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A critical event in papillomavirus transformation of human cells is the inactivation of pRB by the E7 protein.
E7, like many other viral oncoproteins, possesses a well-characterized LXCXE peptide motif that interacts with
the pocket domain of pRB. Disruption of the LXCXE-binding cleft on pRB renders it resistant to E7 binding
and inactivation. Such binding cleft mutants of pRB are capable of inducing a G1 arrest in the human
papillomavirus 18-transformed HeLa cell line. We show here that the efficient inactivation of pRB in HeLa cells
does not simply depend on the integrity of the LXCXE-binding cleft. Multiple site-directed mutants that alter
conserved surfaces of the pRB pocket domain cause HeLa cells to accumulate in G1. We divide these mutants
into two classes: those that can be bound by E7 and those that cannot. The E7 interacting mutants include
changes in conserved residues that lie in a groove between the A and B halves of the pocket. Surprisingly, none
of these mutants show a clear defect in any of the known mechanisms for pRB inactivation by E7. Analysis of
mutants that are compromised for E7 binding reveals that this interaction depends on both the LXCXE-
binding cleft and on a conserved group of lysines adjacent to the cleft. These basic amino acids on pRB define
a discrete interaction point with E7. These residues most likely form ionic interactions with conserved acidic
amino acids on E7 since a stable pRB/E7 interaction was restored when the lysine residues on pRB and the
acidic residues on E7 were interchanged.

Inactivation of the retinoblastoma tumor suppressor protein
(pRB) is a common event in human cancer (35, 42). Most
frequently, pRB is inactivated by mutation of its regulators.
Inactivating mutations of p16 or activating alterations of the
genes encoding cyclin D1 and cyclin-dependent kinase 4 (cdk4)
result in the functional inactivation of pRB. Less commonly,
the gene encoding pRB (RB-1) is inactivated by direct muta-
tion (42). Additionally, pRB is also known to be inactivated
directly by virally encoded oncoproteins like E7 in high-risk
papillomaviruses (14, 22, 36). High-risk papillomaviruses are
detectable in 90% of cervical carcinomas, establishing the im-
portance of human papillomaviruses (HPVs) in this tumor type
(50).

Studies of the transforming properties of HPV E7 and other
viral oncoproteins, such as simian virus 40 (SV40) TAg and
adenovirus type 5 E1A, have revealed the requirement for a
conserved motif containing the peptide sequence LXCXE (16,
41, 43). This motif is known to facilitate a tight protein-protein
interaction between the viral oncoproteins and pRB (9, 13, 15,
36, 47, 48). Beyond the need for direct binding to pRB through
the LXCXE motif, E7’s precise mechanism of inactivation of
pRB has remained elusive. Like E1A and TAg, E7 is capable
of disrupting pRB-E2F protein complexes (6, 38, 49). The
exact mechanism of this dissociation activity is not known, but
it requires portions of the E7 protein both N and C terminal to
the LXCXE motif (23, 24, 33, 39). More recently, it has also
been shown that E7 possesses the ability to destabilize pRB (1,
2, 10, 27). This process involves the targeting of pRB for

degradation by ubiquitination and transfer to the 26S protea-
some (1, 2, 45). The extreme N terminus of E7 is required for
pRB degradation since a missense mutation of H2P or addi-
tion of an N-terminal epitope tag disrupts this function (17,
23). Previous work has shown that the small pocket domain of
pRB is sufficient for degradation (17). Mutations which alter
the LXCXE-binding cleft prevent binding by E7 and block
degradation (17).

Direct mutation of pRB and inactivation by viral proteins
clearly are irreversible inactivation events. However, a revers-
ible inactivation of pRB occurs as part of each normal cell
cycle (reviewed in references 12 and 46). In late G1 two distinct
cyclin-cdk complexes successively phosphorylate pRB to facil-
itate its inactivation. It has been shown that pRB phosphory-
lation begins with cyclin D-cdk4 or -cdk6 and is in turn fol-
lowed by cyclin E-cdk2 (34). This regulation is not mediated by
a single modification. Instead, a number of studies have shown
that inactivation of pRB requires the accumulation of numer-
ous phosphorylation events (3, 30, 32). Once phosphorylated,
pRB inactivation is thought to occur by intramolecular rear-
rangements of flexible domains, such as the spacer and the
C-pocket which are the primary locations of phosphates on
inactive pRB (20, 30). The tighter binding of these phosphor-
ylated domains to the A-B pocket domain would then displace
associated factors such as E2Fs and chromatin remodeling
machinery. Recent work by Harbour et al. suggests that phos-
phates on the C-pocket interact with a well-conserved group of
lysines on the B-half of the pocket domain to exclude histone
deacetylases from binding (20).

We and others have carried out a mutational analysis of the
LXCXE-binding cleft on pRB (5, 7, 8, 11). We found that
mutation of the LXCXE-binding cleft in pRB disrupts the
ability of pRB to interact with HPV E7 proteins. Surprisingly,
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the binding cleft mutants retain a considerable degree of the
transcriptional repression and cell cycle regulatory functions of
the wild-type protein. This separation of activities is most clearly
illustrated by the properties of these mutants in human papillo-
mavirus type 18 (HPV-18)-transformed HeLa cells (11). Much
work has been done to establish the importance of E6 and E7
function to maintain the proliferative state of HeLa cells (19, 26,
37). Repression of expression of these oncogenes by the E2 pro-
tein blocks growth and rapidly induces a senescent state (18).
Interestingly, the expression of LXCXE cleft mutants of pRB
causes HeLa cells to accumulate in the G1 phase of the cell cycle.
This property is specific to the mutant forms of the protein and
does not occur when wild-type pRB is expressed. Presumably, this
G1 arrest reflects both the inability of the mutant pRB protein to
be targeted by E7 and its ability to perform many of the normal
functions of the wild-type protein.

