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ABSTRACT. Despite the fact that E7 is a major transforming oncoprotein in papillomavirus, its structure
and precise molecular mechanism of action remain puzzling to date. E7 proteins share sequence homology
and proteasome targeting properties of tumor suppressors with adenovirus E1A and SV40 T antigen, two
other paradigmatic oncoproteins from DNA tumor viruses. High-risk HPV16 E7, a nonglobular dimer
with some properties of intrinsically disordered proteins, is capable of undergoing pH-dependent
conformational transitions that expose hydrophobic surfaces to the solvent. We found that treatment with
a chelating agent produced a protein that can readily assemble into homogeneous spherical particles with
an average molecular mass of 790 kDa and a diameter of 50 nm, as determined from dynamic light
scattering and electron microscopy. The protein undergoes a substantial conformational transition from
coil to S-sheet structure, with concomitant consolidation of tertiary structure as judged by circular dichroism
and fluorescence. The assembly process is very slow, in agreement with a substantial energy barrier caused
by structural rearrangements. The resulting particles are highly stable, cooperatively folded, and capable
of binding both Congo Red and thioflavin T, reporters of repetifiveheet structures similar to those

found in amyloids, although no fibrillar or insoluble material was observed under our experimental
conditions.

High-risk human papillomavirus is strongly associated with antigen 8), and this similarity extends to cell transforming
cervical cancer). Papillomavirus is comprised of double- activities &), including interaction with key cell growth
stranded DNA genomes that encodel® proteins, lacking regulatory proteins such as the retinoblastoma and other
a DNA replication machinery except for DNA helicase E1 pocket proteinsg). These proteins suppress growth through
(2). These viruses replicate their genome by hijacking the repression of transcriptional activator E2F, which is reversed
cellular DNA replication machinery, optimaly under condi- by cyclin/cdk-dependent phosphorylation of Rb. E7, E1A,
tions of uncontrolled growth. Two oncoproteins, E6 and E7, and SV40 T Ag can disrupt this tightly regulated network
cooperate for cellular immortalizatioB,(4), but as reported  (10), leading to a DNA synthesis competent state, ideal for
previously 6, 6), the E7 open reading frame encodes the viral genome replicationl(l).
major transforming activity. In addition, HPV E7 was shown HPV16 E7 is a 98-amino acid protein with one Zn ion
to induce DNA synthesis in quiescent cells and to cooperate bound to its C-terminal domain by two highly conserved Cys-
with ras for transformation of rat kidney cell§). E7 shares X-X-Cys motifs (12, 13), coordinated in a finger-type
sequence homology with adenovirus E1A and SV40 T arrangement. E7 can be phosphorylated by casein kinase I
and has a short half-life in the cell cytosddj. Despite its
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structures by electron microscopy, dynamic light scattering, eter, recording absorption from 400 to 600 nm. Lysozyme
and spectroscopic techniques. We discuss the likely pos-fibers were used as a positive control. All reagents were
sibility that these stable, oligomeric structures could be at filtered through a 0.2t filter prior to use.
least one of the forms of this protein in the cell. Electron MicroscopyA 40 M aliquot of high-molecular
mass soluble E7 oligomer or dimeric E7 protein was
MATERIALS AND METHODS adsorbed for 1 min onto a Formvar-coated nickel grid
Purification of Recombinant HPV16 EThe HPV16 E7  (Electron Microscopy Science, Fort Washington, PA), then
gene was amplified by PCR and cloned into plasmid pTz18u rinsed briefly with water, and negatively stained with 4%
under the control of the T7 promotetd). The resulting filtered aqueous sodium phosphotungstate or 2% ammonium

plasmid was transformed in@scherichia colistrain BL21- ~ molybdate adjusted to pH 7.0. Electron microscopy was
(DE3) for expression. Inclusion bodies (IBs) containing Performed with a Zeiss, EM 109 instrument.
HPV16 E7 were resuspended in 50 mM Tris-H@H 7.5), Colorimetric Determination of the Amount of Zinthe

