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ABSTRACT. E7 oncoprotein is the major transforming activity in human papillomavirus and shares sequence
and functional properties with adenovirus E1A and SV40 T-antigen, in particular by targeting the pRb
tumor suppressor. HPV 16 E7 forms spherical oligomers that display chaperone activity in thermal
denaturation and chemical refolding assays of two model polypeptide substrates, citrate synthase and
luciferase, and it does so at substoichiometric concentrations. We show that the E7 chaperone can stably
bind model polypeptides and hold them in a state with significant tertiary structure, but does not bind the
fully native proteins. The E7 oligomers bind native in vitro translated pRb without the requirement of it
being unfolded, since the N-terminal domain of E7 containing the LXCXE binding motif is exposed. The
N-terminal domain of E7 can interfere with pRb binding but not with the chaperone activity, which requires
the C-terminal domain, as in most reported E7 activities. The ability to bind sy ®molecules of pRb

by the oligomeric E7 form could be important either for sequestering pRb fromBERE complexes or

for targeting it for proteasome degradation. Thus, both the dimeric and oligomeric chaperone forms of E7
can bind Rb and various potential targets. We do not know at present if the chaperone activity of E7
plays an essential role in the viral life cycle; however, a chaperone activity may explain the large number
of cellular targets reported for this oncoprotein.

Papillomaviruses, in particular, certain human-infecting DNA tumor viruses such as adenovirus and SV40, and the
strains, are directly linked to the development of cervical way to achieve this is by hijacking the DNA replication
cancer, a major cause of women’s death worldwide. They machinery of the infected cells, forcing them to enter S phase,
are small double-stranded DNA viruses, with a genome of where they actively replicate their viral episomal genomes.
8 kb expressing eight to nine proteins. These viruses cannotin addition, these viruses and their oncoproteins have been
replicate their DNA autonomously and are very effective in essential in understanding the molecules and mechanisms
taking advantage of the cellular machinery to complete a jnyolved in cell cycle progression and carcinogenesig).
productive life cycle. This phenomenon is common to other . . .

Two early proteins are mainly responsible for the human
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transforming activity has been mapped to E7 from mutational
analysis 4, 5). Both oncoproteins are known to exert

pleiotropic effects on infected cells, with an increasing
number of targets being describegl 7). The main targets

Accelerated Publications

Several lines of evidence led us to investigate the pos-
sibility that HPV E7 is a protein chaperone. In this work,
we show that HPV-16 E7 displays ATP-independent chap-
erone holdase activity on two model chaperone substrate

of E6 and E7 are the tumor suppressors p53 and retinoblasproteins: pig heart citrate synthase and luciferase. The

toma protein (pRb), respectivelB) HPV E7 proteins are
fairly unstable in the cell, and are rapidly degraded by the
ubiquitin proteasome systerd,(10). E7 shares regions of

substrates retain a significant degree of structure when bound
to the E7SOs, and they do so substoichiometrically. The
chaperone activity is the first biochemical activity described

homology with the SV40 T-antigen and adenovirus E1A for an E7 protein and explains its wide target specificity,
proteins, and was shown to share biological properties aswhich appears to be separable from specific pRb binding.
well (4). All three oncoproteins bind to pRb and the pocket
family members through the LXCXE sequence motif.

A main property of these oncoproteins is their ability to  Protein Expression and PurificatiorRecombinant E7
sequester the hypophosphorylated form of the pRb tumor HPV-16 protein was expressed and purified as previously
suppressor and other so-called pocket proteins and targetescribed 18). MBP—E7 fusion protein was expressed and
them for degradation. In the G@1 phase, pRb is bound purified as described previousl§g) except that the fraction
to members of the family of E2F general transcriptional that eluted from the amylose affinity column was subjected
activator and its phosphorylation causes the release of E2Fto a hydroxyapatite column to remove maltose from MBP
with the consequent induction of the cellular DNA synthesis protein, allowing rebinding to amylose in pull-down experi-
machinery {1). In addition, high-risk HPV E7 binds to pRb  ments. MBP-E7SOs fusion proteins were obtained as
and promotes its degradation through the proteasome systendescribed for the nonfusion E7 proteit9. Briefly, the
(12—14), thus deregulating the cell cycle, and also releasing purified MBP—E7 dimer was incubated for 24 h in 10 mM
active E2F 14). The correlation between high-level expres- sodium phosphate buffer (pH 7.0), 1.0 mM DTT, and 1.0
sion of E7 and reduced pRb levels was recently confirmed mM EDTA and dialyzed against the same buffer without
in cervical biopsies5). Thus, the transformation activity = EDTA. Pig heart citrate synthase was purchased from Sigma-

MATERIALS AND METHODS

of this oncoprotein correlates with its ability to promote pRb
degradation12). E7 forms from high-risk HPV-16 and -18

Aldrich, and dissolved to 3@M in 30 mM Tris (pH 8.0).
p-Luciferin and firefly luciferase were from Apollo Scientific,

strains bind pRb tighter and are phosphorylated to a largerand luciferase was stored in 30 mM Tris (pH 8). All protein

extent by CKIll than the low-risk (HPV-11 and -6) counter-
parts, and this difference in affinity maps to the pRb binding
site (16).

