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ABSTRACT: Human papillomavirus 16 E7 (HPV16 E7) and adenovirus 5 E1A (Ad5 E1A) are encoded by
highly divergent viruses yet are functionally similar in their ability to bind the retinoblastoma (pRB)
tumor suppressor protein, causing the aberrant displacement of E2F trancription factors. The amino acid
residues of HPV16 E7 that are necessary for stability, for inhibition of pRB function, and for cell
transformation are also necessary for E7 oligomerization. However, neither the specific oligomerization
state of HPV16 E7 nor of Ad5 E1A as a function of pRB-binding has been characterized. To gain insight
into HPV16 E7 and Ad5 E1A oligomerization properties, sedimentation equilibrium experiments were
performed with recombinant HPV16 E7 and Ad5 E1A proteins. These studies reveal that, despite the
overall functional similarities between these proteins, monomers, dimers, and tetramers of HPV16 E7
were detected while only reversible monomer-dimer association was identified for Ad5 E1A. The apparent
Kd(monomer-dimer) of HPV16 E7 is approximately 100-fold lower than that of a comparable region of Ad5
E1A, and it is concluded that under physiological protein concentrations HPV16 E7 exists primarily as
a dimer. Sedimentation equilibrium experiments of pRB/Ad5 E1A and of pRB/HPV16 E7 complexes
demonstrate that the tight association of pRB with the viral oncoproteins does not disturb their inherent
oligomerization properties. Taken together, this study demonstrates significant differences between the
Ad5 E1A and HPV16 E7 oligomerization states that are potentially related to their distinct structures and
specific mechanisms of pRB-inactivation.

The retinoblastoma tumor suppressor protein (pRB) regu-
lates the G1 to S cell cycle transition through its direct
association with E2F transcription factors (reviewed in refs
1 and 2). The unphosphorylated form of pRB represses
transcription by binding to E2F (3-6) and by recruiting
histone deacetylases to the promoter regions of S phase-
specific genes (7-9). The phosphorylation of pRB by G1-
specific cyclin-CDK complexes leads to the dissociation of
E2F and histone deactylases and to the promotion of
transcriptional activation of S phase-specific genes (reviewed
in refs 1 and8). The 928 amino acid pRB protein contains
a small pocket region (residues 379-792), comprised of
structural domains A and B, which are separated by a flexible
and proteolytically sensitive linker region (10). Domains A
and B directly interact and, together with an additional
C-terminal region, are sufficient for high affinity E2F
interaction and transcriptional repression activity (11-15).

The pRB small pocket region is a hot-spot for mutation
in human cancers (reviewed in ref16) and is the target of

several known DNA viral oncoproteins, including human
papillomavirus (HPV) E7 and Adenovirus (Ad) E1A (17-
22and reviewed in ref16). HPV E7 and Ad E1A have amino
acid sequence homology in three regions that have been
designated in Ad E1A as conserved region CR1, CR2, and
CR3 (20, 23) and share several properties, including their
ability to inactivate pRB (21, 24, 25). The overall sequence
homology between these two proteins is limited, particularly
in the CR1 and CR3 regions of E1A compared with the N-
and C-terminal regions of E7. However, in this study, these
regions of limited homology will be referred to as CR1, CR2,
and CR3 in both E1A and E7 to simplify the discussion
(Figure 1, panels A and B).

The CR2 region of both proteins contains the LXCXE
amino acid sequence (where X is any amino acid, Figure 1,
panels A and B) that is necessary for both high affinity pRB
interaction (26-32) and cellular transformation (26, 31).
Significantly, HPV E7 is constitutively expressed in cervical
carcinomas (33, 34) and HPV E7-pRB interaction is neces-
sary for HPV-mediated cellular transformation (35-40). As
a result of this, E7-derived peptides are currently being
investigated as potential components of therapeutic vaccines
for cervical cancer (41-45).

The crystal structure of pRB with a nine amino acid E7-
derived peptide revealed that this minimal LXCXE region
binds to pRB with a 1:1 stoichiometry and specifically
interacts with domain B of the small pocket at a site that is
not involved with E2F-binding (46). Although the CR2
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region is necessary for pRB interaction, short peptides of
viral oncoproteins containing only this region are not capable
of displacing E2F transcription factors from pRB (22, 47),
suggesting that these viral oncoproteins have additional pRB-
binding sites. In support of this, the apparent dissociation
constant (Kd) for an HPV16 E7 CR2-derived peptide com-
plexed with GST-pRB601 is approximately 200 nM whereas
the apparentKd for the full-length HPV16 E7/pRB60
complex is significantly lower at 1.3 nM (29, 46).

The CR3 regions of HPV E7 and Ad E1A also share
similarity. While there is low overall sequence homology in

this region, the domains from both proteins contain two
CXXC sequences that bind zinc (48-53, Figure 1, panels
A and B). In addition, the CR3 region of both HPV E7 and
Ad E1A contain transactivation function and interact with
TATA box-binding protein (TBP) (54-58) and, in the case
of E1A, the mediator complex (59).

Despite their similar capacity to inhibit pRB function, HPV
E7 and Ad E1A have different mechanisms for achieving
this effect. First, the specific mechanisms of E2F displace-
ment are distinct for each of the two proteins. Studies with
Ad E1A-derived peptides demonstrate that the first half of
CR1 interacts with pRB at a site that is different from the
CR2 region, which is necessary for E2F displacement and
transcriptional activation (30, 32, 60). In contrast, with HPV
E7, it is the CR3 region that binds to pRB and is required
for E2F displacement (61-63). Second, HPV E7 expression
is directly linked to pRB degradation (64-66), while the
expression of Ad E1A is not (65).

Studies of bacterially expressed HPV16 E7 demonstrate
that it exists as an oligomer in solution (51, 67), and deletion
and mutational analysis demonstrate that this oligomerization
is mediated by the CR3 region of HPV E7 (27, 68).
Significantly, mutations that prevent HPV E7 oligomerization
also lead to E7 instability and disrupt the cell transforming
properties of E7 (27, 37, 39, 40). Despite the apparent
importance of E7 oligomerization for efficient and complete
pRB-binding and cell transformation, the specific oligomer-
ization state of HPV E7 or Ad E1A, in the absence or
presence of pRB has not been investigated.

