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The growth suppression function of RB is dependent on its protein binding activity. RB contains at least
three distinct protein binding functions: (i) the A/B pocket, which binds proteins with the LXCXE motif; (ii)
the C pocket, which binds the c-Abl tyrosine kinase; and (iii) the large A/B pocket, which binds the E2F family
of transcription factors. Phosphorylation of RB, which is catalyzed by cyclin-dependent protein kinases,
inhibits all three protein binding activities. We have previously shown that LXCXE binding is inactivated by
the phosphorylation of two threonines (Thr821 and Thr826), while the C pocket is inhibited by the phosphor-
ylation of two serines (Ser807 and Ser811). In this report, we show that the E2F binding activity of RB is
inhibited by two sets of phosphorylation sites acting through distinct mechanisms. Phosphorylation at several
of the seven C-terminal sites can inhibit E2F binding. Additionally, phosphorylation of two serine sites in the
insert domain can inhibit E2F binding, but this inhibition requires the presence of the RB N-terminal region.
RB mutant proteins lacking all seven C-terminal sites and two insert domain serines can block Rat-1 cells in
G1. These RB mutants can bind LXCXE proteins, c-Abl, and E2F even after they become phosphorylated at the
remaining nonmutated sites. Thus, multiple phosphorylation sites regulate the protein binding activities of RB
through different mechanisms, and a constitutive growth suppressor can be generated through the combined
mutation of the relevant phosphorylation sites in RB.

The retinoblastoma susceptibility gene product, RB, is a
suppressor of G1/S progression. Loss of RB compromises the
G1/S regulation, which is characterized by a shorter G1 phase
and reduced responses to antimitogenic factors (17, 18). Ec-
topic expression of RB can arrest some, but not all, tumor cell
lines in G1 (10, 39, 44, 47). This growth-inhibitory activity of
RB depends on its ability to bind cellular proteins and to
assemble protein complexes (47, 48, 51). Biochemical analysis
has revealed the presence of at least three distinct protein
binding functions in RB.

The first protein binding function identified in RB was the
A/B pocket, which is comprised of two noncontiguous se-
quences of amino acids called the A domain (amino acids 379
to 572) and B domain (amino acids 646 to 772) (21, 23, 26).
The spacer sequence (amino acids 573 to 645), which is called
the insert domain, is required for the proper folding of the A/B
pocket but can be exchanged for random amino acids without
inactivating A/B pocket activity (21, 23). The A/B pocket binds
the viral oncoproteins of DNA tumor viruses (e.g., simian virus
40 [SV40] large T antigen or adenovirus E1A), which each
contain a conserved LXCXE motif (21, 23, 26). Subsequent
analysis revealed that the A/B pocket of RB also interacts with
cellular proteins which contain the LXCXE motif (47). It has
been hypothesized that viral oncoproteins disrupt RB protein
binding activity in a competitive manner and in this way lead to
the inactivation of RB, thus promoting cellular transformation.
A majority of RB mutant proteins found in human tumors are
defective for LXCXE binding function, suggesting that the A/B
pocket activity is required for RB to suppress cell growth (15,
39, 40, 41).

A second protein binding function, the C pocket, was iden-
tified as a binding site for the c-Abl tyrosine kinase (50). The

C pocket resides within the C-terminal amino acids 772 to 870
(50, 52a). The proto-oncoprotein Mdm-2 also interacts with
the C-terminal region of RB (53), although it is unclear
whether the binding sites for Mdm-2 and c-Abl are the same.
Overexpression of either Mdm-2 or c-Abl protein has been
shown to overcome RB-mediated growth arrest (52, 53), sug-
gesting that the C pocket function also contributes to growth
inhibition.

The third RB protein binding function is the large A/B
pocket (LP). This function requires the A, B, and C regions
(amino acids 379 to 870) (19, 39). The LP is the binding site for
the E2F family of transcription factors (19, 39). The E2F,
LXCXE, and C pocket binding activities of RB are functionally
distinct. This is supported by the finding that the LXCXE and
E2F binding sites of RB can be co-occupied (8, 22, 24). Like-
wise, RB can form ternary complexes containing both E2F and
c-Abl (51).

E2F is a family of DNA-binding transcription factors which
play an important role in the regulation of G1/S progression
(43). E2F binds DNA as a heterodimer composed of E2F and
DP subunits. To date, five E2F (E2F-1 to E2F-5) and two DP
(DP-1 and DP-2) genes have been cloned (43). Consensus E2F
DNA-binding sites (TTTCGCGC) are found in the promoters
of growth-promoting genes, such as c-Myc, B-Myb, cyclin E,
and cyclin A (7, 43). Furthermore, E2F sites are also present in
the promoters of genes involved in DNA replication, such as
dihydrofolate reductase, thymidine kinase, and DNA polymer-
ase a (7, 43). The finding of E2F binding sites in the promoters
of such genes suggests that the E2F transcription factors play
important roles in the regulation of entry into S phase.

Accumulated evidence indicates that one of the functions of
E2F is to assemble RB-dependent repressor complexes which
inhibit the expression of genes containing E2F binding sites in
their promoters (43, 46). Supporting this is the finding that
mutation of E2F DNA-binding sites in the promoters of cell
cycle-regulated genes, such as B-Myb and cyclin A, does not
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prevent the expression of these genes but allows for expression
in quiescent and early G1 cells when transcription is normally
repressed (30, 43, 56). In addition, it has recently been found
that the E2F DNA-binding site of the B-Myb promoter is
occupied in G1 but not S phase, showing that E2F binding is
correlated with repression (57).

Repression of E2F-regulated transcription is dependent on
the direct binding of RB and related proteins, p107 and p130
(1, 9, 14, 49). RB functions as a transcriptional repressor when
brought to promoters via E2F (1, 41, 49). Derepression of
these promoters can be achieved by viral oncoproteins E1A
and large T antigen, which disrupt the RB-E2F association (4,
43). Derepression may also be achieved through the overpro-
duction of E2F, presumably by titrating RB from the relevant
promoters and thus leading to inappropriate entry into S phase
(25). During normal G1/S progression, derepression of E2F-
regulated promoters is achieved by the phosphorylation of RB,
which inhibits its binding to E2F.

RB is phosphorylated in a cell cycle-dependent manner by
cyclin-dependent protein kinases (cdk’s) (2, 31, 32, 34). In
quiescent and early G1 cells, RB exists in a predominantly
unphosphorylated state. As cells progress toward S phase, RB
becomes phosphorylated. Initial phosphorylation of RB is
most likely catalyzed by cdk4-cyclin D or cdk6-cyclin D com-
plexes; thereafter, RB phosphorylation is maintained by other
cdk-cyclins (47, 48). During mitosis, RB is rapidly dephospho-
rylated by an anaphase-specific phosphatase (34). Sixteen po-
tential sites for cdk-mediated phosphorylation (Ser/Thr-Pro
motifs) exist in RB, and 11 of these sites have been shown to
be phosphorylated in vivo (6, 12, 27, 31, 33, 54). Different
cdk-cyclin complexes preferentially phosphorylate RB at dis-
tinct sites in vitro, suggesting that different cdk-cyclin com-
plexes may exert distinct effects on RB function in vivo (6, 27,
54).