The E7 proteins are smal~L00 amino acids) acidic
proteins that bind zinc through their C-terminal domain,
which was proposed to be involved in dimerizatidtv)(
There is neither structural information nor enzymatic activity
reported for E7 protein, and its biochemistry is most
intriguing. The only known biochemical activity is the
binding of numerous cellular targets, (7). We started a
biophysical characterization of HPV-16 E7, puzzled by how
such a small protein could display such a wide range of
cellular targets. Chemically pure HPV-16 E7 expressed in
Escherichia coliwas conformationally heterogeneous in gel
filtration chromatography, where the major species corre-
sponds to a dimer with a molecular mass of 22 kDa.
Although E7 exhibits properties that resemble those of
natively unfolded polypeptides, its far-UV circular dichroism
spectrum, cooperative unfolding, and exposure of 8-anilino-

concentrations refer to monomers.

Chaperone Actiity. Pig heart CS or firefly luciferase (150
nM final concentration) was added to a 46 preheated
solution containing varying amounts of EE7SOs, or BSA
(protein control) in 25 mM sodium phosphate buffer (pH
7.0) and 1.0 mM DTT. Aggregation was followed by
monitoring light scattering at 360 nm either in a spectro-
photometer or in a fluorescence spectrophotometer with the
excitation and emission wavelengths at 360 nm in a ther-
mostated cuvette holder.

A titration experiment to determine the binding stoichi-
ometry of the E7SOsSCS complex was performed by
incubating a fixed CS concentration (0.261) with increas-
ing ratios of E7SOs, at 4%C for 30 min, centrifuged for 30
min at 3500 rpm, and the soluble fraction was analyzed by
10% SDS-PAGE.

Chemically denatured CS was prepared as described
previously @6). Briefly, an aliquot of CS (20uM final
concentration) was dissolved in 20 mM Tris buffer (pH 8.0),

1-naphthalenesulfonate (ANS) binding sites support a folded6.0 M GdmCI, and 5.0 mM DTT and incubated for 4 h.

albeit extended conformatiod®). We recently reported that

For light scattering measurements, chemically denatured CS

treatment with a chelating agent produces a protein thatwas diluted to 150 nM in 25 mM sodium phosphate buffer
readily assembles into homogeneous spherical oligomeric(PH 7.0) and 1.0 mM DTT containing varying amounts of
particles (E7SOs) with a molecular mass of 790 kDa and a E7>, E7SOs, or BSA at 23C under continuous stirring.

diameter of~50 nm (19).

1 Abbreviations: HPV, human papillomavirus; BPV, bovine papil-
lomavirus; MBP, maltose binding protein; DTT, dithiothreitol; EDTA,
ethylenediaminetetraacetic acid; Tris, tris(hydroxymethyl)aminomethane;
BSA, bovine serum albumin; Gai@l, guanidine hydrochloride; TCA,
trichloroacetic acid; EGTA, ethylene glycol hiséminoethyl ether)-
N,N,N',N'-tetraacetic acid; ANS, 8-anilino-1-naphthalenesulfonate;
PMSF, phenylmethanesulfonyl fluoride; pRb, retinoblastoma protein;
E7,, E7 dimer; E7SOs, E7 high-molecular mass soluble oligomer.