To gain insight into the oligomerization state of HPV E7
and Ad E1A, we have prepared and purified to homogeneity
recombinant HPV16 E7 and Ad5 E1A proteins and have
employed sedimentation equilibrium experiments. We also
have extended these studies to recombinantly prepared pRB/
HPV16 E7 and pRB/Ad5 E1A complexes. Our studies reveal
that, at physiological protein concentrations, the HPV16 E7
recombinant protein exists predominately as a dimer while
a comparable region of Ad5 E1A exists primarily as a
monomer. In addition, a comparison of the sedimentation
equilibrium results with gel filtration elution profiles suggests
that both proteins adopt an elongated shape in solution. We
also show that pRB interacts with Ad5 E1A as a 1:1 complex,
while it interacts with HPV16 E7 as a larger complex that
is most consistent with the presence of two or four molecules
of HPV16 E7 bound to two molecules of pRB. The different
oligomerization properties of the related HPV E7 and Ad
E1A proteins may contribute to their distinct modes of pRB
inhibition.

MATERIALS AND METHODS

Cloning of HPV16 E7, Ad5 E1A, and pRB Constructs.The
following constructs used in this study are summarized in
Figure 1. Cloning of E7CR1-3 (HPV16 E7, amino acids
1-98), E1A CR1-3 (Ad5 E1A, amino acids 36-189),
E1ACR2-3 (Ad5 E1A, amino acids 114-189), and pRBhis (a
6× histidine-tagged amino terminal pRB construct with
amino acids 376-792) into pET or pRSET expression
vectors and subcloning of pRBhis into the coexpression vector
pRM1 was performed as previously described (69). E7CR2-3

(HPV16 E7, amino acids 17-98) was cloned essentially as
described for E1ACR1-3 with the following exceptions.

1 Abbreviations: GST-pRB60, a glutathioneS-transferase fusion
protein with a pRB region containing domain A through the C-terminus;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis; IPTG, isopropyl-â-D-thiogalactopyranoside.

FIGURE 1: Schematic representation of the pRB, HPV16 E7, and
Ad5 E1A constructs. One construct of pRB and two constructs of
HPV16 E7 and of Ad5 E1A were used in this study. E7CR1-3
represents full length HPV16 E7 (amino acids 1-98). E7CR2-3
contains the identified pRB-binding domains of HPV16 E7 (amino
acids 17-98). E1ACR1-3 contains the known pRB-binding domains
of Ad5 E1A and contains amino acids 36-189. E1ACR2-3 contains
amino acids 114-189 of Ad5 E1A. pRBhis contains an amino
terminal 6x histidine tag and includes the minimal viral oncoprotein
binding region of pRB (domain A through domain B, residues 376-
792). It is important to note that there is limited homology between
the three domains of the viral proteins. The viral proteins are labeled
identically in this study to simplify the discussion.
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Primers E7_17_5 (5′-GGGAATTCCATATGAATCCA-
GAGACAACTGATCTCTAC-3′) and E7_98_3 (5′-CGCG-
GATCCTTATGGTTTCTGAGAACAGATGGG3′) were used
to amplify the gene encoding E7CR2-3 from pET-E7CR2-3 and
to introduce 5′ NdeI and 3′BamHI restriction sites (under-
lined). Primer E7_17_5 also encoded a methionine and an
asparagine directly N-terminal to amino acid 17 for optimal
expression. All constructs were verified by sequencing at
the University of Pennsylvania DNA sequencing facility.

Expression and Purification of E7CR1-3, E7CR2-3, and
E1ACR2-3. BL21(DE3) cells were transformed with pET-
E7CR1-3 vector for protein overexpression. The vector-
transformed cells were grown in LB media with 100µg/mL
ampicillin at 37°C. When theA595nmof the cultures reached
0.5-0.7, 1 mM IPTG was added to the cells for protein
induction. Since E7 and E1A are both zinc-binding proteins,
100µM zinc acetate was added to the cultures during protein
induction. After incubation at 37°C for three additional
hours, the cells were harvested by centrifugation at 4000g
for 20 min. Purification steps for E7CR1-3 and all other
proteins were performed at 4°C. The E7CR1-3 cell pellet was
resuspended in buffer A (20 mM Hepes, pH 7.9, 150 mM
sodium chloride, 10µM zinc acetate, and 10 mM dithio-
threitol) and lysed by sonication. The E7CR1-3 lysate was
centrifuged for 20 min at 40000g. Coomassie blue stained
SDS-PAGE revealed that recombinant E7CR1-3 existed in
the soluble fractions. The cleared lysate containing E7CR1-3

was loaded onto a Q-sepharose anion-exchange column that
was preequilibrated with buffer A. After washing with 10-
20 column volumes of buffer A, E7CR1-3 was eluted from
the column with a 150-700 mM sodium chloride gradient.
Fractions containing E7CR1-3 were pooled and ammonium
sulfate was added to the pooled fractions until it reached a
final concentration of 0.7 M. The protein sample was loaded
onto a phenyl sepharose column equilibrated with buffer A
plus 0.7 M ammonium sulfate. E7CR1-3 was eluted from the
phenyl sepharose column with a 0.7 to 0 M ammonium
sulfate gradient. The fractions containing E7CR1-3 were
pooled and concentrated using a centrifugal filter. The sample
of E7CR1-3 was further purified by size-exclusion chroma-
tography using a high load Superdex 200 prep-grade column
(Amersham Pharmacia Biotech) in buffer B (20 mM Tris,
8.5, 100 mM sodium chloride and 20 mM dithiothreitol).

The purification protocol for recombinant E7CR2-3 was
essentially as described for E7CR1-3 except that the protein
was eluted from the ion-exchange column with a 150-850
mM sodium chloride gradient. The purification protocol for
recombinant E1ACR2-3 was essentially as described for
E7CR1-3 except that buffer A plus 1 M ammonium sulfate
was used during the phenyl sepharose purification step and
the gel filtration purification step was performed with a high
load Superdex 75 prep-grade column (Amersham Pharmacia
Biotech). All proteins were concentrated to 15-30 mg/mL
using a centrifugal filter and stored at-70 °C until further
use.

Expression and Purification of pRBhis. BL21(DE3) cells
were transformed with pRSET-pRBhis for protein expression.
Cell cultures were grown in LB media plus 100µg/mL
ampicillin at 37°C until theA595nm reached 0.15-0.2. The
temperature was then lowered to 15°C. When theA595nm

reached 0.5-0.7, 100µM magnesium chloride and 1 mM
IPTG were added to the culture for protein induction. After

12 additional hours, the cells were harvested and pelleted
by centrifugation at 4000g for 20 min. The cell pellet was
resuspended in buffer C (20 mM Hepes, pH 7.2, 200 mM
sodium chloride, 10µM magnesium chloride, and 10 mM
â-mercaptoethanol) and lysed by sonication. The lysate was
centrifuged at 40000g for 20 min. Coomassie blue stained
SDS-PAGE analysis revealed that recombinant pRBhis

existed primarily in the soluble fractions. The pRBhis protein
was then loaded onto a nickel agarose column equilibrated
with buffer C. After washing with 20 column volumes of
buffer C, pRBhis was eluted from the nickel column with a
0-0.5 M imidazole (pH 7.2) gradient to separate pRB from
impurities that bound the column with low affinity. The
protein fractions containing pRBhis were pooled and con-
centrated using a centrifugal filter. The protein was further
purified by size-exclusion chromatography using a high load
Superdex 200 prep-grade gel filtration column in buffer C.
The gel filtration peak fractions containing pRBhis were
pooled and concentrated to 20 mg/mL using a centrifugal
concentrator and stored at-70 °C until further use.