Phosphorylation of RB inactivates its growth suppression
activity. In general, agents which block RB phosphorylation
arrest cell cycle progression in G1, while agents which stimulate
RB phosphorylation promote cell cycle progression (47). Evi-
dence that phosphorylation of RB inactivates its growth-inhib-
itory activity came from a study with the RB-deficient osteo-
sarcoma cell line SAOS-2 (20). In SAOS-2 cells, ectopically
expressed RB is not phosphorylated, and it arrests cells in G1.
However, when RB is coexpressed with cyclin E or cyclin A, it
fails to arrest SAOS-2 cells, and this is correlated with its
becoming phosphorylated (20). Another line of evidence sup-
porting the idea that phosphorylation of RB is required for
G1/S progression comes from studies of p16INK4, an inhibitor
of cdk4-cdk6 (29, 35, 36). This protein inhibits the phosphor-
ylation of RB and arrests only RB-positive cells in G1. The
biological significance of RB phosphorylation and its impact on
the ordered progression through G1/S are exemplified by the
frequent mutations that affect this process in human tumors.
For example, amplification of the cyclin D1 gene is observed in
breast cancer and esophageal cancer cells, in which it is be-
lieved to promote RB phosphorylation (42). Likewise, p16INK4,
which acts to prevent RB phosphorylation, is lost in a large
fraction of human tumors, again leading to the deregulated
phosphorylation of RB (42).

We have previously shown that distinct phosphorylation sites
are responsible for disrupting the LXCXE and c-Abl binding
activities of RB (28). Mutation of the Thr821 and Thr826
phosphorylation sites abolishes the inhibition of LXCXE bind-
ing by phosphorylation, whereas mutation of Ser807 and
Ser811 disrupts regulation of the C pocket activity (28). In this
report, we identified the cdk phosphorylation sites in RB which
are required to inhibit E2F binding. Our results show that

phosphorylation at several of the seven cdk sites encoded in
RB exon 23 can inhibit E2F binding. In addition, phosphory-
lation of two serine sites in the insert domain can inhibit E2F
binding. These results show that a majority of the cdk phos-
phorylation sites in RB are involved in the regulation of RB-
E2F interaction.

MATERIALS AND METHODS

Cell culture. The C33-A cervical carcinoma cell line (from the American Type
Culture Collection), the immortalized rat fibroblastic cell line Rat-1 (from D.
Green, La Jolla Institute of Allergy and Immunology), and the adenovirus-
transformed 293 cell derivatives BOSC293 and BING293 (from D. Baltimore,
Massachusetts Institute of Technology) were grown in Dulbecco’s modified Ea-
gle’s medium supplemented with 10% heat-inactivated fetal bovine serum. Hu-
man foreskin fibroblasts (HFF), passages 11 to 25 (from D. Spector, University
of California, San Diego), were grown in Earle’s modified Eagle’s medium
supplemented with 10% heat-inactivated fetal bovine serum. Amphitropic re-
combinant retroviruses were obtained from transiently transfected BING293
cells as previously described (37, 52). Viral infections were carried out as previ-
ously described (52). Rat-1 cells were selected in 2-mg/ml puromycin (Sigma),
and HFF were selected with 1.0-mg/ml puromycin. For growth curves, cell count-
ing was performed with hemocytometers, and all plates were counted in tripli-
cate. Metabolic labeling was carried out with [32P]phosphoric acid at 1.0 mCi/ml
in phosphate-free medium with 10% dialyzed calf bovine serum for 3 h. Treat-
ment with nocadazole was carried out with 0.1-mg/ml medium for 8 h.

Plasmids. The human RB phosphorylation site mutants were constructed by
either oligonucleotide-directed mutagenesis or subcloning by standard proce-
dures. The PSM.4 construct has been previously described (28). For the con-
struction of PSM.3, the following two mutagenic oligonucleotides were utilized:
CATTCCTCGAGACCCTTACAAGTTTCCTAGTGCACCCTTACGGATTC
CTGG and GTAAGGGTCTCGAGGAATGTGAGGTATTGGTGCCAAGG
TAGGGGG. PSM.3 was spliced with PSM.4 to generate PSM.7. PSM.6 was
generated by subcloning. The Ser788Asp mutation introduced a unique XhoI site
in RB. PSM.7 and the single-site mutant PSM.1 (Ser788Asp) were cut with XhoI,
and the N-terminal sequences were exchanged, thereby reintroducing Ser780 and
generating PSM.6.

The murine pD34-RB and WT(mu)-RB, which are tagged with a hemaggluti-
nin (HA) epitope, were generous gifts of P. Hamel, University of Toronto. The
mutations generated in pD34-RB have been previously described (13). The
human-mouse chimera PSM.11 was constructed by swapping the PSM.7 C ter-
minus with that of the pD34-RB construct described by Hamel et al., by sub-
cloning from the conserved SspI site in RB. PSM.4NI was constructed by swap-
ping the wild-type (WT) human RB (WT-RB) C terminus with that of pD34-RB
at the SspI site. The PSM.9N mutant was made by swapping the N terminus of
pD34-RB with PSM.7 at the unique BsaBI site within RB. The PSM.9I construct
was made by digesting PSM.11 with BsaBI and replacing the N terminus with
human WT-RB sequence. The mutants generated are shown schematically in
Fig. 1. The phosphorylation sites mutated are conserved between murine RB and
human RB with the numbering as follows (human-murine) Thr252-Thr246,
Thr356-Thr350, Ser608-Ser601, Ser612-Ser605, Ser780-Ser773, Ser788-Ser781,
Ser795-Ser788, Ser807-Ser800, Ser811-Ser804, Thr821-Thr814, and Thr826-
Thr819).

The murine WT(mu)-RB and pD34-RB were subcloned into the pBABE-puro
vector for the production of recombinant retrovirus. The full-length WT, phos-
phorylation site-mutated (PSM), and pD34-RB constructs were cloned into the
unique BamHI site of the pCMV-Neo plasmid for expression in cells. The LP
proteins were made by subcloning into LP-CMV-Neo, which was obtained from
W. Kaelin (39). The glutathione S-transferase (GST)-LP mutants were also
constructed by subcloning into the WT-GST-LP plasmid, which was previously
described (28).