Size Exclusion Chromatograpt®rotein complexes were

obtained by incubating 18V CS and 9.«M E7, or E7SOs

in 250 uL of 25 mM sodium phosphate buffer (pH 7.0) at
45 or 25°C for 30 min. Samples were centrifuged at room
temperature for 10 min at 13 000 rpm and then analyzed by
SEC using a BioSil 400 column (Bio-Rad). Running buffer
consisted of 150 mM sodium phosphate (pH 7.0) and 1.0
mM DTT at a flow rate of 1 mL/min. Each peak was
collected, precipitated with 10% (v/v) TCA, and analyzed
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by 15% SDS-PAGE. MBP-E7SOs fusion proteins recov- to the reaction mixture and the mixture incubated for 40 min
ered from the amylose binding experiment were loaded onto at 4 °C with shaking prior to addition of 3@L of a 50%
a BioSil 200 SEC column equilibrated with 150 mM sodium  (v/v) suspension of protein-&Sepharose beads (Amersham-
phosphate (pH 7.0). Pharmacia) to immunoprecipitate the complex. Beads were
Luciferase Actiity. Luciferase at 1.0 and 60M E7, or washed three times with binding buffer and electrophoresed
E7SOs was incubated for 30 min at the indicated temperaturevia 12.5% SDS-PAGE.3°S-labeled pRb protein was visual-
in 25 mM sodium phosphate buffer (pH 7.0) and 0.5 mg/ ized in a Storm 840 phosphorimager (Molecular Dynamics).
mL BSA. Samples were cooled, diluted to a final luciferase
concentration of 150 nM, and centrifuged for 20 min at RESULTS
13 000 rpm. Luciferase activity present iR aliquots was E7SOs Display Chaperone Auty at Substoichiometrical
determined by dilution into 5L of assay buffer containing  ConcentrationsThe precise molecular mechanism through
25 mM Tricine (pH 7.8), 8.0 mM S@g, 2.0 mM EGTA, which E7 performs its biological function remains elusive
33 mM DTT, 0.5 mM ATP, 23%M b-luciferin, and 120  so far, but from a biochemical point of view, some properties
uM coenzyme A. arise as important hallmarks of this small polypeptide. First,
Fluorescence Spectroscopyryptophan emission spectra it can bind a wide range of cellular protein targets despite
were recorded on an Aminco-Bowman spectrofluorimeter its small size. Second, E7 produces various, sometimes
with an excitation wavelength of 290 nm at 26. Samples  opposing effects on its targets. Finally, the fast turnover and
were prepared by incubating Q8 CS or luciferase with  therefore low steady state concentration of this protein in
a 9-fold molar excess (considering monomeric concentration) naturally infected cells exclude the possibility that its
of E7, or E7SOs at the stated temperature for 25 min, in 25 functions are performed stoichiometricall®0Qj.
mM sodium phosphate buffer (pH 7.0), and centrifuged for ~ The HSP family of proteins is a divergent growing group
20 min at 13 000 rpm prior to being measured. Fluorescenceof folding accessory proteins present in almost all organisms
emission spectra for ANS binding of the complexes were investigated so far crystallin 1), HSP 16.5, HSP23Q)]
recorded after addition of 2@M ANS (final concentration)  which share the property of preventing thermal or chemical
to each sample, incubationrf@ h at 25°C, and measurement  aggregation and/or denaturation of substrate cellular proteins.
with an excitation wavelength of 370 nm, wia 4 nmband- These proteins form high-molecular mass soluble oligomers
pass. An average of three spectra were processed. enriched ins-sheet secondary structur@3( 24) that exhibit
Acrylamide quenching experiments were performed by stronger ANS binding and lack any ATP requirement for
titrating samples prepared as described above except that 1.¢heir chaperone activity. Thus, HPV-16 E7 (i) has a wide
uM CS was used with a freshly prepared 4.0 M acrylamide target specificity that cannot be assigned to different domains
solution. Each point was measured with excitation and due to its small size, (i) is present in small amounts in the
emission wavelengths of 295 and 330 nm, respectively, andcell, suggesting substoichiometrical activity (in particular
corrected for dilution and blanks. Data were analyzed using linked to part i), and (iii) forms large soluble oligomers,

the Stern-Volmer equation %0): E7SO0s, with stronger ANS binding and repetitigesheet
content, and (iv) circumstantial evidence suggests that E7
Fo/F=1+K,Q] proteins may utilize chaperone pathways to modulate pRb
and related proteinb). All this evidence prompted us to
whereFy is the fluorescence in the absence dnéh the investigate a possible chaperone activity of E7.
presence of quenché{ is the apparent quenching constant,  To test for chaperone activity in E7, we carried out thermal
and [Q] is the quencher concentration. and chemical denaturation experiments on two model
Amylose Binding.Two hundred microliters of MBP substrate proteins, the dimeric citrate synthase (CS, 49 kDa)

E7SOs fusion protein at 0.5 mg/mL in 30 mM Tris (pH 7.5) and the monomeric luciferase (Luc, 61 kDa), in the presence
was incubated with 150L of amylose beads (New England of E7SOs. Incubation of CS at 4% leads to the slow
Biolabs) fa 1 h atroom temperature and centrifuged for 2 aggregation of the protein in the absence of additives, which
min at 3500 rpm, and the supernatant was discarded. Theis the basis for established chaperone activity assays [Figure
resin was then washed two times with 1 mL of 30 mM Tris 1, top panel 26)]. The addition of dimeric E7 (EJ at an
(pH 7.5) and divided into 5QL aliquots for each treatment.  up to 6-fold molar excess in monomer concentration, prior
One aliquot was treated with 2Q0. of buffer containing to heat treatment, does not prevent the temperature-mediated
15 mM maltose to elute the bound protein. Samples were denaturation and aggregation of CS (Figure 1A). Under
resolved via 12.5% SDSPAGE. identical conditions, the addition of E7SOs to the mixture
Rb—E7 Interaction.Full-length pRb105 and pocket do- completely prevented aggregation of CS at an E7SO:CS ratio
main p50 (amino acids 372787) of pRb were cloned into  of 2:1 to 3:1 based on monomer concentration (Figure 1B).
the pRSet A vector (Invitroggrtranslated in the presence However, the molecular mass of the oligomers is 790 kDa,
of 35S. Methionine using Promega’s TNT rabbit reticulocyte and on the basis of a molecular mass of 11 kDa for the E7
lysate transcription and translation system according to themonomer, we can assume approximately 72 monomers
manufacturer’s protocol to produce radiolabeled pRb. The per oligomer. Thus, the actual molar concentration of E7SOs
binding reaction that includes L of pRb translated mix, 3  is at least 72 times lower, so the molar concentration of
ug of E7 proteins, and 100M E7(1—-40) when stated was E7SOs that completely suppresses aggregation is at least
carried out in 1 mL of binding buffer [25 mM HEPES (pH less than 100-fold lower than that of the substrate protein
7.5), 1 mM DTT, 0.5 mM PMSF, 0.1% Nonidet NP-40, 1  (Figure 1B, inset). Similarly, E7SOs readily prevent thermal
mg/mL BSA, and 0.125 M NacCl] for 30 min at 4C. Four aggregation of luciferase, whereas,Eo6f BSA does not
microliters of anti-E7 IgG monoclonal antibody was added (Figure 1C,D).
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Ficure 1: Chaperone activity of E7SOs on CS and firefly luciferase. The top panel is a schematic diagram of the experiment. (A) Influence
on CS thermal aggregation kinetics with increasing Efios and (B) influence on CS thermal aggregation kinetics with increasing E7SOs
ratios. The inset of panel B is the SBBAGE showing the soluble CS fraction obtained as described Materials and Methods. The E7SOs:
CS molar ratio is indicated above each lane considering that each E7SOs oligomer is composed of 72 monomers as suggested by light
scattering experimentd 9). (C) Influence on firefly luciferase thermal aggregation kinetics with increasingdios and (D) influence on