Coexpression and Copurification of pRBhis/E1ACR1-3 and
pRBhis/E7CR2-3 Complexes.BL21(DE3) cells were trans-
formed with the pRM1-pRBhis vector, made competent, and
subsequently transformed with pRSET-E1ACR1-3 for protein
coexpression. Cell cultures of the cotransformed cells were
grown in LB media in the presence of 200µg/mL ampicillin
and 50µg/mL kanamycin at 37°C. When theA595nmreached
0.15-0.2, the growth temperature was reduced to 15°C. At
an A595nm of 0.5-0.7, 100 µM zinc acetate, 100µM
magnesium chloride (69) and 1 mM IPTG were added for
protein induction. After approximately 12 h, the cells were
harvested by centrifugation (4000g, 20 min). The cell pellet
containing pRBhis/E1ACR1-3 was resuspended in buffer E (20
mM Hepes, pH 7.5, 200 mM sodium chloride, 10 mM
â-mercaptoethanol, 10µM magnesium chloride, 10µM zinc
acetate, and 25 mM imidazole, pH 7.5) and lysed by
sonication. The lysate was centrifuged at 40000g at 4 °C.
Coomassie blue stained SDS-PAGE analysis revealed that
the pRBhis/E1ACR1-3 complex was in the soluble fraction.
The supernatant was then mixed with Ni-NTA agarose resin
(equilibrated with buffer E) for an hour with gentle agitation
and the slurry was subsequently packed in a column. The
column was washed with 20-30 column volumes of buffer
E and the proteins were coeluted from the column with a
0.025 to 0.5 M imidazole gradient. The fractions containing
the pRBhis/E1ACR1-3 complex were pooled with the addition
of 20 mM dithiothreitol. The complex was concentrated using
a centrifugal filter and further copurified by size-exclusion
chromatography using a high load Superdex 200 prep-grade
gel filtration column in buffer G (20 mM Hepes, pH 7.5,
200 mM sodium chloride, and 20 mM dithiothreitol). Peak
fractions were pooled, concentrated to 2-5 mg/mL and
stored at 4°C until further use.

The coexpression and copurification scheme of the re-
combinant pRBhis/E7CR2-3 complex was essentially as de-
scribed for pRBhis/E1ACR1-3 except that sonication buffer F
(20 mM Hepes, pH 7.5, 200 mM sodium chloride, 10 mM
â-mercaptoethanol, 10µM magnesium chloride, 10µM zinc
acetate and 35 mM imidazole, pH 7.5) was used for cell
resuspension and for chromatography on the Ni-NTA agarose
column.
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Sedimentation Equilibrium Experiment of E7CR1-3 and of
E1ACR2-3 Using Absorption Optics.All sedimentation equi-
librium experiments were performed with a Beckman Optima
XL-I ultracentrifuge at 4°C. For E7CR1-3, each cell was
assembled with a six-channel 12 mm centerpiece and quartz
windows. Purified E7CR1-3 was dialyzed against a buffer
containing 20 mM borate, pH 8.5, and 100 mM sodium
chloride for these analytical ultracentrifugation experiments.
Borate was used in this experiment because it does not
significantly absorb atλ230nm. The cell channels were loaded
with either sample or reference dialysis buffer. A total of
nine protein samples were loaded. However, since five of
the starting concentrations were out of detection range, only
four samples of the dialyzed protein were analyzed with
starting concentrations of 0.025, 0.075, 0.25 and 0.50 mg/
mL. The two speed experiment was performed at 25 800 and
at 36 500 rpm. Absorbance scans were performed on the
samples every 4 h until the samples reached equilibrium.
Scans for the two lower protein concentrations were recorded
at λ230nmand scans for the two higher protein concentrations
were recorded atλ280 nm.

For the E1ACR2-3 experiment, each cell was assembled
with a double-sector 12 mm centerpiece and with quartz
windows. For this experiment, absorbance scans atλ280nm

were taken for three samples starting protein concentrations
of 0.60, 0.38 and 0.23 mg/mL. This single speed experiment
was performed at 48 000 rpm. For these and all other
experiments, equilibrium was assessed by comparison of
successive scans using the MATCH program and data editing
was performed using the REEDIT program for this and all
subsequent analytical ultracentrifugation experiments (both
programs were provided by National Analytical Ultracen-
trifugation Facility, Storrs, Connecticut).

Sedimentation Equilibrium Experiments of E7CR1-3,
E1ACR2-3, and pRBhis Using Interference Optics.For this and
all other sedimentation equilibrium experiments using in-
terference optics, each cell was assembled with a double-
sector 12 mm centerpiece and with sapphire windows. Blank
scans with distilled water were taken before all interference
optics sedimentation equilibrium experiments at appropriate
speeds to correct for window distortion of the fringe
displacement data (72). Cells were loaded with either E7CR1-3

or E1ACR2-3 and reference buffer B. Purified samples of
E7CR1-3 were loaded at concentrations of 1 mg/mL and 0.5
mg/mL for a two speed study at 25 800 and 36 500 rpm.
The E1ACR2-3 experiment was performed at 40 000 rpm with
starting protein concentrations of 0.77, 0.5, and 0.20 mg/
mL. For pRBhis, cells were loaded at three different protein
concentrations with reference buffer C for two separate
sedimentation equilibrium experiments at 18 000 and at
25 000 rpm. The loading concentrations of pRBhis were 2,
1, and 0.5 mg/mL for the experiment at 18 000 rpm. The
pRBhis loading concentrations were 1.2, 0.6, and 0.3 mg/
mL for the experiment at 25 000 rpm. Fringe displacement
scans were collected every 4 h until the protein samples
reached equilibrium.

Sedimentation Equilibrium Experiments of pRBhis/E7CR2-3

and of pRBhis/E1ACR1-3 Complexes Using Interference Optics.
Cells were loaded with either the pRBhis/E7CR2-3 complex
or the pRBhis/E1ACR1-3 complex and reference buffer G.
Purified samples of the pRBhis/E7CR2-3 complex were loaded
at three different concentrations for two separate experiments.
The first experiment was at 18 000 rpm with loading

concentrations of 1, 0.5, and 0.25 mg/mL and the second
experiment was at 20 000 rpm with loading concentrations
of 1, 0.6, and 0.4 mg/mL. Purified samples of the pRBhis/
E1ACR1-3 complex were loaded at three different concentra-
tions for two experiments. One experiment was performed
at 18 500 rpm with loading concentrations of 2, 1.5, and 1
mg/mL and the other experiment was performed at 18 700
rpm with loading concentrations of 1.3, 0.7, and 0.5 mg/
mL. Fringe displacement scans were collected every 4 h until
the protein samples reached equilibrium.