The CMV-CD20 and CMV-E2F-1 expression plasmids were generous gifts of
E. Harlow (Massachusetts General Hospital). The cyclin D1 expression plasmid
was from C. Sherr (St. Jude’s Hospital), the cyclin E expression plasmid was from
J. Roberts (Fred Hutchinson Cancer Research Center), and the cyclin A expres-
sion plasmid was from S. Reed (Scripps Research Institute). The Gal4-E2F-1
(E2F-1 amino acids 368 to 437) and LP-CMV plasmids were from W. Kaelin
(Dana-Farber Cancer Institute). WT(mu)-RB and pD34-RB were obtained from
P. Hamel (University of Toronto). The E2F-4 and Mdm-2 expression plasmids
were gifts of D. Livingston (Dana-Farber Cancer Institute).

Transfections. Transfections of all cells were carried out by N,N-bis-(2-hy-
droxyethyl)-2-aminoethanesulfonic acid (BES)-calcium phosphate precipitation
as previously described (28). For the expression of RB proteins in BOSC293
cells, 16 mg of LP or 4 mg of full-length expression plasmid was transfected.
BOSC293 cells were utilized for metabolic labeling studies, since these cells are
transfected efficiently, allowing for cleaner results. For the expression of RB
proteins in C33-A cells, 6 mg of RB was cotransfected with 3.3 mg each of cyclin
E, cyclin A, and cyclin D1 expression plasmids. The cyclins were cotransfected to
promote RB phosphorylation, which is relatively inefficient in C33-A cells. For
coimmunoprecipitation of RB with E2F-1, 3 mg of RB and 3 mg of E2F-1
expression plasmid were cotransfected with the cyclin plasmids. For chloram-
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phenicol acetyltransferase (CAT) assays, C33-A cells were transfected with 0.2
mg of cytomegalovirus (CMV) b-galactosidase (b-Gal), 0.2 mg of Gal4-E2F-1, 0.2
mg of 53Gal4-CAT, and 2.0 mg of RB and either 15.0 mg of vector or 5.0 mg each
of cyclin E, cyclin A, and cyclin D1. CAT assays were carried out by standard
procedures, as previously described (50). For the cell cycle assays in Rat-1 cells,
cells were transfected with 12.5 mg of vector, RB, or p16 expression plasmid and
2.5 mg of CD20 expression plasmid. For the rescue experiments, 2.5 mg of CD20,
5.0 mg of PSM-RB, and 10 mg of the effector expression plasmid were trans-
fected. Each of the effector expression plasmids used (T-Ag, E2F-1, E2F-4,
c-Myc, Mdm-2, and kinase-defective c-Abl) produce functional proteins.

Flow cytometry. Transfected Rat-1 cells were harvested by trypsinization,
washed once with phosphate-buffered saline, and stained with fluorescein iso-
thiocyanate (FITC)-conjugated anti-CD20 antibody (PharMingen) for 20 min on
ice (55). The cells were then washed twice with phosphate-buffered saline, fixed
with ethanol, and stained with propidium iodide, as previously described (52).
Analysis of the processed cells was carried out with a FACScan (Becton Dick-
inson) equipped with CellFit software. Transfected cells were detected based on
their FITC labeling, and DNA content was determined by propidium iodide
staining (55). The net change in percent G1 was obtained by subtracting the
percent G1 content of CD201 cells from the percent G1 of the CD201 vector-
transfected cells.

Immunoprecipitation, binding assays, and antibodies. In vitro binding assays
were carried out with GST-LP proteins purified from bacteria on glutathione
agarose as previously described (28). Stoichiometric phosphorylation of the
GST-LP proteins was carried out using active cdc2/cyclinB isolated by immuno-
precipitation as previously described (28). A 50-ng amount of GST-LP protein
either mock phosphorylated or phosphorylated in 50 ml of kinase buffer was
diluted with 250 ml of NET-N (100 mM NaCl, 1 mM EDTA, 20 mM Tris [pH
8.0], 0.1% Nonidet P-40) supplemented with protease (1,10-phenanthroline at 10
mg/ml, aprotinin at 10 mg/ml, leupeptin at 10 mg/ml, and 1 mM phenylmethyl-
sulfonyl fluoride) and phosphatase inhibitors (10 mM sodium fluoride, 10 mM
sodium pyrophosphate), and the dilution was then applied to 100 ng of immo-
bilized E2F-1. E2F-1 was produced in bacteria as a GST fusion protein which was
immobilized by immunoprecipitation with anti-E2F-1 monoclonal antibody
(PharMingen) and protein G-Sepharose (Pharmacia). Binding was carried out
for 1 h at 4°C with rotation. Complexes were washed four times with NET-N,
boiled in sodium dodecyl sulfate (SDS)-loading buffer, resolved by SDS-7.5%
polyacrylamide gel electrophoresis (PAGE), and transferred to Immobilon P
(Millipore). GST-LP protein was then detected by autoradiography or immuno-
blotting. The input loaded was known to be 15% of the GST-LP protein, which
was applied to immobilized E2F-1. Percent binding was determined by compar-
ing the fraction of GST-LP protein bound with the input into the binding
reaction. Quantitation of phosphorylated GST-LP was carried out with a Phos-
phorImager (Molecular Dynamics), while quantitation of the mock-phosphory-
lated GST-LP protein was carried out from the immunoblot with a personal
densitometer (Molecular Dynamics).

The binding of RB produced in cells to GST–E2F-1 was carried out as pre-
viously described (28). For coimmunoprecipitation, transfected C33-A cells were
lysed in NET-N and clarified by centrifugation for 15 min at 4°C. Soluble protein
was then subjected to immunoprecipitation with either anti-RB or anti-E2F-1
antibodies, which were recovered on protein A or G Sepharose (Pharmacia).
Immune complexes were washed four times with NET-N, denatured by boiling in
SDS sample buffer, resolved by SDS-PAGE, and transferred to Immobilon P
(Millipore). RB proteins were then detected by immunoblotting.

Immunoprecipitation and immunoblotting of RB proteins were carried out by
standard methods and as previously described (28). The relative labelings of in
vivo-phosphorylated proteins were determined by calculating the 32P-to-protein
ratio. 32P incorporation was determined with a PhosphorImager (Molecular
Dynamics), and the protein was quantitated from the immunoblot with a per-
sonal densitometer (Molecular Dynamics). The 32P-to-protein ratio of WT-LP or
WT RB was set to 100. The antibodies for E2F-1 used were either monoclonal
anti-E2F-1 (PharMingen) (for the in vitro binding reactions) or polyclonal anti-
E2F-1 (a gift of Amy Yee ([Tufts University] used in the coimmunoprecipitation
reactions). The anti-RB antibody used for immunoblotting was the 851 (50)
polyclonal antibody. For immunoprecipitation, the XZ91 (PharMingen) or 851
(50) antibody was utilized. The anti-HA antibody used for immunoprecipitation
was obtained from BABCO Scientific. Immunoprecipitation of monoclonal an-
tibodies was carried out with protein G-Sepharose (Pharmacia), while for poly-
clonal antibodies protein A-Sepharose (Pharmacia) was used.