Random mutagenesis approaches have been of limited use
for the analysis of the pRB pocket, in part because the majority
of mutants that are generated disrupt the overall integrity of
the domain rather than selectively removing specific functions.
In this respect, the ability of pRB mutants to arrest HeLa cells
provides a very stringent assay, since it demands that the mu-
tant protein be active for cell cycle control and be able to exert
an effect that overrides the activity of E6 and E7. Here, we
have taken advantage of this assay to screen a collection of 35
site-directed mutants of the pRB pocket for variants that in-
duce HeLa cells to accumulate in G1. As expected, we identi-
fied several alleles that alter the LXCXE-binding cleft. In
addition, we found mutants in two distinct regions of the
pocket domain. One group of mutants is clustered close to-
gether in a groove between the A and B halves of the pocket.
These mutant forms of pRB resemble the wild-type protein in
that they interact with E2F and E7 and are targeted for deg-
radation by the viral protein. However, these mutants appear
to be poorly phosphorylated in vivo and may represent a class
of “gain-of-function” alleles of RB-1. A second class of mutants
identified contain changes in a well-conserved basic surface on
the B half of the pocket. Our analysis suggests that these
residues on pRB interact with conserved acidic amino acids on
E7 and are important for a stable association between the two
molecules.

MATERIALS AND METHODS

Plasmid construction. Site-directed mutagenesis of the LXCXE cleft region by
PCR has been described previously (11). Sequence changes in the B half of the
pocket were constructed in an NheI-BsmI fragment, while changes in the A half
were carried out in a 0.5-kb NcoI-NheI containing construct. After sequencing to
ensure that only the desired substitutions had been incorporated into the mutant
allele, the mutants were transferred into the full-length RB cDNA in the pCMV-
neo-Bam expression vector. The LXCXE cleft mutant RB38 containing Y756A,
S758L, was obtained from D. Dean (8), while the LXCXE plus the B-pocket
allele RB37, containing four lysine-to-alanine substitutions, was constructed to
resemble an allele that has been previously published by Harbour et al. (20).
Cytomegalovirus (CMV)-Rb�cdk was made by ligating a BglII-BamHI fragment
containing Rb�cdk from pECE-Rb�cdk (32) into the BamHI site of CMV-neo-
Bam. CMV-E7 (type 16) and GST-E7 (type 16) have been published previously
(40, 49). PCR-directed mutagenesis of a pBSK-E7 (type 16) plasmid was used to
alter the sequence encoding Glu-33 to Glu-37 to five lysines. This mutant E7-EK
clone was ligated into the BamHI site of pGEX-2T. Similarly, a PCR fragment
containing E7 (type 18) was ligated into the BamHI site of pGEX-20T. Gluta-
thione S-transferase (GST) fusion proteins were expressed and purified as rec-
ommended by the manufacturer (Amersham Pharmacia). CMV-HA-DP1,
CMV-HA-E2F2, and CMV-�Gal have been used previously (11).

Cell culture and transfections. HeLa, C33A, and Saos-2 cells were obtained
from the American Type Culture Collection and were cultured as described
earlier (11). For flow cytometry experiments HeLa cells were plated at 2.5 � 106

per 10-cm dish. Each plate was transfected by calcium phosphate with 15 �g of
CMV-RB or mutant expression vector and 5 �g of CMV-CD20 or pMACS Kk.II
expression vector. Cells were harvested at 48 h posttransfection and processed
for flow cytometry as described previously (25, 44). Where indicated, nocodazole
was added at 50 ng/ml, at 24 h prior to harvesting of the cells.

Transfected HeLa cells were harvested for magnetic bead isolation on Kk

microbeads essentially as described by the manufacturer (Miltenyi Biotec, Au-
burn, Calif.). Isolated cells were pelleted in microfuge tubes, and cells were lysed
directly in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-
PAGE) sample buffer for pRB expression analysis.

C33A cells were plated at a density of 106 per 6-cm dish. Cells were transfected
with 10 �g of CMV-RB expression plasmid by calcium phosphate and lysed at
72 h posttransfection. Saos-2 cells were plated at a density of 4 � 105 cells per
well of a six-well plate or 106 cells per 6-cm dish. Saos-2 cells were transfected
with 4 �g of DNA by using Fugene 6 (Boehringer Mannheim) according to the
manufacturer’s directions.

Cell extract preparation and GST pulldown assays. C33A cell extracts were
prepared in 0.5 ml of gel shift extract buffer (25) from a 10-cm plate of cells by

TABLE 1. LXCXE cleft mutants of pRB induce a
G1 arrest in HeLa cellsa

Transfected gene
and treatment

% CD20� cells in: % CD20� cells in:

G1 S G2/M G1 S G2/M

�-Gal
None 35.8 34.5 29.7
Nocodazole 8.2 14.2 77.6 3.9 12.7 83.4

RB
None 35.8 40.5 23.7
Nocodazole 7.6 26.5 65.9 4.7 16.3 79.0

RB9
None 53.1 32.8 14.1
Nocodazole 40.6 14.1 45.3 10.0 15.4 74.6

a HeLa cells were transfected with pRB mutants and CD20. Flow cytometry
was used to identify transfected cells by CD20 staining, and the cell cycle phases
were determined by measuring propidium iodide staining of these cells. Nocoda-
zole (50 ng/ml) was added 24 h prior to harvesting to trap cells in M phase.