10 mM DTT, and 8.0 M urea, then loaded onto a Q-HyperD amount of zinc(ll) was determined by spectrophotometric
column (BioSepra), and purified as described previouksy. ( measurement of the level of metallochromic indicator 4-(2-
The purified sample was dialyzed against 10 mM sodium pyridylazo)resorcinol (PAR)Z1). The purified E7 dimer or
phosphate (pH 7.0) and 1 mM DTT for storage. To obtain oligomer without DTT was incubated with PAR (100/)
high-molecular mass E7 oligomers, the dimeric protein was andp-hydroxymercuriphenylsulfonate (PMPS) (16M1) in
treated with EDTA by dialyzing the protein overnight against 0.1 M sodium phosphate buffer (pH 7.0) for 30 min. The
10 mM sodium phosphate (pH 7.0) and 1.0 mM EDTA, reaction was monitored at 500 nm, and the exact metal
followed by dialysis against the same buffer without EDTA. content was determined from a calibration curve using a Zn
This sample was concentrated and injected into a Superdexstandard solution (Sigma). The values that were obtained are
200 column in 150 mM sodium phosphate (pH 7.0). The an average of two independent measurements.
protein that eluted at the exclusion volume was collected Dynamic Light ScatteringViultiangle laser light scattering
and concentrated for storage. Inverse PCR mutagenesis wagata were collected on a DANM DSP laser photometer
used to produce the HPV16 193W mutant which was emitting light at 633 nm and detecting at 18 fixed angle
expressed and purified as the wild-type protein. All reagents positions around a K5 flow cell (Wyatt Technologies, Santa
were ACS-grade and from Sigma (St. Louis, MO) except Barbara, CA). Protein concentrations were determined with
guanidine hydrochloride (ICN). an OPTILAB DSP interferometric refractometer (Wyatt
Size Exclusion Chromatograpl@el filtration experiments ~ Technologies). Molecular mass calculations were performed
were performed in a Bio-Sil SEC 250 (Bio-Rad) column in on the ASTRA 4.73 software supplied with the instrument.
150 mM sodium phosphate buffer (pH 7.0). E7 samples were The E7 dimer and oligomers were run in 10 mM sodium
centrifuged for 30 min at 100@0before injection. phosphate (pH 7.5) with 1 mM EDTA and 1 mM DTT, as
Spectroscopy Circular dichroism measurements were described previously. Samples were run over a pre-
carried out on a Jasco J-810 spectropolarimeter. Far-UV equilibrated TSK-GEL G3000SWXL size exclusion chro-
spectra were collected using a Peltier temperature-controlledmatography column (TosoHaas) at Z5 prior to collection
sample holder at 28C in a 0.1 cm path length cell, with a  of light scattering data. The protein concentration w0
protein concentration of 10M in 10 mM sodium phosphate M in all experiments.

buffer (pH 7.0) and 1 mM DTT. Near-UV spectra of the E7  Phosphorylation by Casein Kinase Thirty microliters
193W mutant were collected using a 0.5 cm path length cell of 15 yuM E7 and E7 oligomers were phosphorylated by
and a protein concentration of 3M in the same buffer.  incubation at 3C°C for 1 h in abuffer containing 20 mM
Fluorescence emission spectra were recorded on anTris-HCI (pH 7.5), 50 mM KCI, 10 mM MgGl, and 200
Aminco-Bowman spectrofluorimeter with an excitation 4M ATP/[y-32P]JATP (200 uCi/umol). The reaction was
wavelength of 290 nm under the conditions described in the initiated by the addition of CKIl (New England Biolabs) and
figure legends. Thioflavin T emission spectra were recorded stopped by heating the samples in loading buffer. Phospho-
at excitation and emission wavelengths of 446 and 490 nm, rylated and control samples were subjected to SBAGE
respectively, at a protein concentration o8l in 20 mM (15%), and phosphate incorporation was observed by auto-
Tris-HCI (pH 8.0) and M thioflavin T. Lysozyme fibers  radiography. For gel filtration experiments, the dimeric
(20) were used as a positive control. All reagents were HPV16 E7 protein was phosphorylated fbh at 30°C in
filtered through a 0.2:m filter prior to use. the described phosphorylation buffer in the presence of 200
For Congo Red binding experiments, a8l solution of UM ATP (same ATP/-32P]ATP ratio) and 250 units of
the untreated E7 protein or the E7 protein treated with EDTA CKIl, with a final volume of 500uL.
was incubated for 30 min at 2% with 2.54M Congo Red
in 25 mM sodium phosphate (pH 7.0). The absorbance RESULTS

spectrum was measured with a Jasco V-550 spectrophotom- , ) .
The HPV16 E7 Protein Self-Assembles into High-Molec-