firefly luciferase thermal aggregation kinetics with increasing E7SOs ratios. For all graphs, aggregation in the presenei! @3R0

(O), no additive ©), 0.15uM E7 (@), 0.454M E7 (m), and 0.9uM E7 (a). When luciferase aggregation curves were recorded in the
presence of E7(C), the final scattering signal was higher than in the presence of BSA or without any additive, probably due to the
aggregate size, indicating the different morphology of the luciferase aggregate or the co-aggregatiowitf Eiciferase. Both CS and

firefly luciferase were added after the baseline signal was recorded for 150 s to a final concentration @¥10th& arrow indicates

addition of the protein. Thermal aggregation of CS was followed by recording light scattering at 360 nm in a Jasco V-550 spectrophotometer,
and thermal aggregation of firefly luciferase was followed by recording light scattering at 360 nm in an Aminco Bowman spectrofluorimeter.

Another way to test for chaperone activity is by measuring slowly aggregated (Figure 2A). Addition of Edoes not
its ability to prevent the spontaneous aggregation that takesprevent this aggregation, but E7SOs almost entirely suppress
place upon dilution of chemically unfolded CS into a folding it (Figure 2B). Addition of a 6-fold molar excess of BSA or
buffer. When chemically unfolded CS was diluted into zero chymotrypsin inhibitor-2 (not shown) failed to prevent
denaturant buffer in the absence of additives, the protein thermal or chemical denaturant-mediated aggregations. Ad-
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Ficure 2: Chaperone activity of E7SOs chemically unfolded CS. The top panel is a schematic diagram of the experiment. (A) Aggregation
kinetics of chemically unfolded CS with increasing ratios of Bid (B) aggregation kinetics of chemically unfolded CS with increasing
ratios of E7SOs. For both graphs, aggregation in the presence pMOBSA (O), no additive ©), 0.15«M E7 (@), 0.454M E7 (@), and

0.9uM E7 (a). Chemically unfolded CS was diluted in refolding buffer (see Materials and Methods) after the baseline signal was recorded
for 150 s to a final concentration of 0.18Vl. The arrow indicates the addition of the protein. Aggregation occurs to some extent during
the mixing time, independent of the E7 concentration probably due to the difference in kinetics between self-aggregation an@&7S0s
interaction.

dition of a 6-fold molar excess of the N-terminal domain of 0.2
E7, E7(+40), containing the LXCXE motif, does not yield
chaperone activity (not shown).

E7SOs Stably Bind the Model Polypeptide Substrates.
define the type of chaperone activity that E7SOs exert, we
asked ourselves whether the suppression of the aggregation
can be due to a transient interaction of E7SOs with the ~ .
polypeptide substrate. Alternatively, they could form stable i \
complexes in which the polypeptide remains bound even after
cooling the sample to 25C. We next analyzed the interaction 0.05 l
using size exclusion chromatography. After E7SOs and ' el |
native dimeric CS were incubated together at 25 no AT it
interaction was observed and each protein ran as a single 0 | pllRE g
separate peak, corresponding to E7SOs (790 kDa) and CS 0 5 4 6 8 10 12
(98 kDa). This was confirmed by SBFAGE analysis of

each peak (Figure 3 and its inset). No interaction was, Ficure 3: Formation of a stable E7S©substrate complex. Size
therefore, observed for the folded substrate protein and the,, .\ sion chromatography of the E§7SOs complex was carried

E7 chaperone. out as described in Materials and Methods: CS and E7SOs
When CS was heated to 48 in the presence of E7SOs incubated at 25C (—) and CS and E7SOs incubated at 45

as in the chaperone assay (Figure 1B), incubated for 30 min,("])- Bars df%%tg nigg%c:'ff m:’:ljsi YStEBdarg_S, fgm& |etft tczj rig:t: V19ri]d