TABLE 2. Arrest of HeLa cells by pRB mutantsa

Allele Mutation(s)

Wild type .......None
RB4 ................Y709A
RB5 ................Y709F and K713A
RB6 ................Y756F and N757A
RB7 ................K722E, K729E, and K740E
RB8 ................Y709A, K713A, I753A, N757A, and M761A
RB9 ................I753A, N757A, and M761A
RB10 ..............Y709A and K713A
RB11 ..............L660A, T664A, and R668A
RB12 ..............K652A and R656A
RB13 ..............R544A and K548A
RB17 ..............Y709A, K713A, I753A, N757A, M761A, K722E,

K729E, and K740E
RB19 ..............Q575A and S576A
RB28a.............K713A, K720A, K722A, K729A, K740A, and K745A
RB28b ............K713A, K715A, K722A, K729A, K740A, K745A, and

K765A
RB37 ..............K713A, K720A, K722A, and K729A
RB38 ..............Y756A and S758L
Rb�cdk ..........T246A, T350A, S601A, S605A, S781A, S787A, S788A,

S800A, S804A, T814A, and T819A

a RB mutants were transfected into HeLa cells as in Table 1. Cell cycle analysis
was performed as described previously. Mutants that caused a 5% or greater
increase in cells with 2N DNA content are listed.
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freeze-thaw lysis, and debris was cleared by centrifugation at 100,000 � g for 20
min. Then, 100 �l of the extract was mixed with 1 �g of GST fusion protein on
ice for at least 30 min. Glutathione-Sepharose beads (10-�l bed volume) were
mixed with extracts and GST fusion protein for 15 min with rocking. Beads were
spun out and washed two times in gel shift extract buffer without glycerol and
with only 200 mM NaCl. Washed beads were resuspended in 100 �l of SDS-
PAGE sample buffer and then boiled for 5 min. Samples were resolved by
SDS–8% PAGE, and pRB was detected by Western blotting with anti-pRB
monoclonal antibody C36 as described previously (11).

E7 destabilization assays. E7’s ability to diminish pRB expression levels was
measured similarly to the approach of Gonzalez et al. (17). Saos-2 cells were
seeded in a six-well plate. Each well was transfected with 4 �g of CMV-RB (or
mutant); 0.5 �g of CMV-�Gal; and 0, 0.1, or 1 �g of CMV-E7 by using Fugene
6 (Boehringer Mannheim). All transfection mixes were normalized for DNA
content by adding CMV-CD20. Extracts were prepared in 0.25 ml of radioim-
munoprecipitation assay buffer (21) at 72 h posttransfection. Then, 50 �l of the
extract was used in a liquid �-galactosidase enzyme assay to determine the
relative transfection efficiency, and the remainder was mixed with SDS-PAGE
sample buffer and used to determine pRB expression levels by Western blotting.

E7 competition in electrophoretic mobility shift assays. CMV-HA-E2F2 and
CMV-HA-DP1 were cotransfected into C33A cells, and extracts were prepared
in gel shift extract buffer by freeze-thaw lysis. Similarly, extracts containing pRB
or pRB mutants were prepared from transfected Saos-2 cells. DNA-binding
reactions were prepared as described by Hurford et al. (25). Each reaction
contained 0.3 �g of C33A extract, 1 to 1.5 �g of Saos-2 extract (normalized to
pRB content) and, where indicated, 1 ng to 1 �g of GST protein as competitor.
Binding was allowed to proceed for 10 min on ice prior to the addition of the
32P-labeled E2F probe containing a single consensus E2F binding site. Reactions
were incubated a further 20 min prior to loading on a 4% acrylamide gel and
then resolved at 180 V for 3 h at 4°C. Bands were visualized by autoradiography.

RESULTS

A screen for pRB mutants that are able to arrest E7-ex-
pressing cells. Previously, we found that mutation of the LX-
CXE-binding cleft in pRB disrupts the ability of pRB to inter-

FIG. 1. Mutations that cause an increase in G1 HeLa cells target
three well-conserved surfaces of the pRB pocket domain. (A) Struc-
ture of the pRB small pocket domain. Amino acids whose alteration
results in a G1 increase in HeLa cells are colored green. Each view of
the pocket domain is rotated 90° relative to its nearest neighbor. The
A and B halves of the pRB pocket are indicated to the right of panel
A. (B and C) Sequence alignments of structural segments of the pRB
protein whose alterations induce an accumulation of 2N DNA cells in
HeLa. The sequences are derived from human pRB, p107, and p130,
as well as Zea maize RRB1, Drosophila melanogaster RBF, Caenorhab-
ditis elegans LIN-35, and Clamydomonas rheinhardtii Mat3p. The
amino acid position numbers refer to human pRB. The secondary
structure of these segments of pRB is designated above each pileup
and is derived from the crystal structure. Previous mutations that have
been reported to disrupt binding to the LXCXE motif of E7 are boxed
in panel B. Mutations that antagonize E7 binding or function in this
study are boxed in panel C; locations of the various arresting mutants
are also indicated.
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act with HPV E7 proteins. Surprisingly, given the conservation
of this binding site, LXCXE-binding cleft mutants retain a
considerable degree of cell cycle regulatory function and are
able to cause HPV-18-transformed HeLa cells to accumulate
in G1 (11) (Table 1). To ensure that the accumulation of 2N
DNA content cells was a true reflection of a lengthened transit
time through G1 and not accelerated passage through other
phases of the cell cycle, we examined the effect of the mitotic
inhibitor nocodazole on the cell cycle profile. HeLa cells were
transfected with CMV-CD20 and either CMV-�Gal, CMV-RB
(expressing wild-type, full-length human pRB), or CMV-RB9
(full-length pRB carrying three amino acid changes in the
LXCXE-binding cleft). Cultures were treated with nocodazole
24 h prior to harvesting them, and cells were examined by flow
cytometric analysis. As shown in Table 1, nocodazole treat-
ment dramatically increases the percentage of cells in the G2