Data Analysis of Sedimentation Equilibrium Experiments.
After equilibrium was obtained, the NONLIN program (70)
was used to globally fit several scans for each set of
experiments. NONLIN fits using an effective reduced
molecular weight,σ ) M(1 - vjF)ω2/RT, in whichM is the
molecular weight, vj is the partial specific volume of the
protein,F is the solvent density,ω is the angular velocity
[2π(rpm)/60],R is the gas constant, andT is the temperature
in kelvin. The partial specific volume of all the proteins in
this study was calculated from the amino acid sequence while
the density of the solvent was calculated as described (71).
For each set of experiments, an initial single species model
was used to estimate the effective reduced molecular mass
of the proteins. Although the overall fit quality for the single
species model was poor for all of the experiments, it was
sufficient to provide an apparent weight-average molecular
mass (Mw,app) for the proteins in the sample. For models of
associating systems,σ was held at the correct value based
on the known monomer molecular weight of the proteins
and equilibrium constants were fitted as lnK. These values
then were converted to dissociation constants with the
appropriate molar units. The fit quality of the models for all
of the experiments was determined by examination of
residuals and by minimization of the fit variance. Fits were
not improved by includingB factors in the models. Therefore,
it is assumed that protein nonideality was not a factor at the
concentrations tested. Results are summarized in Table 1.

RESULTS

Purification of E7CR1-3 and of E7CR2-3 and Sedimentation
Equilibrium Experiments of Recombinant E7CR1-3. Full-
length HPV16 E7 (Figure 1A, E7CR1-3) was expressed as
soluble protein in bacteria at 37°C. E7CR1-3 was purified
using a combination of Q sepharose anion-exchange chro-
matography, separation based on hydrophobicity using a
phenyl-sepharose column and size-exclusion chromatography
using a high load Superdex 200 prep-grade gel filtration
column. Peak protein fractions that eluted from the gel
filtration column contained E7CR1-3 and appeared to be
greater than 95% pure (Figure 2A). Although the monomer
molecular mass of E7CR1-3 is 11.0 kDa, purified E7CR1-3

eluted from the gel filtration column in one peak between
the elution points of protein standards with molecular masses
of 158 and 44 kDa (Figure 2A). The large hydrodynamic
radius of E7CR1-3 suggested that it may be an oligomer
containing two or more subunits and/or has an elongated
asymmetric shape. The purification scheme of E7CR2-3

[monomer molecular mass (M) ) 9.29 kDa] was essentially
the same as E7CR1-3. The gel filtration elution point of
E7CR2-3 demonstrated that the hydrodynamic radius of
E7CR2-3 is only slightly smaller than that of E7CR1-3 (Figure
2A), suggesting that it has similar oligomeric properties and/
or shape as E7CR1-3. It is important to note that these protein
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preparations were performed multiple times with highly
reproducible results.

To investigate the oligomerization state of E7CR1-3, two
sets of sedimentation equilibrium experiments were per-
formed with the purified protein. The first set of experiments
was performed at 28 500 and 36 500 rpm at 4°C using
absorbance optics. The same protein samples with four
different starting concentrations ranging from 0.025 to 0.50
mg/mL were used for both speeds. This provided eight
samples from discrete concentrations and/or different cen-
trifugation speeds for simultaneous analysis using nonlinear
regression (70). After all of the protein samples reached
equilibrium, the eight data plots representing the protein
concentration versus radius were initially fitted with a single
species model to determine the apparent weight-average
molecular weight (Mw,app) of the system. Although this gave
a poor fit to the data, theMw,app for E7CR1-3 was 19.9 kDa
(Table 1), suggesting that E7CR1-3 self-associates (M )11.0
kDa). Data analysis resulted in two models describing self-
association that fit equally well. One model included
monomers, dimers and tetramers while the second model
described monomers, dimers and trimers. Both fits were
significantly better than models describing only monomers
and dimers. For this experiment, all eight samples were
analyzed simultaneously, while fitting global apparent dis-
sociation constants, to develop a model for reversible
monomer-dimer-trimer or monomer-dimer-tetramer (Fig-
ure 2B) equilibrium. For the monomer-dimer-tetramer
model, the apparent dissociation constants,Kd(monomer-dimer)

andKd(dimer-tetramer), were 1.1µM and 3.6 mM, respectively
(Table 1).

To distinguish between the monomer-dimer-trimer and
the monomer-dimer-tetramer model for E7CR1-3, a second
set of experiments at higher protein concentrations was
performed. This set of experiments with E7CR1-3 was
performed using interference optics with two different

starting protein concentrations of 0.5 mg/mL and 1.0 mg/
mL. This two speed study was performed at 25 800 and
36 500 rpm. When all of the protein samples reached
equilibrium, four data plots (from the two different protein
concentrations and the two speeds) were initially fitted with
a single species model to determine theMw,app of 24.9 kDa
for the system (Table 1). The best model for this set of
experiments described only dimers and tetramers in solution.
All four samples were globally analyzed, using nonlinear
regression (70), while fitting individual apparent dissociation
constants, to develop a model for dimer-tetramer equilib-
rium (Figure 2C). Unlike the first set of experiments, this
model was significantly better than a monomer-trimer model
or any other models containing three species. Monomeric
protein could not be included in this model, presumably
because of the higher protein concentration. The apparent
dissociation constant,Kd(dimer-tetramer), for the protein was 550
µM ( a standard deviation (SD) of 280µM (Table 1).

Although both sets of experiments suggest that E7CR1-3

is predominantly a dimer, theKd(dimer-tetramer)differ signifi-
cantly between the two experiments. Therefore, it is not clear
whether dimer-tetramer association is reversible. The first
set of experiments was performed at an optimal protein
concentration for monomer detection, while the second set
was designed to probe dimer-tetramer association. It is
possible that the amount of higher oligomer in the first
experiment was too low to obtain an accurateKd(dimer-tetramer)

estimate. Therefore, based on both sets of experiments, it
can be concluded that theKd(dimer-tetramer)of E7CR1-3 is at least
550 ( 280 µM. These values are weak enough to suggest
that the dimer-tetramer equilibrium does not occur at
physiological protein concentrations.