RESULTS

PSM RB constructs. The RB protein contains 16 Ser-Pro or
Thr-Pro motifs that are potential sites of phosphorylation by
cdk’s. Six of the cdk sites are in the N-terminal region, one is
in the A domain, two are in the insert domain, and seven are
clustered in exon 23-encoded sequences in the C-terminal re-
gion (Fig. 1). All 10 cdk sites in the A, B, and C regions of RB
(LP) can be stoichiometrically phosphorylated by cdk’s in vitro
(28). We have previously demonstrated that binding of RB to

the LXCXE motif is regulated by two threonine sites, Thr821
and Thr826, and that binding of RB to the c-Abl tyrosine
kinase is regulated by two serine sites, Ser807 and Ser811 (28).
In the present study, we investigated how phosphorylation
regulates the binding of E2F to RB. The mutants that we used
to elucidate the regulation of RB-E2F binding are summarized
in Fig. 1. Each PSM construct is named by the number of
mutated sites. For example, PSM.3 contains 3 mutated serine
sites, Ser780, Ser788, and Ser795, and retains the other 13
Ser-Pro and Thr-Pro motifs. PSM.4 contains 4 mutated sites at
the extreme C terminus of RB, Ser807, Ser811, Thr821, and
Thr826, and retains the other 12 Ser-Pro and Thr-Pro motifs.
PSM.7 is a combination of PSM.3 and PSM.4, lacking all seven
of the C-terminal exon 23-encoded cdk phosphorylation sites.
The pD34 mutant was constructed by Hamel et al. in murine
RB (13); it lacks eight cdk phosphorylation sites, which are the
equivalent of human phosphorylation sites Ser246, Thr356,
Ser608, Ser612, Ser788, Ser795, Ser807, and Ser811 (Fig. 1).
The pD34 backbone was used to generate a number of murine-
human chimeric PSM constructs. PSM.11 contains the C-ter-
minal region of human PSM.7 fused in frame to the N-terminal
and A/B pocket regions of pD34, resulting in the elimination of
11 phosphorylation sites (Fig. 1). PSM.4NI contains the C-
terminal region of human WT RB fused to the N-terminal and
A/B pocket regions of pD34, resulting in the loss of four phos-
phorylation sites. PSM.9N has the N-terminal region and A
domain of pD34 fused to the insert B and C regions of PSM.7,
resulting in the loss of two N-terminal sites, Thr252 and
Thr356, and the seven exon 23-encoded sites. PSM.9I has the
insert and B domain of pD34 in the human PSM.7 backbone,
thereby lacking Ser608 and Ser612 plus the C-terminal phos-
phorylation sites. The murine RB is 91% identical to human
RB, and pD34 has been previously shown to suppress the
growth of human cell lines (3, 53). All of the PSM proteins,
including the human-murine hybrids, bind to E2F-1 in the
unphosphorylated form and all are capable of suppressing the
growth of human osteosarcoma SAOS-2 cells. Although most
of the phosphorylation sites are mutated to alanine, Ser788 is
substituted with aspartic acid and Ser811 is substituted with
leucine. The substitution of the negatively charged aspartic
acid residue does not disrupt RB protein binding or biological
activity.

RB-E2F interaction can be disrupted by phosphorylation at
multiple C-terminal sites. We have previously shown that
PSM.4-RB binds to E2F and that this interaction can be dis-
rupted by phosphorylation (28). Thus, we reasoned that the
cdk sites involved in the inhibition of E2F binding must still be
present in PSM.4-RB. Therefore, we began mapping the phos-
phorylation sites that regulate E2F binding by mutating the
other three exon 23-encoded phosphorylation sites (Ser780,
-788, and -795) either individually or in combinations (Fig. 1).
These PSM-RB proteins were first tested for E2F binding by
an in vitro assay (28). In this assay, the RB mutants were
expressed in Escherichia coli as GST fusion proteins containing
the large A/B pocket fragment, from RB amino acids 379 to
928 (Fig. 1 [LP]). Each GST fusion was purified and then
stoichiometrically phosphorylated as previously described (28).
A cdc2-cyclin B complex was used as the kinase (32). As a
control, GST fusion proteins were incubated with cdc2-cyclin B
in the absence of ATP (Fig. 2). The mock-phosphorylated and
phosphorylated GST fusion proteins were then incubated with
E2F-1 that was immobilized by immunoprecipitation with anti-
E2F-1 antibodies. The amount of RB protein bound to E2F-1
was then quantitated (see Materials and Methods).

With the WT-GST-LP fragment, 5.5% of the input RB was
bound to E2F-1 after mock phosphorylation (Fig. 2A, lane 2).
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When WT-GST-LP was stoichiometrically phosphorylated
prior to binding, only 0.3% of the input RB was bound to
E2F-1 (Fig. 2B, lane 2). Thus, phosphorylation inhibits RB-
E2F interaction in vitro. As shown previously, PSM.4-GST-LP
did not bind to E2F-1 after phosphorylation (Fig. 2, lane 6).
The combination of three mutations in PSM.3 also did not
abolish regulation (Fig. 2, lane 4). However, when PSM.3 and

PSM.4 were combined, as in PSM.7-GST-LP, regulation of
E2F binding was lost. PSM.7-GST-LP was phosphorylated at
the remaining three sites in vitro. However, it bound to E2F-1
equally well in the mock-phosphorylated and stoichiometri-
cally phosphorylated state (Fig. 2, lane 6). This result shows
that phosphorylation at the three remaining sites in PSM.7-
GST-LP (i.e., Ser567, Ser608, and Ser612) must not be able to

FIG. 1. Summary of RB constructs. PSM-RB proteins were generated as described in Materials and Methods. Full-length human RB contains 16 Ser/Thr-Pro motifs
(Thr5, Ser230, Ser249, Thr252, Thr356, Thr373, Ser567, Ser608, Ser612, Ser780, Ser788, Ser807, Ser811, Thr821, and Thr826), which are denoted by arrowheads (the
filled arrows represent serine, and the open arrows represent threonine). The phosphorylation site mutants described in this paper are shown schematically and are
listed inside the box. Some of the mutants were hybrids of human and murine RB. Open bars, human RB sequences; shaded bars, murine RB sequences. PSM.3, PSM.4,
PSM.6, and PSM.7 were made in human RB. The pD34 was constructed in murine RB (13). The PSM.9N, PSM.9I, PSM.4NI, and PSM.11 mutants are chimeras, as
shown schematically. The RB mutant proteins were expressed either as full-length proteins (amino acids 1 to 928) or as the LP fragment (amino acids 379 to 928). The
LP fragment contains only 10 of the 16 Ser/Thr-Pro phosphorylation sites. All phosphorylation sites targeted for mutagenesis are conserved between human RB and
murine RB, with the numbering as follows, respectively: Thr252 5 Thr246, Thr356 5 Thr350, Ser608 5 Ser601, Ser612 5 Ser605, Ser780 5 Ser773, Ser788 5 Ser781,
Ser795 5 Ser788, Ser807 5 Ser800, Ser811 5 Ser804, Thr821 5 Thr814, and Thr826 5 Thr819.
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disrupt the binding of the LP fragment to E2F-1. As summa-
rized in Table 1, a total of 14 PSM-GST-LP proteins were
tested in this assay, and of these, only PSM.7-LP bound E2F
when phosphorylated. Taken together, these results suggest
that phosphorylation at several of the seven exon 23-encoded
phosphorylation sites can inhibit E2F binding.