and M phases of the cell cycle. In agreement with our previous
work, introduction of wild-type pRB into these cells causes no
significant increase in G1 accumulation relative to the �-galac-
tosidase-transfected control. Transfection of a LXCXE-bind-
ing cleft mutant, RB9, not only increases the percentage of
cells in G1 but this accumulation persists in the presence of
nocodazole. This indicates that many of the RB9-expressing
cells are either arrested in G1 or are significantly delayed in
their progression through G1. To confirm that this G1 arrest is
a specific effect and not a general feature of all pRB mutants,
we examined the effects of tumor-derived loss-of-function al-
leles such as C706F and R661W. Cell cycle phases of HeLa
cells were unaffected by introduction of either mutant protein
(data not shown). Thus, the ability to arrest HeLa cells is an
unusual property of LXCXE cleft mutants that is not shared by
either the wild-type protein or tumor-derived alleles.

Mapping studies have shown that the pocket domain of pRB
and the LXCXE motif of E7 proteins are critical for the in-
teraction between these proteins. This mapping does not ex-
clude the possibility that other regions of the proteins might
have an important impact on the ability of E7 to inactivate
pRB. Indeed, it has previously been shown that full-length E7
protein has an affinity for the pRB pocket that is ca. 100-fold
greater than short LXCXE-containing peptides (31), suggest-
ing that additional contact sites are likely to exist that are
important for the interaction. We reasoned that any mutation
that prevents the inactivation of pRB by E7, without compro-
mising pRB’s cell cycle arrest functions, might also cause a G1

accumulation in the HeLa cell assay. We therefore used this
assay to screen a collection of 35 mutants in the pocket domain
of pRB. The mutants were created in the context of full-length
human pRB by site-specific mutation of residues that are con-
served in pRB homologs between species and are predicted to
be on the surface of the pocket. On average, these mutants
contain two or three substitutions per allele. Mutants were
transfected into HeLa cells and analyzed by fluorescence-acti-
vated cell sorting for their ability to induce an increase in G1

cells (summarized in Table 2).
From this screen we found multiple RB-1 alleles that gave a

consistent increase in the proportion of G1 cells. The position
of these mutations on the crystal structure suggested that
these mutants might represent three distinct surfaces of the
pocket domain (see Fig. 1A). First, as expected, multiple mu-
tations affecting well-conserved residues in the LXCXE-bind-
ing groove gave a robust increase in G1 cells (see Table 2 and
Fig. 1B). The changes in RB4, RB5, RB6, RB8, RB9, RB10,
and RB38 were all designed to eliminate residues that are
predicted to contact the LXCXE peptide. As described previ-

FIG. 2. There are two classes of HeLa arresting mutants based on
their ability to bind to E7. C33A cells were transfected with plasmids
encoding the indicated mutants, and extracts were prepared. (Upper
panels) Expression levels of the various mutants were analyzed by
Western blotting. (Lower panels) The ability of the different mutant
forms of pRB to bind E7 was quantified by mixing extracts with
GST-E7 and Western blotting to detect the amount of pRB precipi-
tated with GST-E7. Mutant RB12 was analyzed separately and dis-
played with positive (RB11) and negative (RB9) controls in the right-
most panels. The asterisk marks a proteolytic breakdown product of
pRB.

FIG. 1—Continued.
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ously, each of these mutants is impaired for its ability to inter-
act with E7 (reference 11 and data not shown).

Second, we found that mutations in a group of well-con-
served lysine residues located close to the LXCXE-binding
cleft (see Fig. 1C) were also able to arrest HeLa cells in G1

(31). These gave an increase in the G1 population that was
comparable to that seen with the LXCXE cleft mutants. This
“lysine patch” has been noted previously and has been pro-
posed to interact with the C terminus of pRB subsequent to
phosphorylation of pRB by cyclin-dependent kinases (20).
Some of the more extensive lysine patch mutants (e.g., RB28a,
RB28b, and RB37) include mutation of K713, a residue that is
predicted to contact the LXCXE peptide (31), although mu-
tation of it alone has no effect on E7 binding (data not shown).
However, G1 accumulation is also seen with other mutants,
such as RB7, in which it only affects lysine residues not previ-
ously implicated in contact with the E7 peptide (K722, K729,
and K740).

Third, a lower but reproducible level of G1 accumulation
was observed with mutations that are distant from the
LXCXE-binding cleft (RB11, RB12, RB13, and RB19). These
changes are located close to a groove that separates the A and
B halves of the pocket domain. The residues changed in RB11,
RB12, and RB13 are closely clustered on the crystal structure
and contain substitutions of basic amino acids that have been
highly conserved throughout the evolution of the RB gene
(Fig. 1C). Indeed, several of these residues are as well con-
served between pRB homologs of different species as the res-
idues that we have shown to be required for stable association
with the LXCXE peptide (Fig. 1), suggesting that this cluster
of residues provides an important aspect of pRB function or
regulation.