Purification and Sedimentation Equilibrium Experiments
of Recombinant E1ACR2-3. To directly compare the oligo-
merization properties of Ad5 E1A and HPV16 E7, we
initially sought to purify and characterize E1ACR1-3, which

Table 1: Apparent Dissociation Constants (Kd) of E7CR1-3, E1ACR2-3, pRBhis, the pRBhis/E7CR2-3 Complex, and the PRBHis/E1ACR1-3 Complex

protein na
Kd(monomer-dimer)

(M)
Kd(dimer-tetramer)

(M)
rmsb

(× 10-3)
monomer M

(kDa)
Mw,app

c

(kDa)

E7CR1-3 (A) 8 1.1× 10-6 d

(6.7× 10-7, 1.8× 10-6)e
3.6× 10-3 d

(2.5× 10-3, 1.8× 10-2)e
5.9 11.0 19.9

E7CR1-3 (B) 4 naf 5.5× 10-4 (( 2.8)g

(2.5× 10-4, 9.1× 10-4)h
9.9 11.0 24.9

E1ACR2-3 6 1.4× 10-4 (( 0.52)g

(5.5× 10-5, 1.8× 10-4)h
nai 3.4 8.77 11.6

pRBhis 6 1.3× 10-3 (( 0.52)g

(5.5× 10-4, 2.0× 10-3)h
nai 9.9 49.9 52.0

pRBhis/viral
oncoprotein complex na

Kd(1:1-2:2)

(M)
Kd(2:2-4:4)

(M)
rmsb

(× 10-3)
M of a 1:1

complex (kDa)
Mw,app

c

(kDa)

pRBhis/E7CR2-3 6 8.3× 10-7 (( 5.2)g

(2.4× 10-7, 1.8× 10-6)h
3.8× 10-5 ((2.5)g

(1.2× 10-5, 7.4× 10-5)h
9.4 59.3 130

pRBhis/E1ACR1-3 6 1.1× 10-4 (( 0.56)g

(6.6× 10-5, 2.1× 10-4)h
n.a.j 8.9 67.1 80.2

a Number of samples from discrete concentrations and/or different centrifugation speeds analyzed simultaneously.b Root-mean-square deviation
of the residuals for the multiple species models.c The apparent weight-average molecular mass determined by using a single species model forn
samples. It is important to note that the overall quality of fit for every single species model was lower than the fit quality of the multiple species
models.d A global Kd estimated forn samples analyzed simultaneously.e Corresponds to a 95% confidence interval or( 2 SD from the globalKd.
f Not applicable due to the absence of monomer in the best model for the speed and concentration range of this experiment.g The averageKd ((
SD) of a model in whichn samples were analyzed simultaneously while fitting individual dissociation constants.h Corresponds to the minimum
and maximum values of individual dissociation constants for n samples.i Not applicable due to the absence of tetramer in the best model for the
speed and concentration range of this experiment.j Not applicable due to the absence of a 4:4 complex in the best model for the speed and concentration
range of this experiment.
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FIGURE 2: Purified recombinant E7CR1-3 exists primarily as a dimer. (A) Final purification step of recombinant E7CR1-3 and E7CR2-3 using
size-exclusion chromatography. An 18% Coomassie-blue stained SDS-PAGE analysis of four peak fractions reveal that purified recombinant
E7CR1-3 elutes from a high load Superdex 200 prep-grade size-exclusion column between the elution points of protein standards with
molecular masses of 158 and 44 kDa. The E7CR1-3 monomer molecular mass is calculated to be 11.0 kDa based on the protein sequence.
For comparison, the E7CR2-3 elution point is shown in gray [the peak height is scaled down to facilitate peak comparison; monomer molecular
mass (M) ) 9.29 kDa]. The first large peak in the E7CR2-3 elution profile contains high molecular weight contaminants. ([) The peak
elution points of protein standards. (B) Sedimentation equilibrium analysis of E7CR1-3 at low protein concentrations. This set of sedimentation
equilibrium experiments was performed at 25 800 and at 36 500 rpm and 4°C. Absorbance scans from eight samples with different loading
concentrations and/or centrifugation speeds were analyzed simultaneously with a model describing monomeric, dimeric and tetrameric
species using the nonlinear regression program NONLIN (70). The fits for the four samples at 36 500 rpm are shown. The bottom panels
illustrate the calculated fits for the samples as continuous lines. (O) Data points are represented. The top panels represent residuals for the
calculated fit. (C) Sedimentation equilibrium analysis of E7CR1-3 at high protein concentrations. This 4°C two speed sedimentation equilibrium
experiment was performed at 25 800 and at 36 500 rpm. Fringe displacement data for two different concentrations at both speeds were
analyzed simultaneously with a model describing dimeric and tetrameric species using NONLIN (70). The fits for the two samples at
25 800 rpm are shown. The bottom panel illustrates the calculated fits as continuous lines. (O) Data points are represented. The top two
panels represent the residuals for the calculated fits.
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contains the CR1 region through the CR3 region (Figure 1B).
However, protein purification of E1ACR1-3 was problematic
and this protein eluted from the Superdex 200 gel filtration
column as a broad series of aggregates (data not shown).
Therefore, Ad5 E1ACR2-3 (Figure 1B) was used for these
studies. This construct was expressed in soluble form in
bacteria at 37°C. E1ACR2-3 was purified using a combination
of Q sepharose anion-exchange chromatography, separation
based on hydrophobicity using a phenyl-sepharose column
and size-exclusion chromatography using a high load Su-
perdex 75 prep-grade gel filtration column. The gel filtration
column typically yielded protein peaks of high molecular
weight contaminants followed by a single peak containing
E1ACR2-3 (Figure 3A). Peak E1ACR2-3 fractions that eluted
from the gel filtration column appeared to be greater than
95% pure (Figure 3A). This protein preparation was per-
formed multiple times with consistent elution profiles.

E1ACR2-3, which has a monomer molecular mass of 8.77
kDa, eluted from the gel filtration column in a single peak
at a position between protein standards of 17 and 1.35 kDa
(Figure 3A) and is consistent with a protein that is larger
than 8.77 kDa (approximately 13 kDa) based on the
molecular masses of the protein standards. The slightly larger
than expected hydrodynamic radius suggests that, like
E7CR2-3 (Figure 2A), E1ACR2-3 has exists as a higher order
oligomer and/or has an elongated shape, although it is clear
that these properties are distinct from those of E7CR2-3.