1 Abbreviations: EZ, E7 dimer; E7SOs, E7 spherical oligomers; ular Mass Soluble OligomersA Zn-coordinating dimeric
IPTG, isopropyl 1-thig3-o-galactopyranoside; SDS, sodium dodecyl O'M Of E7, obtained when refolded at high protein and DTT
sulfate; PAGE, polyacrylamide gel electrophoresis; DTT, dithiothreitol; concentrations, is in equilibrium with the monomer at a low
PAR, 4-(2-pyridylazo)resorcinol; CKIl, casein kinase Il; PMRS, concentration with a&Kp of 1 uM (22). However, high-

hydroxymercuriphenylsulfonate; GdmCI, guanidinium chloride; Tris, ; ;
tris(hydroxymethyl)aminomethane; EDTA, ethylenediaminetetraacetic molecular mass oligomers have been observed by slight

acid; CD, circular dichroism; Rb, tumor suppressors of retinoblastoma changes in purification procedures or by expressing truncated
protein. E7 proteins 22, 23). These oligomeric forms were not further
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Ficure 1: Oligomerization of HPV16 E7 by EDTA. One hundred
microliters of 20uM dimeric or EDTA-treated E7 was injected
onto the gel filtration column (see Materials and Methods). The
elution profiles for the EDTA-treated E7 protein-) and dimeric

E7 (—) are shown. Bars denote molecular mass standards, from
left to right, with the void volume of blue dextran: 670, 158, 44,
17, and 1.35 kDa (Bio-Rad standards).

examined. In our earlier characterization, we found that
EDTA could form soluble aggregates under certain condi-
tions.

When HPV16 E7was dialyzed against a buffer containing
1 mM EDTA subjected to gel filtration chromatography, a
single peak eluting at the void volume was observed (Figure
1). These oligomers remained soluble after centrifugation
for 30 min at 10000. The peak corresponding to the elution
volume of E% in the absence of EDTA disappeare
indicating that the oligomerization was complete, and if the

centrifugation at 1000a§) Although their precise molecular
mass or hydrodynamic radius cannot be inferred from this
experiment, we can estimate it to be at lea$70 kDa.

100 nm

d. FiGURE2: Size and shape of the oligomers. (A) Multiangle dynamic

light scattering data of E7SOs. A plot of radius vs elution time
. i A X . . shows a size distribution with limited polydispersity: refractive
dimers were in equilibrium with E7SOs, the dissociation index @) and radius@©) vs elution volume for E7SOs. The protein
constant must be well below the micromolar concentration sample at 6&M was run in 0.2 M sodium phosphate (pH 7.0)

range. The oligomers remained soluble after a 30 min With 1 mM DTT. (B) Electron micrograph of E7SOs. The nominal
magnification is 50008 for the top panel and 140080for the

bottom panel.

E7 proteins contain a zinc atom tetrahedrally coordinated

Oligomers Are Defined Spherical Assemblies that Do Not to its C-terminal domain by cysteine residues 58, 61, 91,
Coordinate Zinc.The multiangle laser light scattering data and 94 23, 24), which are essential for E7 structure and
function (L3, 25). We quantified the metal content in the
E7SOs using the PAR colorimetric assa3l), No zinc

show the major peak to have an average mass of790
kDa and an average radius of 26 1 nm, assuming a

spherical shape. A plot of radius versus elution time shows remained bound to the E7SO (less than 0.09 mol of zinc/
a size distribution with limited polydispersity, suggesting a mol of protein); moreover, the addition of the highly reactive
fairly homogeneous size (Figure 2A). Electron microscopy thiol mercuric reagent PMPS did not increase the amount
shows particles with a well-defined spherical structure and of metal detected, as in E7not shown). The absence of