The RB-1 alleles selected in the HeLa cell assay fall into two
classes based on their E7-binding properties. As a first step in
the characterization of these mutants, we tested whether the
encoded proteins interact with E7. Interactions between pRB
and E7 were tested in GST-E7 “pulldown” experiments. To do
this, CMV-driven expression constructs for these mutants were
transfected into C33A cells. Extracts were then prepared and
analyzed by SDS-PAGE and Western blotted to quantify ex-
pression levels (Fig. 2, upper panels). Extracts were also mixed
with GST-E7 (type 16) protein, and mutant pRB bound to E7
was detected by Western blotting (Fig. 2, lower panels). Mu-
tants encoded by RB28a and RB28b routinely displayed re-
duced expression relative to wild-type pRB. Mutant RB12 was
analyzed on a separate gel (rightmost panels) than the others
and is shown accompanied by reiterations of RB9 and RB11
expression and binding to provide negative and positive con-
trols, respectively.

Since mutations in the LXCXE-binding groove that prevent
binding of E7 were known to arrest HeLa cells in G1, we
anticipated that some of the new alleles selected in the screen
might show a similar defect. Indeed, RB7, RB17, RB28a,
RB28b, and RB37 (each containing changes in the lysine patch
adjacent to the LXCXE-binding cleft) were defective in bind-
ing to E7. Although RB28a and RB28b are expressed at re-
duced levels, compared to other mutants, prolonged exposure
of Western blots failed to reveal even trace amounts bound to
GST-E7 (type 16).

Surprisingly, not all of the mutants that were selected by

their ability to increase the G1 population of HeLa cells were
defective in binding to GST-E7. RB11, RB12, RB13, and
RB19, which contain substitutions in the A-B interface region,
showed a robust interaction with GST-E7 (type 16) that was
similar to that of wild-type pRB. Since HeLa cells express type
18 E7, we also tested binding to a GST-E7 (type 18) and
obtained the same results (data not shown). Thus, the RB-1
mutants that altered cell cycle progression in HeLa cells seem
to separate cleanly into two classes: (i) mutations in the LX-
CXE-binding cleft and/or the nearby lysines that failed to bind
in a stable manner to E7 and (ii) mutations in the A-B inter-
face region that retained E7 binding.

RB11, RB12, RB13, and RB19 interact with E2F, and these
complexes are disrupted efficiently by E7. We first examined
the properties of RB11, RB12, RB13, and RB19, the subset of
RB mutants that are able to increase the G1 population of
HeLa cells but retain the ability to bind to E7. E7 has been
proposed to inactivate pRB in two distinct ways. It has been
found to associate with pRB and to disrupt pRB-E2F com-
plexes (6, 38, 49). In addition, E7 is able to target pRB for
ubiquitin-mediated proteolysis (17, 23). This process can be
easily monitored by using cotransfection assays, since the co-
expression of E7 with pRB causes a rapid reduction in pRB
levels (1, 2, 10, 27). This assay was used to test whether the RB
mutants might be resistant to E7-induced degradation.

Increasing amounts of CMV-E7 expression vector propor-
tionately reduced the expression of wild-type pRB, but not to
mutant RB9, an LXCXE cleft mutant that fails to bind to E7
and serves as a positive control for resistance to E7 (Fig. 3A).
As shown in Fig. 3A, the expression levels of RB11, RB12,
RB13, and RB19 are all strongly reduced by cotransfection
with E7, and none resembles the resistant phenotype of RB9.

It is possible that this transfection-based degradation assay
may not entirely recapitulate the degradation of exogenously
introduced pRB in HeLa cells. For this reason, we coexpressed
pRB with a cell surface marker in HeLa cells, isolated the
transfected cells by magnetic bead sorting, and assessed the
levels of pRB by Western blotting (Fig. 3B). Expression of
endogenous pRB is nearly undetectable in the negative control
�-galactosidase-transfected cells. The wild-type-transfected
cells show a slight increase over the negative control, while the
LXCXE cleft mutant RB9 shows abundant expression of pRB.
As before, the levels of RB11, RB12, RB13, and RB19 are
greatly diminished relative to RB9, and these clearly represent
a different class of mutants from the LXCXE cleft mutants.
However, the levels of the RB11, RB12, RB13, and RB19 are
slightly elevated over that of wild-type pRB. It is feasible that
this slight difference may be sufficient to give a modest accu-
mulation of G1 phase cells, but the significance of this small
difference is difficult to assess.

Since there was no obvious defect in E7-induced destabili-
zation of pRB, we examined whether E7 was able to disrupt
pRB-E2F complexes formed by the mutant pRB proteins. To
test this, we devised a gel shift assay in which pRB-E2F com-
plexes are assembled in vitro. CMV-E2F2 and CMV-DP1 ex-
pression constructs were transfected into C33A cells (that lack
pRB), and extracts were prepared that contained an abun-
dance of E2F site binding activity that was detectable by elec-
trophoretic mobility shift assays (see Fig. 4A). Saos-2 cells,
which also lack pRB and are arrested by ectopic overexpres-
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sion of pRB, were transfected with RB expression constructs,
and the lysates of these cells provided an abundant source of
active pRB. For these experiments the small quantity of the
pRB-containing Saos-2 extract that was used gave no detect-
able free E2F and negligible amounts of E2F-pocket protein
complexes (Fig. 4A). However, when this extract was mixed
with the E2F-containing C33A cell extracts prior to electro-
phoresis, the free E2F activity from the C33A extract associ-
ated with the pRB present in the Saos-2 extracts, generating an
easily detectable pRB-E2F complex. The pRB-E2F complex
could be supershifted by addition of the appropriate antibodies
and was competed for by the addition of unlabeled E2F oligo-
nucleotides, but not by corresponding mutant oligonucleotides
(Fig. 4A and data not shown).