To probe the oligomerization properties of E1ACR2-3, two
sedimentation equilibrium experiments were performed with
purified E1ACR2-3 from separate protein preparations. The
first experiment was performed at 40 000 rpm using interfer-
ence optics with three different starting concentrations, while
the second experiment was performed at 48 000 rpm with
three different starting concentrations using absorbance

FIGURE 3: Purified recombinant E1ACR2-3 exists primarily as a monomer. (A) Final purification step of recombinant E1ACR2-3 using
size-exclusion chromatography. An 18% Coomassie-blue stained SDS-PAGE analysis of four peak fractions reveal that purified recombinant
E1ACR2-3 elutes from a high load Superdex 75 prep-grade size-exclusion column between the elution points of protein standards with
molecular masses of 17 and 1.35 kDa. The larger protein peaks represent high molecular weight contaminants separated from the protein
of interest. The E1ACR2-3 monomer molecular mass is calculated to be 8.77 kDa based on the protein sequence. ([) The peak elution
points of protein standards are represented. (B) Sedimentation equilibrium analysis of E1ACR2-3 with two speeds and multiple protein
concentrations. Two single speed sedimentation equilibrium experiments with separately prepared protein were performed at 40 000 and at
48 000 rpm and 4°C. Three samples collected with fringe displacement data and three samples obtained fromA280nm scans from different
loading concentrations were analyzed simultaneously with a model describing monomeric and dimeric species using NONLIN (70). The
samples from the experiment at 40 000 rpm are shown. The bottom panel illustrates the calculated fits as continuous lines. (O) Data points
for the scans are represented. The top three panels represent residuals for the calculated fits.
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optics. This provided six samples containing protein from
discrete concentrations and/or different centrifugation speeds
for data analysis using nonlinear regression (70). After all
of the protein samples reached equilibrium, the six data plots
representing the protein concentration versus radius were
simultaneously fitted to theMw,app of 11.9 kDa, suggesting
that E1ACR2-3 self-association is present (Table 1). Therefore,
the six data plots were fitted with models describing self-
association. The six samples were analyzed simultaneously
to develop a model for monomer-dimer equilibrium (Figure
3B). This fit was significantly better than monomer-trimer
models or models containing three oligomeric species. The
apparent dissociation constant,Kd(monomer-dimer), for the samples
was 140( 52 µM.

Purification and Sedimentation Equilibrium Experiments
of Recombinant pRBhis. An N-terminal 6× histidine-tagged
construct of the pRB small pocket (Figure 1C, pRBhis) was
expressed in soluble form in bacteria at 15°C. The protein

was purified with affinity chromatography (nickel agarose)
followed by size-exclusion chromatography using a high load
superdex 200 prep-grade gel filtration column. Peak protein
fractions that eluted from the gel filtration column contained
pRBhis and appeared to be greater than 95% pure (Figure
4A). The pRBhis protein eluted from the gel filtration column
as one peak with a hydrodynamic radius similar to that of
the 44 kDa protein standard (Figure 4A). The monomer
molecular mass of this pRB region is 49.9 kDa, suggesting
that the protein eluted from the gel filtration column as a
monomer.

Two sedimentation equilibrium experiments were per-
formed with pRBhis at 18 000 and 25 000 rpm using
interference optics and three different protein concentrations.
When all of the protein samples reached equilibrium, the
six separate data plots representing the protein concentration
versus radius were fitted with a single species model to
determine theMw,app of 52.0 kDa. Although theMw,app was

FIGURE 4: Purified recombinant pRBhis exists as a monomer. (A) Final purification step of recombinant pRBhis using size-exclusion
chromatography. A 15% Coomassie-blue stained SDS-PAGE analysis of four peak fractions reveal that purified recombinant pRBhis elutes
from a high load Superdex 200 prep-grade size-exclusion column at approximately the elution point of the 44 kDa protein standard. The
monomer molecular mass of pRBhis is calculated to be 49.9 kDa based on the protein sequence. ([) The peak elution points of protein
standards are represented. (B) Sedimentation equilibrium analysis of pRBhis from two speeds and with multiple protein concentrations. This
set of sedimentation equilibrium experiments were performed at 18 000 and 25 000 rpm at 4°C. Each experiment was performed with
protein from separate preparations. Fringe displacement data of six samples from different loading concentrations and/or different speeds
were analyzed simultaneously with a model describing monomeric and a small amount of dimeric species using NONLIN (70). The samples
from 18 000 rpm are shown. The bottom panel illustrates the calculated fits as continuous lines. (O) Data points for the scans are represented.
The top three panels represent residuals for the calculated fits shown.
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within the 5% expected experimental error of the actual
monomer molecular weight, the residuals from this single-
species model were nonrandom and suggested that slight
aggregation was present. The data plots were then fitted to
a model describing very weak self-association using non-
linear regression (70). The model describing self-association
was significantly better than the single species model.
Therefore, all six samples were analyzed simultaneously to
develop a model for very weak monomer-dimer equilibrium
(Figure 4B). The apparent dissociation constant,Kd(monomer-dimer),

for the samples was 1.4( 0.52 mM (Table 1), demonstrating
that this pRB domain is primarily monomeric.

Purification and Sedimentation Equilibrium Experiments
of the Recombinant pRBhis/E7CR2-3 Complex.For complex
formation, pRBhis and E7CR2-3 were coexpressed in bacteria
as described (69). Coexpression was utilized for this study
because the stoichiometry of binding between the pRBhis and
E7 were unknown, and at high protein concentrations,
precipitation would occur upon mixing the individually
purified proteins (69). Initially, we tried to coexpress and
copurify pRBhis with E7CR1-3 for further characterization.
Unfortunately, the purified pRBhis/E7CR1-3 complex yields
were too low for analytical ultracentrifugation experiments
(data not shown). Therefore, a construct of HPV16 E7
(E7CR2-3, Figure 1A), containing the minimal pRB-binding
domain (CR2) and the low affinity pRB-binding site (CR3),
was coexpressed with pRBhis and used for these studies (69).
pRBhis was coexpressed with E7CR2-3 and the complex was
purified to homogeneity at a sufficient yield for analytical
ultracentrifugation experiments. The complex was expressed
at 15 °C in bacteria. The proteins existed in the soluble
fraction and were copurified through a combination of
affinity chromatography (nickel agarose) and size-exclusion
chromatography using a high load Superdex 200 prep-grade
gel filtration column. The proteins coeluted from the gel
filtration column at a molecular mass that was consistent
with the 158 kDa protein standard and had a significantly
larger hydrodynamic radius than that of individually purified
pRBhis or of purified E7CR2-3 proteins (Figure 5A). The
crystal structure of the pRB small pocket with an E7CR2

-derived peptide suggests that the stoichiometry of pRB/E7
binding is 1:1 (46). Assuming that this pRBhis/E7CR2-3

complex exists with 1:1 stoichiometry, the predicted molec-
ular mass would be 59.3 kDa. Therefore, the gel filtration
elution profile suggests that this complex exists at an
oligomerization state that is greater than 1:1 or that the shape
of the complex is elongated. This purification protocol was
performed multiple times with reproducible results. In
addition, the elution point of gel-filtered pRBhis/E7CR2-3

complex is similar to the pRBhis/E7CR1-3 complex (data not
shown), suggesting that the oligomerization properties and
shape of the two complexes are similar.