To confirm the binding results obtained with the in vitro-
phosphorylated RB, we expressed the LP fragments in cells.
We first measured the relative stoichiometry of in vivo phos-
phorylation by labeling transfected cells with 32Pi. The LP
proteins were isolated by immunoprecipitation, and the 32P-
to-protein ratio for each protein was determined (Fig. 3A).
The WT-LP protein migrated as several electrophoretically
distinct bands. The most slowly migrating band contained the
majority of the radioactive phosphate (Fig. 3A, lane 2). The
PSM.4-LP protein migrated as a doublet, and the majority of
the label was present in the upper band (Fig. 3A, lane 3). The
relative labeling efficiency of PSM.4-LP was 40% of that of WT
LP. The electrophoretic mobility of PSM.7-LP resembled that
of PSM.4-LP (compare lanes 3 and 4), but the incorporation of
phosphate was reduced to 23% of WT LP (Fig. 3A, lane 4). It
is important to note that both PSM.4-LP and PSM.7-LP were
still phosphorylated in vivo, albeit to a lower level, consistent
with the loss of phosphorylation sites.

These in vivo-phosphorylated RB-LP proteins were assayed
for binding to E2F-1 by passing lysates from transfected cells
through GST–E2F-1 immobilized on glutathione agarose. The

bound fraction was resolved by SDS-PAGE, and RB was de-
tected by immunoblotting. This binding reaction is specific, as
previously characterized RB mutants, e.g., R661W and C706F,
fail to bind GST–E2F-1 in this assay (52a; data not shown). In
keeping with previously published results, of the multiple
bands in the input pool (Fig. 4A, lane 1), only the lower band
of WT-LP was retained by GST–E2F-1 (Fig. 4A, lane 2). The
phosphorylated upper band of PSM.4-LP also failed to bind
GST-E2F-1 (Fig. 4A, compare lanes 3 and 4). PSM.3-LP be-
haved in the same manner as PSM.4-LP, with only the lower
band retained by GST–E2F-1 (not shown). In contrast, the
phosphorylated upper band of PSM.7-LP bound to GST–
E2F-1 (Fig. 4A, compare lanes 5 and 6). These results are
consistent with those obtained with in vitro-phosphorylated
RB (Fig. 2) and further indicate that phosphorylation at sev-
eral of the seven C-terminal phosphorylation sites may disrupt
the binding of E2F-1.

To test if phosphorylation at a single exon 23-encoded site
can inhibit E2F binding, we reverted amino acid 780 back to
serine to generate PSM.6-LP (Fig. 1). The binding of in vivo-
phosphorylated PSM.6-LP to GST–E2F-1 was then compared
to that of PSM.7-LP. While both the phosphorylated and un-
phosphorylated forms of PSM.7-LP bound to GST–E2F-1 with
equal affinities (Fig. 4B, compare lanes 1 and 2), the phosphor-
ylated form of PSM.6-LP was not retained by the immobilized
GST–E2F-1 (Fig. 4B, compare lanes 3 and 4). Thus, the in vivo
phosphorylation of Ser780 is able to inhibit binding of RB-LP
to E2F-1. Because PSM.3-LP, PSM.4-LP, and PSM.6-LP are
each sensitive to inhibition by phosphorylation, Ser780 and at
least one other cdk site among the four mutated in PSM.4-LP
must be able to inhibit E2F-1 binding when phosphorylated.

To further confirm the GST-binding results, the in vivo as-
sociations of the RB-LP proteins with E2F-1 were assayed by
coimmunoprecipitation (Fig. 5A). C33-A cells were cotrans-
fected with RB-LP and E2F-1 expression plasmids. Lysates
prepared from these cells were subjected to immunoprecipita-
tion with either anti-RB or anti-E2F-1 antibodies, and the
precipitated RB-LP was then detected by immunoblotting. Co-
immunoprecipitation of WT-LP with E2F-1 was observed, but
the phosphorylated forms of WT-LP were excluded from the
anti-E2F-1 immunoprecipitate (Fig. 5A, compare lanes 1 and
2). Similar exclusion of phosphorylated PSM.3-LP, PSM.4-LP,
and PSM.6-LP was also observed (not shown). In contrast,
both phosphorylated and unphosphorylated forms of
PSM.7-LP were present in the E2F-1 immunoprecipitate (Fig.
5A, compare lanes 3 and 4). Thus, mutation of all seven cdk
sites encoded in RB exon 23 can abolish the phosphorylation-
mediated inhibition of RB-LP binding E2F-1.

RB binding leads to the inhibition of E2F transcription-
activating activity, and this inhibition is alleviated by the cdk-
cyclin-catalyzed phosphorylation of RB (1, 9). The binding
results suggest that PSM.7-LP should inhibit E2F activity even
after it is phosphorylated. To test this prediction, we cotrans-
fected RB-LP with a Gal4–E2F-1 fusion protein and examined
the transactivation of a 53Gal4 promoter (9). WT-LP inhib-
ited the activity of Gal4-E2F-1 by approximately fivefold (Fig.
5B). Coexpression of cyclins D1, E, and A reversed the WT-
LP-induced inhibition (Fig. 5B). As predicted, PSM.7-LP also
inhibited Gal4-E2F-1, but its effect was not reversed by the
combined coexpression of these three cyclins (Fig. 5B). This
result further demonstrates that the association of PSM.7-LP
with E2F-1 is not disrupted by cdk-cyclin-catalyzed phosphor-
ylation.