Purified GST or GST-E7 proteins were added to this binding
reaction, and the effects of E7 on pRB-E2F complex formation
were examined. The interaction between wild-type pRB and
E2F was resistant to GST over a range of 3 orders of magni-
tude. The addition of GST-E7 blocked the appearance of pRB-
E2F complexes in a quantitative manner, with 1 �g or 100 ng
of GST-E7 giving almost complete competition, 10 ng of
GST-E7 giving a partial effect, and 1 ng of recombinant
GST-E7 having little effect. As a control, Saos-2 extracts con-
taining pRB9 (a mutant in the LXCXE-binding cleft that fails
to interact with E7) forms pRB-E2F complexes that are unaf-
fected by the addition of GST-E7.

When mutants RB11, RB12, RB13, and RB19 were tested in
this assay, each of these proteins formed E2F complexes that
were disrupted by GST-E7 (Fig. 4B). The disruption of pRB-
E2F complexes formed by RB11, RB12, and RB13 was indis-
tinguishable from the disruption of wild-type pRB-containing
complexes. We noted that the pRB-E2F complexes formed by

RB19 were marginally more resistant to GST-E7, but this may
be due to the slightly higher levels of pRB protein seen with
this mutant (Fig. 4C).

We conclude that E7 is able to bind to the pRB variants
encoded by RB11, RB12, RB13, and RB19 and that it can
disrupt the complexes that these mutants form with E2F.
Moreover, E7 appears to target these pRB variants for degra-
dation. Thus, the G1 accumulation that these mutant proteins
cause in HeLa cells does not seem to be caused by a wholescale
resistance to inactivation by E7. Possible explanations of the
properties of these mutants are outlined in the Discussion.

Lysine residues on the B pocket interact with acidic amino
acids on E7. We next examined the mutant alleles that failed to
bind in a stable manner to GST-E7. Several of these alleles
affect residues in the LXCXE-binding cleft and are known to
disrupt E7 binding (11). However, this group of mutants in-
cludes RB37, RB28a, and RB28b, which contain a combination
of substitutions that have previously been proposed to affect
the lysine patch on the pRB pocket (5, 20). Since this allele
includes a mutation of lysine 713, a residue that is proposed to
contribute LXCXE binding (31), it was unclear whether the G1

arrest seen with this allele was due to the mutation of the lysine
patch or to a synergistic combination of the LXCXE-binding
cleft and the lysine patch. However, we observed that RB7, an
allele that mutated just three lysine residues (K722E, K729E,
and K740E), behaved in a similar way (RB7 increased the G1

population of HeLa cells but was compromised for E7 bind-
ing), raising the possibility that these lysine residues might be
important for E7 binding.

This result is intriguing given that HPV E7, SV40 TAg, and
adenovirus E1A (Fig. 5A) contain a cluster of acidic amino
acids immediately C terminal to the LXCXE motif. We have

FIG. 3. E7 destabilizes pRB mutants in the A-B cleft. (A) Saos-2 cells were cotransfected with RB, E7, and �-galactosidase expression vectors.
Extracts were Western blotted for pRB expression levels and assayed for �-galactosidase activity to indicate the transfection efficiency. The
amounts of cotransfected E7 expression plasmid are indicated above each lane. The �-galactosidase activity levels are within a twofold variation.
A nonspecific, cross-reacting band is indicated by an asterisk. (B) Expression levels of wild-type or mutant pRB in transfected and sorted HeLa
cells. RB transfected Saos-2 cell extracts were included in the leftmost lane as a positive control.
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previously suggested that the orientation of the E7-derived
LXCXE peptide in the cocrystal with the small pocket of pRB
indicates that these acidic amino acids would be close to the
conserved basic patch on pRB (11). Mutation of lysines 722,
729, and 740 also disrupted the interaction between pRB and
either TAg or E1A (data not shown).

While the notion that these conserved acidic residues might
interact with the conserved lysine patch on pRB is attractive,
the proximity of K722, K729, and K740 to the LXCXE-binding
cleft raises a concern. It is possible that mutation of K722,
K729, and K740 might, in some unintended way, compromise
the LXCXE-binding cleft. Thus, the lack of E7 binding by the

FIG. 4. E7 competes for E2F binding to mutants in the A-B cleft. C33A extracts from cells transfected with E2F2 and DP1 expression vectors
were mixed with Saos-2 extracts from RB transfectants. Interactions between E2F and pRB proteins were monitored by creating slower-migrating
complexes (indicated at the left of each panel). E7 competition was detected by the ability of GST-E7 to block the formation of pRB-E2F
complexes. The amounts of GST used as a competitor were 1 �g and 1 ng. The amounts of GST-E7 used were 1 �g, 100 ng, 10 ng, and 1 ng. The
specificity of the complexes detected here was confirmed by the ability of a wild-type E2F site-containing cold competitor to disrupt these
complexes, whereas a mutant cold competitor leaves the complexes unaffected. The sensitivity of wild-type pRB to GST-E7 competition and the
resistance of pRB9 to GST-E7 are shown in panel A. (B) The sensitivity of the mutants in the A-B cleft region, along with the reiterated control
of pRB9 with 1 �g of GST or GST-E7. (C) pRB expression levels in the extracts used in the experiments shown in panel B.
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RB7 mutant might reflect a structural change in the LXCXE-
binding site rather than a positive role for the lysine patch in
E7 binding.