To evaluate the oligomerization state of the pRBhis/E7CR2-3

complex, two sedimentation equilibrium experiments from
two separate protein preparations were performed at 18 000
and at 20 000 rpm with interference optics. Three different
starting concentrations of purified complex were used for
each experiment, providing six different samples for data
analysis. After all samples reached equilibrium, all six data
plots representing the protein concentration versus radius
were fitted to a single species model to determine the overall
Mw,appof 130 kDa for the system using nonlinear regression

analysis (70). Since theMw,appwas significantly higher than
that of a 1:1 E7CR2-3/pRBhis complex, the six plots were
analyzed to develop models for self-association. The data
were analyzed simultaneously while fitting independent
apparent dissociation constants (Figure 5B). Since the
complex between a nine-residue CR2-derived E7 peptide and
the pRB small pocket (nearly identical to the pRBhis domain
described here) has a dissociation constant of 110 nM (46),
it is reasonable to expect that the truncated proteins in this
study have dissociation constants of 110 nM or lower. This
assumption is further supported by the fact that a larger
HPV16 E7/pRB60 complex has a dissociation constant in
the low nanomolar range (29). On the basis of these data, it
is reasonable to expect that very low to undetectable levels
of pRBhis/E7CR2-3 dissociation occurred during this experi-
ment. Using this assumption, we fit a model containing three
E7CR2-3/pRBhis complexes with 1:1, 2:2 and 4:4 molar
stoichiometry. The apparent dissociation constants were 0.83
( 0.52 µM for 1:1-2:2 molar equilibrium [Kd(1:1-2:2)] and
38 ( 25 µM for the 2:2-4:4 molar equilibrium [Kd(2:2-4:4),
Table 1]. This fit was significantly better than the fit for a
model describing 1:1-2:2-3:3 oligomerization or fits with
models describing 1:2 E7CR2-3/pRBhis molar ratios. However,
models describing a molar ratio of 2:1 for the E7CR2-3/pRBhis

complex fit only marginally worse than models describing
1:1 stoichiometry. Therefore, these experiments were unable
to definitively establish the stoichiometry of the E7CR2-3/
pRBhis complex. Nonetheless, both theMw,appand the multiple
species models for this study demonstrate that the primary
oligomerization state for the complex is greater than 1:1. In
addition, the self-association models suggest that the pre-
dominant oligomerization state of the complex consists of
two molecules of pRBhis and two or four molecules of
E7CR2-3.

Purification and Sedimentation Equilibrium Experiments
of Recombinant pRBhis/E1ACR1-3 Complex.The E1ACR1-3

construct (Figure 1B), containing the minimal pRB-binding
domain (CR2) and the second pRB-binding site (CR1), was
coexpressed with pRBhis in bacteria as described (69). The
complex was expressed at 15°C (69). The proteins existed
in the soluble fraction and were copurified through a
combination of affinity chromatography (nickel agarose) and
size-exclusion chromatography using a high load Superdex
200 prep-grade gel filtration column. The proteins coeluted
from the gel filtration column at a molecular mass that is
slightly larger than the 44 kDa protein standard and the
individually purified pRBhis protein (Figure 6A). Since the
expected molecular mass of a 1:1 molar pRBhis/E1ACR1-3

complex is 67.1 kDa, the elution point of this complex is
consistent with a complex of 1:1 stoichiometry (Figure 6A).
This purification protocol was performed multiple times with
highly reproducible results.

Two single speed sedimentation equilibrium experiments
from two different protein preparations were performed with
the pRBhis/E1ACR1-3 complex at 18 500 and 18 700 rpm
using interference optics. Three different starting concentra-
tions were loaded for each experiment, providing six different
samples for data analysis. After all of the protein samples
reached equilibrium, the six data plots representing the
protein concentration versus radius were fitted to a single
species model to determine the overallMw,app of 80.2 kDa
for the system (Table 1), suggesting that slight oligomer-
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ization of a 1:1 pRBhis/E1ACR1-3 complex was present. The
six data plots were then fitted with models describing self-
association using nonlinear regression (70). The six samples
were analyzed simultaneously, while fitting individual ap-
parent dissociation constants, to develop a model for revers-
ible association (Figure 6B). For this model, it is assumed
that pRBhis/E1ACR1-3 dissociation is not present during the
experiment because both previously defined pRB-binding
sites are present within this E1A domain (30) and because
the CR2 region has a significant degree of sequence
homology with the E7 CR2-derived peptide mentioned
previously. On the basis of the gel filtration elution profile
of the complex, a 1:1 molar ratio of pRBhis/E1ACR1-3 was
assumed for first model and the apparent dissociation
constant [Kd(1:1-2:2)] for the 1:1-2:2 equilibrium was 110(

56 µM (Table 1). In support of these results, this model of
1:1-2:2 oligomerization was significantly better than models
describing either 2:1 or 1:2 molar ratios of pRBhis to
E1ACR1-3. Unlike the larger pRBhis/E7CR2-3 oligomerization
state, the predominant oligomerization state in this system
is one molecule of pRBhis to one molecule of E1ACR1-3.

DISCUSSION

We have used sedimentation equilibrium experiments to
show that E1ACR2-3 and E7CR1-3 both participate in reversibly
associating processes with significantly different dissociation
constants (Table 1). At the concentrations tested, E7CR1-3

exists as monomers, dimers, and tetramers while only
reversible monomer-dimer association is detected for
E1ACR2-3. The apparentKd(monomer-dimer) of E1ACR2-3 is 140