E2F binding to RB can also be disrupted by insert domain
cdk phosphorylation sites. The LP fragment contains 10 of the
16 cdk phosphorylation sites in full-length RB (Fig. 1). To

FIG. 2. In vitro-phosphorylated PSM.7-LP binds to E2F-1. (A) PSM proteins
bind to E2F-1 in vitro. Purified GST-LP proteins, WT (lanes 1 and 2), PSM.3
(lanes 3 and 4), PSM.4 (lanes 5 and 6), or PSM.7 (lanes 7 and 8), were mock
phosphorylated by incubation with active cdc2-cyclinB in the absence of ATP.
Resulting unphosphorylated GST-LP proteins were applied to E2F-1 immobi-
lized on beads by immunoprecipitation. The beads were washed, and either 15%
of the input (I [odd lanes]) or 100% of bound protein (B [even lanes]) was
resolved by SDS-7.5% PAGE. The GST-LP protein (pRB) was detected by
immunoblotting, with the 851 polyclonal anti-RB antibody. The fraction of input
protein bound to E2F-1 as described in Materials and Methods. The values
shown are from three independent experiments. (B) Phosphorylated PSM.7-LP
binds to E2F-1. Purified GST-LP proteins, WT (lanes 1 and 2), PSM.3 (lanes 3
and 4), PSM.4 (lanes 5 and 6), or PSM.7 (lanes 7 and 8), were phosphorylated by
incubation with active cdc2-cyclinB in the presence of 150 mM ATP and 80 mCi
of [g-32P]ATP. The resulting phosphorylated proteins were applied to E2F-1
immobilized by immunoprecipitation; 15% of the input (I [odd lanes]) or 100%
of bound protein (B [even lanes]) was resolved by SDS-7.5% PAGE. Phosphor-
ylated GST-LP protein (ppRB) was detected by autoradiography. The fraction of
phosphorylated GST-LP protein bound to E2F-1 was determined. The values
shown are from three independent experiments.
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investigate the regulation of E2F binding to full-length RB, we
expressed PSM-RB proteins in cells and assayed for binding to
GST–E2F-1. As expected, the phosphorylated WT-RB failed
to bind immobilized GST–E2F-1 (Fig. 6A, compare lanes 1
and 2). Phosphorylated PSM.4-RB also failed to bind GST–
E2F-1 (Fig. 6A, compare lanes 3 and 4). To our surprise, the
phosphorylated PSM.7-RB did not bind to E2F-1 (Fig. 6A,
compare lanes 5 and 6). This is in sharp contrast to the
PSM.7-LP protein, which bound to E2F-1 in its phosphory-
lated form (Fig. 4A, lanes 5 and 6). This result indicates that
phosphorylation of sites other than the C-terminal seven sites
can also disrupt the binding of full-length RB to E2F-1.

Mutations were then introduced into PSM.7-RB to identify
the additional sites that can inhibit E2F-1 binding to the full-
length RB. Initially, we suspected the additional sites to reside
in the N-terminal region which was missing from the LP frag-
ment (Fig. 1). We generated PSM.11-RB with the following
four additional sites lost: two in the insert domain (Ser608 and
Ser612) and two in the N-terminal region (Thr252 and Thr356)
(Fig. 1). The PSM.11 protein was poorly phosphorylated in
vivo, migrating as a single band, the 32P-to-protein ratio being
less than 5% that of WT-RB (Fig. 3B, compare lanes 2 and 4).

This single band bound to GST–E2F-1 (Fig. 6A, lanes 7 and 8).
To further identify the relevant sites, we separated the four
mutated sites to generate PSM.9N and PSM.9I (Fig. 1).

In PSM.9N, the two N-terminal phosphorylation sites
(Thr252 and Thr356) and the seven exon 23-encoded phos-
phorylation sites were mutated (Fig. 1). This mutant was phos-
phorylated in vivo and migrated as a doublet (Fig. 6B, lane 1).
Surprisingly, the phosphorylated upper band of PSM.9N-RB,
like PSM.7-RB, did not bind GST–E2F-1 (Fig. 6B, compare
lanes 1 and 2). Therefore, phosphorylation of the N-terminal
Thr252 and Thr356 must not be responsible for the disruption
of PSM.7-RB binding to E2F-1.

In PSM.9I, the two insert domain phosphorylation sites
(Ser608 and Ser612) and the seven exon 23-encoded phosphor-
ylation sites were mutated (Fig. 1). This protein was also phos-
phorylated in vivo and migrated as a doublet (Fig. 6B, lane 3).
Interestingly, both bands of PSM.9I-RB bound to GST–E2F-1
with equal avidity (Fig. 6B, lanes 3 and 4). The phosphorylated
forms of PSM.9I-RB also associated with E2F-1 in vivo, as
determined by coimmunoprecipitation experiments (Fig. 6C,
compare lanes 3 and 4). Thus, phosphorylation at Ser608
and/or Ser612 is required for the disruption of PSM.7-RB

TABLE 1. Summary of PSM.RB binding to E2F and suppression of Rat-1 cell proliferation

RB constructa No. of S/P or T/Pb Regulation of E2F bindingc Rat-1 growth suppressiond

WT 16 1 2
WT-LP 10 1 2
PSM.1-612 15 1 ND
PSM.1-LP 9 1 ND
PSM.1-788 15 1 ND
PSM.1-LP 9 1 ND
PSM.2S-807/811 14 1 2
PSM.2S-LP 8 1 2
PSM.2T-821/826 14 1 2
PSM.2T-LP 8 1 2
PSM.2S-788/795 14 ND ND
PSM.2S-LP 8 1 ND
PSM.2S-780/788 14 ND ND
PSM.2S-LP 8 1 ND
PSM.3ST-788/821/826 13 1 ND
PSM.3ST-LP 7 1 ND
PSM.3-780/788/795 13 ND ND
PSM.3-LP 7 1 2
PSM.4-807/811/821/826 12 1 2
PSM.4-LP 6 1 2
PSM.5-788/807/811/821/826 11 1 2
PSM.5-LP 5 1 ND
PSM.6ST-612/788/807/811/821/826 10 1 2
PSM.6ST-LP 4 1 ND

PSM.7-780/788/795/807/811/821/826 9 1 2
PSM.7-LP 3 2 1
PSM.6-788/795/807/811/821/826 10 ND ND
PSM.6-LP 4 1 2

pD34-252/356/608/612/788/795/807/811 8 2 2
PSM.4NI-252/356/608/612 12 1 2
PSM.9N-252/356/780/788/795/807/811/821/826 7 1 2
PSM.9I-608/612/780/788/795/807/811/821/826 7 2 1
PSM.11-252/356/608/612/780/788/795/807/811/821/826 5 2 1

a The RB constructs, either in the full-length or in the LP form, are diagrammed in Fig. 1.
b The total number of Ser-Pro (S/P) or Thr-Pro (T/P) motifs present in each construct.
c Phosphorylation-mediated regulation of E2F binding was determined in vitro and in vivo. Examples of these assays are shown in Fig. 2 to 6. 1, phosphorylation

regulates E2F binding (i.e., E2F binding is lost when RB protein is phosphorylated); 2, phosphorylation does not regulate E2F binding (i.e., phosphorylated RB binds
to E2F); ND, not determined.

d Suppression of Rat-1 cell proliferation was determined as described in the legend to Fig. 8. 2, expression of the mutant RB does not affect Rat-1 cell cycle
progression; 1, expression of the mutant RB blocks Rat-1 cells in G1; ND, not determined.
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binding to E2F-1. Because phosphorylated PSM.9I-RB bound
to E2F-1, phosphorylation of any of the six remaining sites
(Thr5, Ser230, Ser249, Thr252, Thr356, and Ser567) must not
be able to inhibit the E2F binding function of RB.