a diameter of 56t 6 nm, in agreement with light scattering zinc and the fact that the E7SO assembly is triggered by a
results. The apparent diameter difference in some structureanetal chelator strongly suggest that this process requires the
within the grid could be due to differential adsorption rather release of zinc. However, we cannot exclude the possibility
than physical heterogeneity, as light scattering experimentsthat other metals are involved in oligomer assembly since
show a nearly monodisperse sample. We named theseEDTA is a nonspecific chelator. Addition of a 20-fold excess
structures E7 spherical oligomers (E7SOs). Similar results of zinc did not dissociate the E7SOs after incubation for 24
were observed when they were stained with ammonium h, even in the presence of a reductant (not shown).
molybdate, ruling out possible artifacts from staining condi- ~ The Formation of E7SOs Is Very Slow anddhes the
tions (not shown). When negative staining was performed Burial of Surface from the Satnt. The lack of tryptophan
with uranyl acetate (pH-4), only amorphous aggregates residues in HPV16 E7 prompted us to introduce such a
were observed. No particles or aggregates were observed foresidue so that a sensitive conformational probe would be
E7,, and no fibrous material was observed by electron present. An 193W mutation is fairly conserved with a
microscopy under any of the conditions that were tested. tryptophan residue present in HPV18 E7, a closely related
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Ficure 3: Secondary structure of E7SOs. (A) Far-UV circular
dichroism spectra of the wild-type proteitr) and 193W ¢--). (B)
Fluorescence spectra of E7SOs. Dimeric 193W),( GdmCI-
unfolded protein {-), and 193W E7SOs-+ — —). (C) Kinetics of
the assembly of 193W E7SOs followed by Trp fluorescence at 340
nm (excitation at 290 nmm)J) and by light scattering at 405 nm
(®). The reaction was initiated by addition of 1 mM EDTA to a
protein concentration of 1M in 10 mM phosphate buffer (pH
7.0) at 25°C.

high-risk strain. We confirmed that this mutation does not
change either the far-UV CD spectrum (Figure 3A) or the
overall stability (not shown). The blue shift in the maximum
emission wavelength of the fluorescence spectrum of E7

Biochemistry, Vol. 43, No. 12, 2008313

residue is partially exposed to solvent in the dimer and
becomes more protected in the spherical oligomers (Figure
3B). The guanidinium chloride-unfolded E7 has a wavelength
maximum of~348 nm, which is blue shifted in the dimer
to 344 nm and further shifted to 337 nm in the E7SO. 193W
appears to become more buried from the solvent in the
tertiary structure of the oligomers. Since 193W is placed
within the zinc-coordinating motif, changes in its environ-
ment are in agreement with the metal release and a local
conformational rearrangement. In addition, strong quenching
of the tryptophan fluorescence is observed in the E7SOs,
further supporting a change in the chromophore’s environ-
ment.

Since the E7 193W mutant displays the same behavior as
the wild-type protein, judged both by CD and gel filtration
experiments (data not shown), we can follow the time course
of the reaction upon addition of EDTA. The kinetics of
assembly were monitored by the fluorescence intensity at
340 nm and light scattering at 405 nm. The fluorescence
change takes place with a half-life of 7.7 min, while light
scattering remains unchanged throughout the course of the
reaction (Figure 3C), suggesting that the oligomer does not
aggregate.

Circular Dichroism Reeals an Increase inS-Sheet
Content in the Thermostable E7SOBhe near-UvV CD
spectrum of HPV16 193W, which reports on its tryptophan
residue, does not show any significant band that would
indicate that the chromophore is highly accessible to the
solvent. A broad positive band appears in the near-UV CD
spectrum of E7SOs. The changes in the environment of the
aromatic residue appear to be associated with tertiary
structure rearrangements, leading to at least partial burial of
the side chain, coincident with the fluorescence data (Figure
4A).

The far-UV CD spectra of the dimeric wild type and 193W
mutant at neutral pH exhibit a minimum at 205 nm, a band
around 220 nm, and a small maximum at 190 nm (Figure
4B; 18, 24). In contrast, purified E7SOs show the following
spectral differences. The minimum at 205 nm, which cannot
be assigned unequivocally to an element of secondary
structure, disappears; the maximum at 190 nm increases, and
the band at~220 nm decreases, suggesting an increase in
the level of secondary structure. A differential spectrum
shows a maximum centered at 195 nm and a minimum at
217 nm (Figure 4B, inset). However, the E7SO spectrum is
not indicative of a purg-sheet protein; most likely, small
amounts of-helix and other structural elements persist. The
decrease in signal intensity at 205 nm simultaneously occurs
with the increase irf-sheet structure content, suggesting a
coil to sheet transition.