H volume an an a 10-Raqd stanaaras). e
an d cooled slowly to 25C, a pgak_ appeared in the exclu- insets show silver-stained SDSAGE gel(s of TCA-precipitat?ed
sion v_olume of the column (BioSil 4001 MDa) corre- protein fractions corresponding to each peak.
sponding to a complex between E7SOs and CS, with a con-
comitant decrease in the level of the individual species, asno substantial conformational changes were observed when
the silver-stained PAGE indicates (Figure 3 and its inset). the E7SOs sample was heated even at temperatures as high
As a control, we injected isolated E7SOs after heating, andas 80 °C (19). CS or luciferase heated alone quickly
no changes in the shape of the chromatogram were observe@ggregates, and after centrifugation, no sample is left for
(not shown), which is in good agreement with the fact that analysis and no peaks are observed by size exclusion
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Ficure 4: Conformational state of E7SOs-bound substrates. (A) Normalized tryptophan emission fluorescence of CS bound to E7SO
incubated at 25C (—), CS and E7SOs incubated at 25 (O), CS and E7SOs incubated at 45 (@), and CS in 6.0 M GdnrCl (a). (B)
Quenching of CS bound to E7SOs by acrylamide: CS at@f1), CS and E7SOs incubated at 25 (O), CS and E7SOs incubated at
45°C (@), and CS in 6 M GdnCl (a). (C) ANS fluorescence of CS bound to E7SOs: CS atQ%—), CS and E7SOs incubated at 25
°C (0), CS and E7SOs incubated at 46 (®), E7SOs incubated at 4% (»), and CS in 6.0 M GdnCl (A). (D) Luciferase activity of
the complex. An average of three measurements at 25 8€4las plotted for each sample.

chromatography (SEC). Similarly, E7SOs form stable com- — ,
plexes with luciferase (not shown). These data are ConsistentTable 1: Characterization of the E7SOs-Bound Substrate Proteins

with a “chaperone holdase” activity of E7SOs; i.e., they can ANS activity
prevent protein aggregation by binding and keeping the temp Amac Kq - (arbitrary (x10°* arbitrary
substrate protein in a stable complex. = (2Cs) (';r;; M 3)8 “”gS; “"r';z)
o e T chaperone 1% CBargersos 25 31 35 15 m
; O : . . ) CSandE7SOs 45 334 40 5.4 and
residues in its sequence, which facilitates the conformational cs and Gdncl 25 348 10.3 0.6 d
study of the bound proteins by using the intrinsic Trp Luc 25 330 nd 1.7 84
fluorescence of the polypeptide substrafy,(28). Trp LucandE7SOs 25 330 Ad 17 146
Luc and E7SOs 45 329 Ad 4.6 1.2

emission spectra strongly depend on the polarity of the " - 4 Gamcl
environment, and thus on the solvent accessibility of the site.
The fluorescence emission maximum is shifted to longer
wavelengths as a protein unfolds partially or completely,
since its Trp residues become accessible to the aqueougliffers substantially from that of the chemically unfolded
solvent. We treated CS, containing nine Trp residues, at 45CS in guanidine hydrochloride (Gd@l) with a red shift of

°C in the presence of E7SOs to form the chapermubstrate 16 nm, consistent with the chromophores being fully
complex, and we cooled the solution to 25 and analyzed  accessible to the solvent (Table 1). Similar results were
its fluorescence spectrum (same conditions as in Figure 3).obtained with luciferase spectra which contain only one Trp
Figure 4A shows that the normalized fluorescence emissionresidue fmax ~ 330 nm, Table 1) with a red shift in its
spectrum of CS bound to E7SOkn{x = 331 nm; Table 1) maximum emission wavelength of 18 nm when the
is almost identical to that of CS alone or in the presence of protein is chemically unfolded, and with no significant shift
E7SOs incubated at 2%, consistent with the Trp residues when the luciferase sample is incubated with E7SOs at 25
remaining less accessible to the solvent. As expected, itor 45 °C.

25 348 nd 0.1 ngt
2 Not determined.

(O]
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Acrylamide quenching of Trp residues in proteins provides 0.15
a direct measurement of the solvent accessibility of the
chromophore, and we used this approach as an additional
and highly sensitive probe for the conformational state of -
the bound polypeptide substrate. The data of the fluorescence
quenching of CS versus acrylamide concentration are linear,
and the apparent quenching constalts are obtained from
the Stern-Volmer plots (Figure 4B and Table 1). While
GdmrCl-unfolded CS shows the highest accessibilky €
10.3 MY, folded CS alone, CS with E7SOs incubated at
25 °C, and the CSE7SOs complex formed by incubation
at 45 °C show identical values within experimental error. fillnee
On the basis of the environment of the Trp residues as il 9
sensitive probes, there is a substantial amount of tertiary T T 1 | ' |
structure. However, the native CS protein does not bind to 0 o 5 4 - 8 a0
the E7 chaperone at 2Z& (Figure 3). Elution Volume (ml)

What is the d|ﬁerence_between the full native protein Ficure 5: Topology of the N-terminus of E7SOs using a MBP
substrate that does not bind the chaperone holdase and the7 ysjon protein. Size exclusion chromatography of the MBP
bound structure that was at least partially denatured by heate7SOs fusion protein obtained by treating the MBE? dimer with
treatment? Two additional approaches were used to addres&DTA (--©) and MBP-E7SOs fusion protein recovered from
th|s questlon The f|rst was an ANS blnd|ng experlment, Slnce amylose beads after elution with maltos@(Bal’S denote molecular