While mutation of Ser608 and Ser612 can abolish the phos-
phorylation-mediated inhibition of E2F-1 binding to PSM.7-
RB, mutations of these two sites alone does not abolish regu-
lation. The PSM.4NI-RB protein lacks the two N-terminal and
the two insert domain phosphorylation sites (Fig. 1), but the
binding of PSM.4NI to E2F-1 is still inhibited by phosphory-
lation (Fig. 6B, compare lanes 5 and 6). Therefore, when the
exon 23-encoded sites are intact, phosphorylation can inhibit
E2F binding even when Ser608 and Ser612 are not phosphor-
ylated. Taken together, these results indicate that phosphory-
lation at either the exon 23-encoded sites or at Ser608 and

Ser612 can inhibit E2F binding to the full-length RB. However,
phosphorylation at Ser608 and Ser612 cannot inhibit the bind-
ing of E2F to the LP fragment (Fig. 2 and 4). The difference
between the LP fragment and the full-length RB is the N-
terminal region. Both the N-terminal region and the insert
domain are not involved in the formation of the E2F binding
site (47). However, the results shown here suggest that the

FIG. 3. In vivo phosphorylation of PSM-RB proteins. (A) Relative efficiency
of PSM-LP phosphorylation in vivo. BOSC293 cells were transfected with either
a vector control (lane 1) or plasmids expressing the following LP-RB proteins:
WT-LP (lane 2), PSM.4-LP (lane 3), and PSM.7-LP (lane 4). The transfected
cells were metabolically labeled with [32P]phosphoric acid and lysed, and LP
protein was immunoprecipitated with the anti-851 antibody. Immunocomplexes
were recovered, resolved by SDS-7.5% PAGE, and transferred to Immobilon P.
Phosphorylated LP was detected by autoradiography (upper panel), and total LP
protein was detected by immunoblotting with anti-RB antibodies (lower panel).
The ratio of 32P to protein for each LP protein was determined as described in
Materials and Methods and normalized to WT-LP, which was arbitrarily set to
100. (B) Relative efficiency of PSM-RB phosphorylation in vivo. BOSC293 cells
were transfected with either a vector control (lane 1) or a plasmid expressing the
full-length WT(mu)-RB (lane 2), pD34-RB (lane 3), or PSM.11-RB (lane 4)
proteins which were tagged with the HA epitope. The transfected cells were
metabolically labeled with [32P]phosphoric acid and lysed, and full-length pro-
teins were immunoprecipitated with anti-HA antibody. Immunocomplexes were
recovered, resolved by SDS-7.5% PAGE, and transferred to Immobilon P. Phos-
phorylated RB was detected by autoradiography (upper panel), and total RB
protein was detected by immunoblotting with anti-RB antibodies (lower panel).
The ratio of 32P to protein for each full-length protein was determined as
described in Materials and Methods and normalized to WT-RB, which was
arbitrarily set to 100. ppLP, hyperphosphorylated LP; ppRB, hyperphosphory-
lated full-length RB.

FIG. 4. In vivo-phosphorylated PSM.7-LP but not PSM.6-LP binds to E2F-1.
(A) In vivo-phosphorylated PSM.7-LP binds to E2F-1. C33-A cells were cotrans-
fected with cyclin D1, E, and A expression plasmids (Materials and Methods)
and plasmids expressing either WT-LP (lanes 1 and 2), PSM.4-LP (lanes 3 and
4), or PSM.7-LP (lanes 5 and 6). Lysates prepared from the transfected cells were
subjected to immunoprecipitation with anti-RB antibody (I) or applied to im-
mobilized GST–E2F-1 (B). Proteins bound to E2F-1 were recovered and re-
solved by SDS-7.5% PAGE. LP proteins bound to E2F-1 were detected by
anti-RB immunoblotting. (B) Phosphorylation at Ser780 is able to disrupt RB–
E2F-1. C33-A cells were cotransfected with cyclin D1, E, and A expression
plasmids and with either PSM.7-LP (lanes 1 and 2) or PSM.6-LP (lanes 3 and 4)
expression plasmids. Lysates prepared from the transfected cells were either
subjected to immunoprecipitation with anti-RB antibodies (lanes 1 and 3) or
applied to immobilized GST–E2F-1 (lanes 2 and 4). Proteins recovered were
resolved by SDS-7.5% PAGE, and LP protein was detected by immunoblotting
with anti-RB antibodies.

FIG. 5. Phosphorylated PSM.7-LP coprecipitates with E2F-1 and inhibits
E2F-1 activity. (A) Phosphorylated PSM.7-LP coimmunoprecipitates with
E2F-1. C33-A cells were cotransfected with cyclin D1, E, and A expression
plasmids in conjunction with plasmids expressing E2F-1 and either WT-LP (lanes
1 and 2) or PSM.7-LP (lanes 3 and 4). Lysates from the transfected cells were
prepared and either subjected to immunoprecipitation with anti-RB (lanes 1 and
3) or anti-E2F-1 (lanes 2 and 4) antibodies. The recovered proteins were re-
solved by SDS-7.5% PAGE, and LP proteins were visualized by immunoblotting
with anti-RB antibodies. (B) Phosphorylated PSM.7-LP inhibits E2F-1 activity.
C33-A cells were cotransfected with b-Gal and Gal4–E2F-1 expression plasmids,
a Gal4-CAT reporter construct, and the indicated expression plasmids. Cells
were harvested and assayed for CAT activities. Results show percentages of
acetylation of [14C]chloramphenicol normalized to b-Gal activity for transfection
efficiency. The data shown are from two independent experiments.

VOL. 17, 1997 REGULATION OF E2F BINDING TO RB 5777



phosphorylation sites in the insert domain can inhibit E2F
binding when the N-terminal region is present. Because the
regulatory role of Ser608 and Ser612 is observed only with
full-length RB, while the regulatory role of exon 23 sites ap-
plies to both full-length and LP-RB, these two sets of phos-
phorylation sites are likely to regulate E2F binding through
distinct mechanisms.

Growth-suppressing activity of PSM-RB. Release of E2F
from RB is proposed to be an important step in the progres-
sion from G1 into S phase (48). If this hypothesis is correct, an
RB mutant that does not release E2F after phosphorylation
should irreversibly block cells in G1. Previously, Hamel et al.
described an RB mutant, pD34-RB, which does not release
E2F even after it is phosphorylated (1, 13, 14). pD34-RB has
been shown to suppress cell proliferation (3, 53). However, in
our hands, pD34-RB does not suppress the proliferation of
Rat-1 cells or primary HFF (Fig. 7). Rat-1 cells were infected
with recombinant retrovirus, producing either WT-RB or
pD34-RB. During selection with puromycin, there was no ap-
parent inhibition of colony formation, and equal numbers of
drug-resistant clones were obtained with vector, WT-RB, or
pD34-RB. The infected cells expressed the WT-RB and
pD34-RB proteins at approximately the same level (Fig. 7A,
lanes 2 and 3), and this expression level was stable for numer-
ous passages over a period of several months. Cells expressing
WT-RB or pD34-RB showed no growth disadvantage (Fig. 7B)
or change in cell cycle distribution (Fig. 7C) compared with
vector control-infected cells. To determine whether this result
was specific for immortalized Rat-1 cells, we also expressed
pD34-RB in HFF cells with amphitropic retroviruses. Drug-
resistant HFF cells which stably expressed pD34-RB (Fig. 7D,
lane 3) were again generated. The expression of pD34-RB had
no discernible effect on cell growth (Fig. 7E) or cell cycle
distribution (Fig. 7F) in these diploid human fibroblasts.