The E7 dimer is highly resistant to thermal denaturation
but shows marginally cooperative changes in molar ellipticity
at 220 nm upon heating (Figure 4C, inset). This behavior is
compatible with the stable and extended conformation we
previously described1@, 26). On the other hand, E7SOs
show a cooperative decrease in negative ellipticity at 220
nm, indicating a partial loss of secondary structure or that
at least part of the oligomer population is being thermally
unfolded. By comparing far-UV CD spectra of oligomers at
90 °C in buffer phosphate omi6 M denaturant, we can
conclude that most of the secondary structure remains

193W relative to that of E7SOs suggests that the trypthophanunchanged at 90C (Figure 4C). Moreover, the shape of
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o < ] lysozyme fibers {-) with 2.5 uM Congo Red. The inset shows
NE e ] the same samples, after centrifugation. (B) Thioflavin T fluorescence
Q Zof e 1 spectra of dimeric E7-), E7SOs ¢ — —), and lysozyme fibers
e or Pyl (-=+). The inset shows the same samples, after centrifugation.
o Temperature ('C) Thioflavin T in buffer exhibited negligible fluorescence.
o . .
> 5 L / ] the E7SO spectrum at FC is rather similar to the spectra
2 at 25°C and is quite different from that of the dimer at 90
.5? °C. We can hypothesize that the secondary structures in both
= I forms at 9C°C are qualitatively different but thermally stable.
10 - c E7SOs Bind Congo Red and Thiafila T. The presence
P R A R of a substantial increase jf+sheet content in the E7SOs
190 200 210 220 230 240 250 260 prompted us to look for repetitive-sheet structure in E7SOs,

Wavelength (nm)

like those found in amyloid-type structures. Two of the
strongest probes for these types of structures are the binding

Ficure 4: Thermostablg-sheet secondary structure induction in

E7SOs. (A) Near-UV CD spectra of dimeric 193W-), 193W : ;
E7SOs (). and buffer (- — —). (B) Far-UV CD spectra of the Absorbance spectra of E72 incubated with Congo Red show

dimeric wild-type E7 protein+) and E7SOs+(-). The inset shows N0 change in either the absorba_nce or_wa_velength maxim_um;
the differential spectrum. (C) Temperature dependence of spectrahowever, the E7SO spectrum is qualitatively and quantita-
Dimeric E7 at 90°C (—@—), E7SOs at 25C (—), E7SOs at 90 tively different from that of the dimer, and resembles the

ior?so(ijb_le_a?g'; ;rég;tgg"xg’;‘gyogg;?b‘i%da%z?ﬁ:ag; gZST(k;;)éh’\é%ica”ypositive control, lysozyme fibrils produced in vitro, with a
unfolded protein was obtained by incubating E7SOs with 6.0 M Waveleng.th m§XImum at530 nm (Figure 5A). .

GdmClI for 2 h. The inset shows the thermal denaturation curves ~The thioflavin T fluorescence at 490 nm is largely
of dimeric E7 @) or E7SOs 4). enhanced when thioflavin T is incubated with lysozyme

of Congo Red and the binding of thioflavin R{—29).
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fibers, our positive controls, as do the E7SOs (Figure 5B). A 1 2 3 4 5
The thioflavin T fluorescence of dimeric E7 was virtually 29 .
identical to that of the buffer, confirming that only the
oligomers bind the dye. After centrifugation, both the Congo
Red and Thioflavin T bound to E7SOs remained in the 4g
supernatant, while the lysozyme fibers precipitate as expectec
(insets of panels A and B of Figure 5). We can conclude 12.5
that the E7SOs show amyloid-like behavior with regard to

their dye binding capacity, strongly suggesting the presence

of repetitive3-sheet structure, but they are clearly soluble.
Nonetheless, no insoluble material was detected, in agree-
ment with electron microscopy results.