. . : . . mass standards, from left to right: void volume (blue dextran) and
this dye is known to bind solvent accessible hydrophobic 670, 158, and 44 kDa (Bio-Rad standards). The inset shows-SDS

but otherwise structured patches in conformations close t0 paAGE of MBP-E7 samples bound to amylose beads: lane 1, total
the native state or non-native such as molten glob@é ( protein; lane 2, amylose beads; lane 3, MBEYSOs fusion protein
As expected from the absence of tertiary or secondary bound to amylose beads; lane 4, MBE7SOs fusion protein eluted
structure in the chemically unfolded CS, this species does rom amylose beads with 15 mM maltose; lane 5, amylose beads
. . . after elution with a maltose solution; and lane 6, molecular mass
not bind ANS significantly, nor does the compact native CS [ 1 oo (kilodaltons).
(Figure 4C). The mixture of E7SOs and CS at 26
exhibited weak ANS binding, corresponding to the sum of (LXCXE) spans residues 226 and has to be fully acces-
the ANS binding of each molecule, and the same is observedsible to the target protein for interaction. In addition, it
for E7SOs incubated alone at 46 as a control, which were  would provide clues for identifying the domain of E7
previously shown to bind ANS10). The E7SOsCS responsible for binding to the polypeptide substrates. To
complex shows a 4-fold increase in the level of ANS binding address this, we analyzed the ability of a maltose binding
with respect to the basal level of ANS binding of the protein-E7 (MBP—E7) fusion protein to form oligomers.
noninteracting molecules (Figure 4C and Table 1). The sameAddition of EDTA causes the fusion protein to assemble
analysis was performed with luciferase, and similar results into large oligomers in a manner similar to that of nonfused
were obtained (Table 1). E7, as the species eluting in the exclusion volume of the

The second approach to finely discriminate between the SEC experiment indicates (Figure 5). However, the location
free folded protein and the chaperone bound near-nativeof the large MBP tag proteir~45 kDa) in this structure is
protein is enzymatic activity. Luciferase is a good substrate not easily predicted. We carried out amylose binding
for chaperone studies because of a highly specific andexperiments (the specific ligand for MPB is maltose) in
sensitive activity that can be measured easily in the contextwhich the MBP-E7SOs fusion protein was incubated with
of a mixture of proteins and various conditions. Luciferase amylose resin, centrifuged, and analyzed by SIPBGE
activity dramatically decreases after the protein is heated atto assess whether these oligomers can bind amylose, as
45 °C, but unlike the conformational effect detected with expected if MBP was located facing the outer side of the
spectroscopic probes, the addition of the E7SO chaperonespherical assembly. MBFE7SOs fusion protein can bind
does not prevent the decrease in enzymatic activity (Figureto the amylose resin (Figure 5, inset, lane 3), and this binding
4D and Table 1). The lack of activity for the heated luciferase is displaced by maltose (Figure 5, inset, lane 4), indicating
alone or with E7Z is due to sample loss upon aggregation, that the interaction is specific. The species recovered from
as the sample is centrifuged before activity measurements.the amylose resin was confirmed to be MBE7SOs fusion
However, luciferase heated in the presence of E7SOs remaingrotein in a SEC experiment (Figure 5, solid line). As the
in the solution, indicating that the decrease in activity is not C-terminal Zn binding domain is thought to be responsible
due to aggregation-mediated sample loss. Therefore, the lacKor the oligomerization properties of the E7 protein [i.e.,
of activity recovery clearly indicates that the protein is not dimerization {7, 30, 31)] and for the formation of E7SOs
fully native when bound to the chaperone. The complex (19), these results fit well with a model in which the
formed by luciferase and E7SOs cannot be dissociated byN-terminal domain is facing outward in the oligomeric
cooling the solution to 25C. assembly.

The N-Terminal Domain of E7 Is Exposed to the Rb Binding Properties of the E7 Chaperorrapilloma-
Solution in the E7SOsThere is no structural information  virus E7 is closely related to the E1A protein from adenovirus
for any of the E7 forms, and we addressed the topology and SV40 large T-antigen from polyomavirus in both
of the N-terminal domain on the spherical assembly of sequence and biological functiofy (L1, 32). The mechanisms
E7SOs, since the minimal canonical Rb binding site by which these proteins act share some properties. They need
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Ficure 6: Rb binding of E7 species by immunoprecipitation. The experiments were performed using “in vitro” translated pRb105, and
pRb50 under conditions described in Materials and Methods. (A) E7SOs anbirkel full-length pRb105, and this interaction can be

partially offset by the E7(240) peptide. (B) Both E7 species bind a truncated form of retinoblastoma protein, pRb50, and this interaction
can be partially offset by the E7{#0) peptide. (C) The binding of E7SOs and,&EJ pRb 50 cannot be offset by the N-terminal domain

of E7 BPV1 that lacks the canonical pRb-binding motif. (D) Band intensities of the experiments shown in pai@lweke analyzed
guantitatively. The intensity of each band was normalized to the intensity of the E7SOs-bound pRb. In all cases, the intensity of the band
corresponding to the EB¥bound pRb was less intense. Considering the input band intensity, the amount of pRb bound to E7 in all the
experiments ranged between 20 and 40% of the total and was independent of the E7 concentration added (not shown), indicating that some
pRb population exists in a noncompetent binding conformation. For competition experiments, the peptide was added to a final concentration
of 100 uM.