FIGURE 5: Predominant oligomeric state of the pRBhis/E7CR2-3 complex has greater than 1:1 stoichiometry. (A) The final purification step
of the recombinant pRBhis/E7CR2-3 complex using size-exclusion chromatography. An 18% Coomassie-blue stained SDS-PAGE analysis
of four peak fractions reveal that coexpressed recombinant pRBhis and E7CR2-3 coelute from a high load Superdex 200 prep-grade gel
filtration column at approximately the elution point of the 158 kDa protein standard. A 1:1 stoichiometric complex consisting of pRBhis and
E7CR2-3 has a calculated molecular mass of 59.3 kDa based on the protein sequences. The light gray peak represents the elution point of
pRBhis alone (the peak height is scaled down to facilitate peak elution point comparison). The dark gray peak represents the elution point
of E7CR2-3 alone (the peak height scaled down as well). ([) The peak elution points of protein standards are represented. (B) Sedimentation
equilibrium analysis of the purified pRBhis/E7CR2-3 complex. Two separate 4°C single speed sedimentation equilibrium experiments from
separately purified complexes were performed at 18 000 and 20 000 rpm. Fringe displacement data from three different concentrations at
both speeds were analyzed simultaneously with a model describing complexes of 1:1, 2:2 and 4:4 stoichiometry using NONLIN (70). The
samples from the 20 000 rpm experiment are shown. This fit was significantly better than the fits for a model describing complexes of 1:1,
2:2, and 3:3 oligomerization and a model describing 2:1 pRBhis/E7CR2-3 stoichiometry. However, the fit quality for pRBhis/E7CR2-3 complexes
of 1:2 stoichiometry was statistically equivalent to the fit shown. (O) Data points are represented. The top three panels represent the
residuals for the calculated fits.
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( 52 µM, which is approximately 100-fold higher than the
apparentKd(monomer-dimer) of 1.1 µM for E7CR1-3 (Table 1),
demonstrating that at physiological protein concentrations,
E1ACR2-3 exists primarily as a monomer, while E7CR1-3 exists
primarily as a dimer. A comparison of the sedimentation
equilibrium data with gel filtration elution profiles also
suggests that the E7CR1-3 dimer has an elongated shape
because the E7CR1-3 hydrodynamic radius is significantly
larger than what is expected for a globular dimeric protein
of a molecular mass of 22 kDa (Figure 2A). Since the
E1ACR2-3 monomer also elutes from gel filtration at a molec-
ular mass significantly higher than its predicted monomeric
molecular mass of 8.77 kDa (Figure 3A), it is likely that
E1ACR2-3 also adopts an elongated shape in solution.

The E7CR2-3 gel filtration elution profile suggests that this
domain has oligomerization properties and a shape similar

to E7CR1-3 (Figure 2A). This data supports the results of
previous studies, which demonstrate that the oligomerization
domain of HPV E7 is in the CR3 zinc-binding region (27,
51, 68). Despite the existence of similar zinc-binding motifs
within the Ad E1A and HPV E7 CR3 regions, our studies
with the E1ACR2-3 protein show that the Ad E1A CR3 region
is distinct from that of HPV E7 in that it does not mediate
strong self-association. However, it is interesting to note that
under the same buffer conditions, purified E1ACR1-3 elutes
from a gel filtration column as a series of aggregates (data
not shown) while E1ACR2-3 elutes in a single peak. This
suggests that a domain between the beginning of CR1 and
CR2 (amino acids 36-113) is responsible for E1ACR1-3

aggregation, although the biological significance of this
aggregation is unclear.

FIGURE 6: Purified recombinant pRBhis/E1ACR1-3 complex exists predominantly with 1:1 stoichiometry. (A) The final purification step of
the recombinant pRBhis/E1ACR1-3 complex using size-exclusion chromatography. An 18% Coomassie-blue stained SDS-PAGE analysis of
four peak fractions reveal that coexpressed recombinant pRBhis and E1ACR1-3 coelute from a high load Superdex 200 prep-grade size-
exclusion column between elution points of protein standards with molecular masses of the 44 and 158 kDa. A 1:1 stoichiometric complex
consisting of pRBhis and E1ACR1-3 has a calculated molecular mass of 67.1 kDa based on the protein sequences. The gray peak represents
the elution point of pRBhis alone (the peak height is scaled down to facilitate peak elution point comparison). ([) The peak elution points
of protein standards are represented. (B) Sedimentation equilibrium analysis of the pRBhis/E1ACR1-3 complex from two speed and multiple
protein concentrations. Two single speed sedimentation equilibrium experiments were performed at 18 500 and 18 700 rpm at 4°C. Each
experiment was performed with separately prepared complex. Fringe displacement data of six samples from different loading concentrations
and/or speeds were analyzed simultaneously with a model describing complexes of 1:1 and 2:2 stoichiometry using NONLIN (70). Samples
from the experiment at 18 500 rpm are shown. The bottom panel illustrates the calculated fits as continuous lines. (O) Data points for all
scans are represented. The top three panels represent residuals for the calculated fits.
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The gel filtration elution profile of the pRBhis/E7CR2-3

complex suggests that the stoichiometry of binding is greater
than 1:1 (Figure 5A) or that the complex adopts an elongated
asymmetric shape in solution. Sedimentation equilibrium
experiments with the pRBhis/E7CR2-3 complex demonstrates
that the molecular weight of the major species in solution is
greater than that of a 1:1 stoichiometric complex. However,
testing of 1:1 and of 1:2 pRBhis/E7CR2-3 molar ratio models
reveals no significant difference between the fit quality for
the two possible pRBhis/E7CR2-3 molar ratios. There are two
main reasons for this. First, there is only a small difference
between the molecular masss of the possible pRBhis/E7CR2-3

molar ratios, with 1:1 and 1:2 estimated to be 58.6 and 67.4
kDa, respectively. Second, this complex appears to participate
in a reversibly associating system with three different species
detected for each model, resulting in a complicated system
that can accommodate a variety of molar ratios. Therefore,
we can only conclude from this experiment that the primary
complex in the system contains two molecules of pRBhis and
two or four molecules of E7CR2-3. Since pRBhis alone is
monomeric in solution, it appears that E7CR2-3 is promoting
the oligomerization of the pRBhis/E7CR2-3 complex.

Unlike the pRBhis/E7CR2-3 complex, the gel filtration
elution profile of the pRBhis/E1ACR1-3 complex demonstrates
that this complex exists primarily with 1:1 stoichiometry
(Figure 6A). Since the coexpressed pRBhis/E1ACR1-3 complex
elutes from the gel filtration column as a single peak (Figure
6A), it is probable that the presence of pRBhis is inhibiting
the amino terminal-mediated E1ACR1-3 aggregation observed
when it is individually purified (data not shown). The
sedimentation equilibrium experiment of this complex dem-
onstrates that pRBhis/E1ACR1-3 undergoes a weak reversible
self-association between a 1:1 and 2:2 stoichiometric com-
plex. The apparent dissociation constant for this oligomer-
ization is similar to that of E1ACR2-3 alone, raising the
possibility that this relatively weak pRBhis/E1ACR1-3 oligo-
merization is mediated through the CR2-CR3 region of Ad5
E1A (Table 1).

In summary, despite the overall functional similarities
between the HPV16 E7 and Ad5 E1A proteins, we have
elucidated distinct oligomerization properties of these DNA
viral oncoproteins. We find that HPV16 E7CR1-3 is predomi-
nantly dimeric at physiological concentrations while Ad5
E1ACR2-3 is predominantly monomeric. Furthermore, the
different CR3-mediated viral oncoprotein oligomerization
states do not appear to be disrupted by pRB-binding.
Therefore, differences between the oligomerization properties
of Ad E1A and HPV E7 may be related to their distinct
mechanisms of pRB-inactivation.
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