Phosphorylation by Casein Kinase Il (CKllYhe E7
protein is phosphorylated by CKIl at serine residues 31 and
32, which lie within the CR2 domain adjacent to the Rb g 5
binding region 8, 30). The CKII recognition site is shared
with CR2 of Ad E1A and SV40 T Ag. As the phosphory-
lation state of E7 is related to protein function, we wanted 05
to assess if the oligomeric form could also be phosphorylated.
Phosphorylation of E72 by CKIl is reported by the incor-
poration of F?P]JATP during a PAGE experiment shown in
Figure 6A. Under similar conditions, the E7SOs are not
phosphorylated, strongly suggesting that the phosphorylation
sites are not accessible (i.e., they are buried in the oligomeric
structure). E7was phosphorylated by CKIl and subsequently
treated with EDTA to trigger its assembly into E7SOs, and I : ]
then subjected to gel filtration chromatography. Fractions A / "\ ]
that eluted from the gel filtration column were collected, and ; ‘ (. R -
both radioactive incorporation and the absorbance at 225 nm i i
were found at the size of the oligomers in the exclusion J "“-..,_._.._-"/l
volume. Therefore, the E7OSs are not phosphorylated P T T
vitro, but phosphorylated E7 can assemble into oligomers. 0 2 4 6 8 10 12
Despite the high sensitivity of the radioactive measurement, Elution volume (ml)

no phosphorylated dimeric E7 was detected (Figure 6B, Fgure 6: Phosphorylation of E7 and E7SOs by casein kinase II.

inset), further supporting the completeness of the assembly(A) Phosphorylation of dimeric E7 and E7SOs analyzed by SDS
process of the E7OSs and the high affinity of the oligomers. PAGE. The top panel shows a 15% SBISAGE Coomassie-stained
gel (see Materials and Methods): lane 1, molecular mass markers
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(in kilodaltons); lane 2, dimeric E7; lane 3, dimeric E7 incubated
DISCUSSION with CKIl; lane 4, E7SOs; and Iane 5, E7SOs incubated with CKII:
E7 is the major transforming protein of HPV16)(and The bottom panel shows autoradiography. The amount of protein

. . . . loaded onto the gel was the same for all lanes. (B) Assembly of
it has been found to be associated with many different phosphorylated dimeric E7 into E7SOs. Size exclusion chroma-

cellular targets 15, 31). The small size of E7 may not tography of phosphorylated E7 upon EDTA treatment: absorbance
accommodate binding sites for a large number of different at 225 nm ¢-) and radioactivity {-*). The inset shows phospho-
tagrets. In line with this hypothesis, we have shown that its "ylated dimeric E7.

