
stabilized by the repulsion between the large number of
negatively charged residues concentrated at the N-terminal
half of the molecule. Protonation of key charged residues
upon pH reduction or charge screening by 0.3 M GdmCl
shifts the equilibrium towardR-helix, resulting in a more
compact dimer with a large increase in solvent accessible
hydrophobic surfaces, indicated by the increased ANS
binding in both species. In any case, their CD spectra are
different, and the form at pH 5.0 appears to have increased
helical content.

From 0.3 to 2.0 M GdmCl approximately, the transition
corresponds to dissociation of E72, clearly differentiable at

1.5 µM as opposed to 10µM protein concentration. The
transition between 2.0 and 6.5 M is coincident at both protein
concentrations, strongly suggesting that it corresponds to the
unfolding of the E7 monomer. At 6.5 M GdmCl, E7 is
devoided of observable secondary structure, but its hydro-
dynamic volume is only slightly larger than that of E72 in
the absence of denaturant.

The results presented here can be summarized in Figure
8. We have isolated the E7 dimer, which appears to be the
most representative conformation in our experimental condi-
tions. However, it remains to be established which is the
predominant form in the cell. The fairly weak dissociation
constant (18) suggests that both monomer and dimer could
be active in vivo, but an estimation of the concentration of
E7 in the cell becomes essential. The dimer (i) always contain
one strongly cystein coordinated zinc atom per monomer,
(ii) has a nonglobular, extended conformation, (iii) undergoes
a marked conformational pH transition within a physiological
range, involving the exposure of hydrophobic patches, (iv)
can form a higher order structure, possibly a tetramer, if zinc
is included in the refolding, (v) forms a compact, globular
dimer at 0.3 M GdmCl with increased solvent accessibility
to hydrophobic sites, and (vi) dissociates to a stable extended
monomer with substantial amount of structure that unfolds
at high concentrations of denaturant. The putative tetramer
is not in equilibrium with the dimer and an energetic barrier
must be overcome for it to accumulate. In previous studies,
the gel filtration matrix used did not allow the separation of
these two species prior to the equilibrium sedimentation
analysis (18). The fact that the dimeric and monomeric
species are in equilibrium with a dissociation constant in the
micromolar range does not favor the possibility that E7 could
dimerize by the zinc atoms (5), and therefore, the metal must
be coordinated tetrahedrically within the monomeric polypep-
tide.

Natively unfolded proteins are so defined by the lack of
ordered structure under conditions of neutral pH in vitro (32,
33). A recent survey based on amino acid sequence analysis
showed that they display a low overall hydrophobicity and
a large net charge as the major structural feature in common
(34). E7 shares not only these features with natively unfolded
polypeptides, but also the apparently disordered NMR
spectra, its extended conformation, and the thermal stability.
In fact, it was included in a list of natively unfolded
polypeptides “ordered” by reversible cation binding (34).
However, in E7, zinc atom is constitutive and it is strongly
bound (29). In addition, we have shown a number of features
that differentiates E7 from the average natively unfolded

FIGURE 8: Proposed conformational transitions in HPV-16 E7.
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polypeptide. Among these are a far-UV CD spectrum
indicative of significative secondary structure, the capacity
to form a structured dimer, a cooperative unfolding transition,
and the capacity to bind ANS. We should add the possibility
of E7 to be expressed recombinantly as an unfused polypep-
tide in bacteria without being degraded (28). E7 appears to
represent an intermediate situation between extended disor-
dered polypeptides and compact globular proteins. Neverthe-
less, all its features, including those in common with natively
unfolded polypeptides, are clearly optimized for protein-
protein interactions (32).

The possibility of isolating a homogeneous dimeric species
of E7 will lead to improved conditions for structural studies
both by crystallography and NMR. Eventual structural
information, together with a deeper understanding of the
peculiar conformational transitions of E7 described here, will
hopefully lead to the dissection of the molecular mechanism
behind the apparent broad specificity of this oncoprotein.
The ability to expose hydrophobic surfaces upon a decrease
in pH and globularization by mild denaturant conditions are
likely to play a key role in its ability to interfere in many
different cellular processes, some of which lead to malignant
transformation.
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