To distinguish between these possibilities, we tested whether
the charged residues provide an ionic interaction between pRB
and E7 by interchanging the charged amino acids on the re-
spective molecules. A mutant E7 was constructed in which the
acidic glutamate residues at positions 33, 34, 35, and 37 and the
aspartate residue at position 36 were changed to lysine resi-
dues (E7-EK, Fig. 5A). If mutation of the lysine residues dis-
rupts the LXCXE cleft of pRB, then the changes in E7 should
have no effect on the interaction. If, on the other hand, there
is an ionic interaction between the charged amino acids, then
the complementary changes might restore the interaction.

As shown in Fig. 2 and 5B, RB7 with lysine-to-glutamate
changes at amino acids 722, 729, and 740 is defective in binding
to GST-E7 relative to wild-type pRB. In addition, GST-E7-EK
shows reduced binding to wild-type pRB, relative to GST-E7.
However, a strong interaction was observed when pRB7 and
GST-E7-EK were incubated together. This interaction indi-
cates that the intrinsic ability of pRB to bind to E7 was not
destroyed by mutation of K722, K729, and K740, and it reveals
the discrete nature of the contact between these charged res-
idues. A derivative of the RB7 charge swap allele containing an
additional mutation in the LXCXE-binding cleft (RB17) was
unable to bind to GST-E7-EK (data not shown), confirming
that the interaction still depended on the integrity of the
LXCXE-binding cleft. We conclude that the lysine patch pro-
vides a second binding site that is distinct from the LXCXE-
binding cleft and contributes to the affinity of the pRB-E7
interaction.

DISCUSSION

Disruption of the LXCXE cleft region of the pRB pocket
renders these mutants resistant to E7 inactivation (11).
LXCXE cleft mutants retain sufficient function, at least in the
context of protein overexpression, to be able to arrest HeLa
cells in G1. In this report we have extended this analysis to
include a more extensive set of RB-1 mutants. Here we show
that the ability of E7 to override pRB does not depend simply
on the LXCXE-binding cleft; indeed, there are at least two
other classes of RB-1 mutants that give a similar phenotype.

In addition to the LXCXE-binding site, the lysine patch
appears to be important for E7 to associate with pRB. We infer
that the ability of lysine patch mutants to block cell cycle
progression in HeLa cells stems from the fact that these mu-
tants are not efficiently targeted by E7. Charge-swap experi-
ments suggest that the lysine patch interacts with a stretch of

acidic amino acids that are just C-terminal to the LXCXE
motif and are well conserved in viral oncoproteins.

In some respects, the discovery of this binding site is sur-
prising. Single amino acid substitutions of E26 in the LXCXE
motif have been shown to disrupt E7 binding (36). In addition,
mutational analysis of the LXCXE-binding cleft shows that this
eliminates the vast majority of the pRB-viral oncoprotein in-
teraction (5, 7, 8, 11). A recent study that examined the inter-
action of the pRB pocket with an N-terminal fragment of SV40
TAg revealed that this region of TAg is in an extended con-
formation (29). Kim et al. (29) suggest that the lysine residues
on the B portion of the pRB pocket may be too distant to make
a significant contact. However, since the fragment of TAg in
these crystals is truncated just C-terminal to the acidic se-
quence, it is not clear that this region is correctly represented.

It should be noted that none of the studies cited above
preclude the possibility of an additional contact site that is
necessary but not sufficient for the pRB-E7 interaction. In-
deed, several other lines of evidence strongly suggest that ad-
ditional contacts are likely to exist. Competition experiments
have shown that CR2-derived peptides have only a fraction of
the pRB-binding activity of the full-length E7 protein (28).
Dissociation constants that were determined by using the small
pocket domain of pRB confirm that E7 has a 100-fold-higher
affinity for the pRB pocket than a 9mer peptide containing
only the LXCXE (31). At least one additional contact has been
mapped to the C-terminal zinc finger domain of E7 and is
believed to interact with the C-pocket of pRB (39). In func-
tional studies of E1A mutants, the deletion of amino acids 133
to 142, which removes the acidic sequence, strongly reduced
the transformation properties of E1A (47). A previous effort to
investigate this region of E7 has shown that deletion of amino
acids 35 to 37 reduces the ability of E7 to be phosphorylated by
casein kinase II (36). The �EDE mutant used in this study may

FIG. 5. Basic residues on the surface of the pRB pocket domain
make important contacts with acidic residues on E7. (A) A well-
conserved region of acidic amino acids C-terminal to the LXCXE
motif were altered to be lysines in the E7-EK mutant. (B) Binding of
wild-type- and RB7-encoded forms of pRB to GST-E7 or the GST-
E7-EK mutant was determined by Western blotting pRB that copre-
cipitated with the indicated GST fusion proteins.

FIG. 4—Continued.
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retain the ability to interact with pRB through the two-gluta-
mate residues that remain at positions 33 and 34.

In addition to the LXCXE cleft and the nearby lysine patch,
we find that mutations in a groove near to the interface be-
tween the A and B halves of the pocket also generate forms of
pRB that affect HeLa cell cycle progression. Three such al-
leles—RB11, RB12, and RB13—contain changes in a small
group of charged amino acids that are clustered together on
the crystal structure and have been highly conserved during
evolution. These mutant proteins possess many of the func-
tions of the wild-type pRB; they efficiently repress E2F-depen-
dent transcription and arrest Saos-2 cells in G1 when overex-
pressed (data not shown). Surprisingly, analysis of these RB-1
mutants failed to reveal any pronounced abnormality in their
interaction with E7. Not only was E7 able to bind to these
mutants, but it was able to efficiently compete their interaction
with E2F and to target them for degradation. Nonetheless,
these mutants clearly represent a different class of alleles than
the LXCXE-binding cleft and lysine patch mutants (see Table
3).