conformation is highly dependent on environmental condi- pe recognized by the kinase; however, the phosphorylated
tions, with a particular extended conformation sharing at least dimer can form E7SOs. The assembly process leaves no E7
some properties with intrinsically disordered or natively dimer in solution, and we have not observed dissociation
unfolded proteins. Alternatively, extended or apparently ynder any condition throughout this work, even in very dilute
disordered proteins or domains may efficiently accommodate sojutions such as those used in phosphorylation experiments.
diverse target binding specificities in proteiprotein inter- This, together with the high thermal stability, strongly
actions {6). In any case, no structural information leading suggests a very tight oligomer.
to a defined molecular mechanism has been obtained to date The size and morphology of E7SOs are homogeneous, and
for this oncoprotein, and it was always assumed that it could ng insoluble aggregation was observed by any technique that
be only a monomer or dimer in solution. In this work, we was used. Moreover, the resulting oligomers are highly stable
show that dimeric HPV16 E7 can readily self-assemiite “  and cooperative, suggesting a restriction in conformational
vitro” into spherical oligomers (E7SOs). These are well- jdentity. When the average molecular mass of E7SOs from
defined, homogeneous 50 nm particles, highly stable andjight scattering experiments is considered, and on the basis
cooperative, with no detectable zinc atoms present. The factof the molecular mass of the E7 monomer, one E7SO
that the process can be triggered by EDTA suggests a rolemolecule would contain 72 1 monomers of E7.
for the removal of zinc in the assembly. The oligomerization involves a large increase in the level
The E7SOs cannot be phosphorylated by CKIl, which of s-sheet structure, which appears to form at the expense
shows that the phosphorylated site is not accessible or cannobf the loss of disordered structure. These results further
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support the fact that the self-assembly of the E7 protein is there is evidence for the ability of E7 to form particles in
an ordered, limited process, as opposed to amorphoustransfected cells: low-risk HPV11 E7 was found to have a
aggregation. The observation that E7SOs can bind Congonuclear and punctuate pattern of expression in U20S and
Red and thioflavin T seems to reflect the presence of a HaCat cells 87). This dotlike pattern of expression was not
repeateqs-sheet structure, perhaps similar to that found in observed for HPV16 E7, but the formation of these structures
amyloid-like structures. However, no evidence of insoluble most likely will depend on the physiological state or the type
amyloid fibers was found in any of the electron microscopy of cell that is infected or transfected. In addition, the E7
grids that were observed, and the soluble E7SOs retain theirproteins were tagged with a hemagglutinin epitope and
staining properties even after centrifugation. Moreover, for developed with a-HA antibodies, and modifications in the
a single protein molecule to assemble into a highly ordered N-terminus may also influence the formation of E7SOs.
structure, the output must necessary involve symmetry Finally, the stability and homogeneity of the E7SOs as
constraints 32, 33). Thus, the ability to bind these probesis well as the completeness of the reaction strongly suggest
indicative of a repetitivgg-sheet structure in the nonfibrillar  that an equilibrium beyond the monometimer equilibrium
self-assembly of E7SOs. in HPV16 E7 must be considered. The formation of spherical
By introducing a tryptophan residue through a conservative oligomers containing repetitivé-sheet structure could also
mutation, we could observe a fluorescence quenching and &e considered a general architecture common to some RING
spectral shift, indicative of burial of the residue from the or other oligomeric proteins, even if they are functionally

solvent in an asymmetric environment, confirmed by near- distant.

UV CD. This allowed us to follow the time course of

assembly, which was shown to be a very slow process. ThisACKNOWLEDGMENT

high energy barrier for assembly appears to correlate with
substantial conformational changes. The availability of
different probes will allow a detailed dissection of the
assembly mechanism.

Other Zn binding proteins sharing RING domains, includ-
ing promyelocytic leukemia protein (PML) and breast cancer
susceptibility gene product 1 (BRCA 1), can self-assemble
into supramolecular structures that are reminiscent of those
formed in the cell, leading to bodies with polyvalent binding
surfaces and scaffold partner proteifi4,(35). Although E7
appears not to belong to the RING protein family because it
has only one high-affinity zinc binding site, the size and
shape of the E7SOs are reminiscent of several RING
members. For instance, the RING domain of the promyelo-
cytic leukemia protein (PML) can form discrete spherical
multiprotein structures 0-21 um in diameter 86). Several
RING proteins can both self-assemble into spherical oligo-
mers and promote the formation of larger multiprotein
structures. Parts of the populations of HPV11 E7 and E6
were shown to colocalize with PML; however, part did not,

and the apparent size of the dots appears to be heterogeneous

(37). The sizes are not incompatible since a 50 nm sphere
with a tag, two layers of antibodies used for immunohis-
tochemistry and the intrinsic amplification of a fluorescent
signal, may well yield particles with diameters®0.1 um.
Recently, the E6 protein from HPV16 was shown to form

soluble agglomerates depending on the amount of Zn content,

where the zinc was proposed to stabilize the monomeric form
(38). Although E6 and E7 have been proposed to be
evolutionarily related 39), it remains to be established
whether they share the capacity to form soluble oligomers,
and how their structures are related.

We propose that the E7 protein can change its oligomer-
ization state and self-assemble into spherical, soluble, well-
defined oligomers extending or changing its potential
functions. This equilibrium is likely to be modulated by
several environmental factors such as cellular differentiation,
localization, pH, phosphorylation, and the levels of free zinc,
which are normally very low but can otherwise influence
cellular processe<(). This hypothesis should be confirmed
in vivo using specific antibodies against E7SOs, which would
also allow the analysis of the cellular distribution. However,

We thank Andrea Gamarnik for critical reading of the

manuscript.
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