at least two independent nonoverlapping pRb binding sites DISCUSSION
to effectively disrupt the pRbE2F complex 25, 33, 34).
The SV40 large T-antigen shows an indirect mechanism in  |nformation about the structure and biochemical mecha-
which the chaperone activity of its J-domain is strictly nism of the E7 oncoprotein has been scarce so far, especially
necessary to activate the host Hsp70 chaperone, which is insg if one considers the wealth of biological information, the
turn responsible for the release of E2F from pRb, 89). It number of targets it can bind, and the wide number of cellular
has been shown that binding of HPV-16 E7 to pRb at the pathways it is reported to affect, including its well-known
CR2 domain alone is not sufficient to cause the release of apjlity to produce cellular transformation in arrested cells.
the active form of E2F; it needs to interact with a second From a conformational point of view, the increase in solvent
independent binding site located between residues 50 andaccessibility to hydrophobic surfaces of&ipon pH changes
75 of HPV-16 E7 86). within the physiological range and at mild denaturant
With this in mind, we aimed to evaluate the binding of concentrations suggests conformational properties that could
both E7SOs and E&pecies to the pRb protein, p105, which have evolved to enable protetprotein recognition of a large
contains the minimal E7 binding domain (AB pocket) and number of cellular binding partnersl§). As previously
the C-terminal domain responsible for E2F binding and the shown, HPV-16 E7 can form high-molecular mass oligomers
low-affinity E7 binding site 86). Two forms of pRb, p105  enriched in repetitives-sheet structure 19) like those
and p50 (AB pocket), were in vitro translated, challenged described for the small heat shock protein family sH$P, (
with the two E7 species, immunoprecipitated with an anti- such asa crystallin 1) and HSP 16.538). These HSPs
E7 monoclonal antibody, and analyzed via SEFAGE. act as chaperone holdases without the requirement of ATP,
Both E% and E7SOs bind p105 and p50 (Figure 6A,B), and binding to non-native substrates in a nonspecific manner
the~50% increase in radioactivity suggests a tighter binding While keeping the bound protein in a folding-competent state
for the chaperone. If we consider the higher molecularity of (39). As described in the Results, several lines of evidence
E7S0S, this binding is effectively much tighter in molar led us to consider a possible chaperone activity in E7.
terms. Both complexes of pRb and E7 can be displaced by In this work, we show that the oligomeric form of E7,
the N-terminal domain of E7 [E7(40)] containing the E7S0Os, and not the dimer, can bind and prevent aggregation
LXCXE pRb binding motif (Figure 6A,B). Quantitative  of nonviral proteins normally used as standard chaperone
analysis shows that E7{M0) displaces the respective substrates. On the basis of the molecular mass of E7SOs,
complexes by 50% (Figure 6D). When the N-terminal 790 kDa (9), we estimate around 70 E7 monomers per
domain of BPV-1 E7 which does not contain the canonical oligomer, which is supported by stoichiometric titration.
pRb binding site (LSPCAG instead of LXCXE) was used However, geometric constraints could prevent accommoda-
as the competitor peptide under identical conditions, no tion of a large number of bound molecules. Nevertheless,
displacement of the pREE7 complex was observed (Figure MBP—E7 fusion protein can readily form oligomers with
6C,D). the MPB protein facing the solution, indicating that there is
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Ficure 7: Minimal model for E7 conformers and pRb complexes in solution.