While further work is needed to determine the defect that is
responsible for the properties of RB11, RB12, and RB13, some
clues do exist. During the course of these experiments we
noted that the expression of pRB mutants that lack cdk phos-
phorylation sites gives a modest G1 accumulation in HeLa cells
that is similar to the effect seen with RB11, RB12, RB13, and
RB19 (Table 3). pRB is normally inactivated by cdk phosphor-
ylation, and these mutants have previously been proposed to
represent a constitutively active form of pRB. This phosphor-
ylation site mutant is not defective in binding viral oncopro-
teins (data not shown). The implication of this result is that
mutations that extend or raise the activity of pRB can affect the
HeLa cell cycle and increase the percentage of G1 cells, even
though the mutant proteins are targeted by E7. Interestingly,
Western blots of RB11, RB12, and RB13 expressed in subcon-
fluent cultures of C33A cells showed an altered mobility on
low-percentage SDS-PAGE, with a larger proportion of hy-
pophosphorylated pRB than is seen with wild-type or the
LXCXE cleft mutant RB9 (data not shown). This suggests
that, although these mutations do not affect phosphorylation
sites, the changes in RB11, RB12, and RB13 may affect the
kinetics of pRB phosphorylation, perhaps generating “gain-of-

function” RB-1 alleles. It is intriguing that Chan et al. have
recently demonstrated that pRB is acetylated by p300 and that
the lysine-to-glutamine mutations at residues 873 and 874 of
pRB alter the phosphorylation of pRB in cycling cells (4). A
number of mutations that we have studied in the A and B
halves of the pocket alter conserved lysines and, if there is a
general interrelationship between the acetylation of lysine res-
idues and phosphorylation of pRB, it is quite plausible that
these might affect the kinetics of pRB inactivation.

A second observation that may be relevant here is that the
levels of RB11, RB12, and RB13 measured in sorted popula-
tions of transfected HeLa cells appear to be slightly higher
than the wild-type pRB (Fig. 3B). Although this change is quite
minor compared with the increase in the levels of the LXCXE
cleft mutants, it is unclear what degree of pRB stabilization
might be necessary to alter the cell cycle phasing of HeLa cells.
Potentially, quite small changes in the levels of pRB might be
significant if compounded by a change in the rate of inactiva-
tion. We suggest that the G1 accumulation caused by RB11,
RB12, RB13, and RB19 may be due to a combination of small
changes that slightly raise and extend the activity of pRB in
HeLa cells.

There are several types of mutants that might be anticipated
to score in the HeLa cell cycle arrest assay that we have not yet
found. For example, mutants that bind to E7 but are not
efficiently degraded or RB-1 mutants that form complexes with
E2F that are not readily disrupted by E7 would be predicted to
allow pRB to block the HeLa cell cycle. One of the limitations
of the HeLa assay is that only RB-1 mutants that retain the
ability to arrest the cell cycle are revealed, and this limits the
spectrum of mutants that can be found. If the mutations that
block the interaction with E7 or the degradation of pRB are
generated by changing residues that are required for pRB
function, then these mutants would not be active in HeLa cells.
Nevertheless, one of the conclusions that can be drawn from
this study is that the ability of E7 to inactivate pRB does not
depend on a single surface. Instead, changes in several distinct
surfaces on the protein can affect this process. This may have
some therapeutic implications, since molecules that target
these surfaces may be able to prevent E7 from efficiently in-
activating pRB and may be able to restore some level of pRB
function to virus-transformed cells. In this initial survey, we

TABLE 3. Resistance of pRB mutants to E7a

Region Allele Mutation(s) % G1 increase in
HeLa cells

Score

E7 binding E2F-E7
competition

E7-induced
degradation

None Wild type None 0 � � �
LXCXE cleft RB9 I753A, N757A, and M761A 24.0 � � �
A-pocket RB13 R544A and K548A 8.9 � � �
A-pocket RB19 Q575A and S576A 13.8 � � �
B-pocket RB7 K722E, K729E, and K740E 21.9 �/� �/� �/�
B-pocket RB11 L660A, T664A, and R668A 11.1 � � �
B-pocket RB12 K652A and R656A 19.4 � � �
Multiple Rb�cdk T246A, T350A, S601A, S605A, S781A, S787A,

S788A, S800A, S804A, T814A, and T819A
6.7 � ND ND

a RB mutants were transfected into HeLa cells as in Table 1. Cell cycle analysis was performed as described previously. The percent increase in cells with 2N DNA
content over that of the control is shown. Binding to HPV-16 E7, competition for binding between E7 and E2F, and E7-induced degradation are scored as “�” for
the wild-type level interaction, “�/�” for an intermediate effect, and “�” for resistance. Amino acid numbers for the Rb�cdk allele refer to the mouse sequence. ND,
not determined.
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have examined mutations in just a small number of residues
that are the most highly conserved on the surface of pRB.
These represent only a small faction of the surface of the
protein, and it is likely that further mutagenesis of this domain
will reveal additional interesting classes of E7-resistant RB-1
mutants.
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ADDENDUM

While this manuscript was being revised, Brown and Gallie
(V. D. Brown and B. L. Gallie, Mol. Cell. Biol. 22:1390-1401,
2002) demonstrated that the conserved lysine patch surround-
ing the LXCXE cleft is necessary for a stable interaction be-
tween pRB and TAg.
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