a particular radial arrangement such that the oligomerizationthe heterologous coexpression of the J-domain of the Hsjl
tolerates the presence of a rather bulky protein such as MBP protein with HPV-16 E7 blocked the transactivation of E2F
Folded substrate polypeptides do not bind to the chaperonepromoters in NIH3T3 cells25). In addition, the human
at all; instead, they have to be in the process of either folding homologue of Hsj1, h-Tid, was shown to interact with the
or unfolding, as chemical and thermal denaturation experi- CR3 domain of E7, suggesting that a chaperone activity was
ments showed. Both polypeptide substrates remain stronglyinvolved in some way in the transforming activity of E7.
bound to the E7 chaperone, and their conformation is We analyzed the capacity of the two species of E7, dimer
spectroscopically similar to the compact native state, exceptand chaperone oligomer, to bind to the pRb tumor suppressor.
for the lack of enzymatic activity in the case of luciferase. Both species bound the full-length pRb (p105) and p50 that
Thus, the E7 chaperone could bind late intermediates in theincludes the AB pocket domain, the primary interacting site
folding pathway or only partly unfolded polypeptides, arising (46). At 25 °C, the E7SOs appear to bind tighter than the
from the relatively mild heat treatment. This property could dimer on a mass basis, and this difference is noticeable if
allow E7SOs to sense small conformational perturbations onone considers the higher stoichiometry and thus molecular
target proteins arising from constitutive or inducible regula- avidity in the E7SOs. As opposed to its effect on the
tory post-translational modifications such as phosphorylation. chaperone activity of E7, the EA#0) fragment is able to
The low binding specificity of chaperone activity may at least partially compete for pRb binding. This indicates
account for the wide range of cellular targets reported for that the basal pRb binding of E7SOs is separable from its
E7 (1, 6). However, it is unlikely that the chaperone activity chaperone activity on model substrates, in line with the
of E7 is involved in general cellular protein folding pathways, presence of the high-affinity LXCXE pRb site in EA/20),
mainly because the low cellular levels of E7 would not allow which otherwise lacks chaperone activity. The absence of
stoichiometrical reactions. Nevertheless, there are otherthe C-terminal low-affinity binding site in pRb AB (p50)
processes in which chaperone activity is necessary, such asloes not affect E7 binding.
the disruption of proteifrprotein complexes and the deg- Small perturbations of local or global stability in pRb can
radation of cellular targets through the proteasome pathwaydetermine its potential recognition by the chaperone activity
(40, 41), processes in which HPV-16 E7 has been shown to of E7. These perturbations may be temperature, other
be involved (4, 42). proteins, or post-translational modifications, acting as regula-
Transforming proteins from DNA tumor viruses, namely, tory switches. This suggests two modes of action in
SV40 large T-antigen, adenovirus E1A, E7 from HPV, and, antagonizing hypophosphorylated pRb. One would be bind-
more recently, Tax protein from HTLV-148), require two ing of folded and/or stable species that would be active in
independent regions to disrupt pRB2F complexes44). sequestering E2F species but not directly involved in pRb
A high-affinity site including the canonical LXCXE sequence degradation. However, as previously shown, the E7 binding
binds to the pRb AB pocket, but the isolated N-terminal site of pRb is located in the B domain but requires the A
domain of E7 containing the LXCXE is unable to release domain for stable binding of E746, 47); this strongly
free active E2F; this feature is common to all these viral suggests that pRb is already marginally stable under condi-
oncoproteins 33, 34, 36). A secondary site, located in tions in which the model polypeptide substrates or other
different regions in each of the oncoproteins, is required for possible targets in vivo are stable. Therefore, specific binding
E2F dissociation, and a two-step hierarchical mechanism haswould operate on pRb under basal conditions, while “less
been proposed. In HPV-16 E7, this site maps to the specific” and yet more avid binding would operate on both
C-terminal domain, and this region should be exposed whenpRb and many of the reported targets.
the Zn atom is released. Although the mechanisms by which The E7 chaperone activity on pRb or other targets could
these proteins disrupt pRIE2F complexes are similar, the be involved in proteasome degradation, either dependent on
SV40 large T-antigen does so indirectly by interacting or independent of ubiquitination. There is evidence that pRb
through its J-domain with the cellular chaperone protein degradation can be ubiquitin-independent, and the reported
hsc70, a member of the hsp70 famiB5|. The chaperone  direct interaction of E7 with the S4 subunit of the 26S
activity of hsc70 is required for the inactivation of the pRb proteasome48) suggests the latter route as being possible.
protein; moreover, the C-terminal domain of E7 is necessary Recent work demonstrated that ubiquitination alone is not
for both pRb inactivation and h-Tid bindingd%). The enough for targeting a protein to the proteasome machinery
chaperone activity of E7 reported here could explain why to efficiently degrade it; an engaging signal is necessary,
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and this second requirement is the availability of a partially
unfolded region within the protein structure that could arise
from a wrongly folded protein trapped by chaperone proteins
or by an active unfolding process performed by chaperone
unfoldase activities associated with the proteasome system 8.
(40). Additional local structural perturbations may well arise
from modifications in temperature, redox state, and interac-
tion with proteins, or post-translational modifications.

As recently proposed, both pRb antagonizing mechanisms
of E7 and other LXCXE viral oncoproteins, i.e., sequestering
pRb from E2F complexes and targeted destruction of pRb, 1,
need not be mutually exclusive, and binding of pocket
proteins could be a step prior to degradatiéd)( Neverthe-
less, there is strong evidence that targeted degradation could
be the bottleneckld, 44). E7 CR1 should therefore not be
required for recruitment of cellular chaperones, since we now
show that E7SOs exhibit a strong chaperone activity.
Although the presence of the E7SOs is yet to be demonstrated

9.

in naturally infected cells, there is no indication so far about 12

the E7 species that are populated in the cells. Given that E7
has a strongly conserved zinc binding motif and that it
exhibits unusual conformational properties in solution, itis
reasonable to assume that the zinc atom may have a
regulatory role. Removal of the zinc atom readily yields
E7S0s, and the apo-E7 monomeric or dimeric species is not 14-
populated at all. In addition, the E7SOs are thermodynami-
cally more stable than E7 and the process is quasi-
irreversible (9). Any physiological or stress situation that
combines oxidation, a decrease in the level of zinc, and 1%
overexpression of E7 could give way to such oligomeric
species. In any case, the conformational state of E7 in cells
has not been established. A minimal model for the biochemi-
cal mechanism presented in this work is shown in Figure 7. 1
Although they share many properties, each of the known
and new viral pRb targeting oncoproteins presents rather
different domain arrangements, and they are multifunctional 17.
(49). The variability in their differential targeting and effects
on cell cycle will contribute to the unraveling of the full
mechanistic features of these lethal weapons. Structural and 18.
biochemical studies of the isolated oncoproteins and their
targets will provide essential insight into their mechanisms
of action and the most effective ways of controlling them.
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