The above finding seemed contrary to the idea that the
phosphorylation of RB is required for G1/S progression (20,
29, 35, 36). We therefore assessed the in vivo phosphorylation

level of pD34-RB and compared it to that of WT-RB and
PSM.11-RB (Fig. 3B). We found that pD34-RB is phosphory-
lated in vivo (Fig. 3B, lane 3) to a lesser extent than WT-RB
(lane 2) but more than PSM.11-RB (lane 4). Our results sug-

FIG. 7. pD34-RB does not arrest the growth of Rat-1 cells or HFF. Rat-1
cells (A to C) or primary HFF (D to F) were infected with amphitropic virus
produced in BING293 cells (37). Selection of the infected cells was carried out
with puromycin as described in Materials and Methods. (A and D) pD34-RB can
be stably expressed. Lysates from the infected cells were prepared 2 weeks
postinfection, and the ectopically expressed WT-RB (lane 2) or pD34-RB (lane
3) was immunoprecipitated with anti-HA antibody. Recovered protein was re-
solved by SDS-6.5% PAGE, and RB proteins were visualized by immunoblotting
with anti-RB antibodies. (B and E) Expression of pD34-RB does not affect cell
growth. Growth curves of vector (pBABE)-, WT-RB-, and pD34-RB-infected
cells were determined by counting cells at the indicated times. Values are from
three independent plates for each time point. (C and F) Expression of pD34-RB
has no effect on cell cycle. Exponentially growing cells were harvested, fixed with
ethanol, and stained with propidium iodide. The DNA content of the stained
cells was determined with a FACScan cytometer with Cellfit software. The values
shown are from two experiments.

FIG. 6. Association of full-length RB and E2F-1 is disrupted by phosphorylation of Ser608 and/or Ser612. (A) Phosphorylated full-length PSM.7-RB does not bind
E2F-1. C33-A cells were cotransfected with cyclin D1, E, and A expression plasmids and expression plasmids for the full-length RB proteins WT-RB (lanes 1 and 2),
PSM.4-RB (lanes 3 and 4), PSM.7-RB (lanes 5 and 6), and PSM.11-RB. Lysates prepared from the transfected cells were either subjected to immunoprecipitation with
anti-RB antibodies (lanes 1, 3, 5, and 7) or assayed for binding to immobilized GST–E2F-1 (lanes 2, 4, 6, and 8). Proteins recovered were resolved by SDS-6.5% PAGE,
and LP protein was detected by immunoblotting with anti-RB antibodies. (B) Phosphorylated PSM.9I-RB binds E2F-1. C33-A cells were cotransfected with cyclin D1,
E, and A expression plasmids and expression plasmids for the full-length RB protein PSM.9N-RB (lanes 1 and 2), PSM.9I-RB (lanes 3 and 4), or PSM.4NI (lanes 5
and 6). Lysates prepared from the transfected cells were either subjected to immunoprecipitation with anti-RB antibodies (lanes 1, 3, and 5) or assayed for binding to
immobilized GST–E2F-1 (lanes 2, 4, and 6). Proteins recovered were resolved by SDS-6.5% PAGE, and LP protein was detected by immunoblotting with anti-RB
antibodies. (C) Phosphorylated PSM.9I-RB coimmunoprecipitates with E2F-1. C33-A cells were cotransfected with cyclin D1, E, and A expression plasmids, E2F-1,
and either WT-RB (lanes 1 and 2) or PSM.9I-RB (lanes 3 and 4) expression plasmids. Lysates from the transfected cells were prepared and subjected to
immunoprecipitation with either anti-RB (lanes 1 and 3) or anti-E2F-1 (lanes 2 and 4) antibodies. The recovered proteins were resolved by SDS-6.5% PAGE, and RB
proteins were visualized by immunoblotting with anti-RB antibodies.
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gest that the growth suppression function of D34-RB may be
inactivated by this low level of phosphorylation.

In contrast to pD34-RB, several of the PSM mutants that we
prepared could suppress Rat-1 cell proliferation. To demon-
strate this, we utilized a transient assay in which WT, pD34, or
PSM expression plasmids were each cotransfected with a plas-
mid that expresses the cell surface marker CD20. Transfected
cells were identified by the expression of CD20, and the cell
cycle distribution was determined by propidium iodide staining
of DNA content (55). WT, pD34, and each of the PSM proteins
induced a G1 arrest in SAOS-2 cells, in which RB cannot
become phosphorylated (not shown). Therefore, each of the
PSM proteins has a growth suppression function in its unphos-
phorylated form.

In Rat-1 cells, which are capable of phosphorylating RB,
neither WT-RB nor pD34-RB induced G1 arrest (Fig. 8B),
which was consistent with the results described above (Fig. 7).
In vector-transfected control, approximately 45% of the
CD201 cells were in G1. A similar G1 content was observed
with CD201 cells cotransfected with WT-, PSM.4-, PSM.7-,
pD34-, and PSM.9N-RB (Fig. 8B, left panel). However, the G1
content increased to 70 to 75% with the expression of
PSM.9I-RB and PSM.11-RB (Fig. 8B, left panel). To demon-
strate that the observed G1 increase was due to an arrest in G1,
transfected cells were treated with a microtubule poison, no-
codazole (NOC), for 8 h (55). NOC-treated cells cannot com-
plete mitosis and thus accumulate in culture with a 4 N DNA
content. When cells are arrested in G1, the DNA content will
remain 2 N, whereas G1-delayed cells will accumulate with 4 N

DNA. With vector-transfected cells, the percentage of G1 cells
decreased to approximately 35%, with a concomitant increase
in the population of cells in G2 upon NOC treatment (not
shown). A similar G1 decrease was observed with WT-,
PSM.7-, and pD34-RB transfected cells, while the G1 content
of PSM.11-RB transfected cells did not change upon NOC
treatment (Fig. 8B, right panel). PSM.9I-RB was similarly
found to induce G1 arrest (not shown). These results show that
PSM.9I-RB and PSM.11-RB, but not pD34-RB, can suppress
Rat-1 cell proliferation.

The RB-LP constructs were also tested in Rat-1 cells. WT-,
PSM.4- and PSM.6-LP did not cause a G1 increase (Fig. 8A,
left panel) or G1 arrest (right panel). However, PSM.7-LP
induced G1 increase (Fig. 8A, left panel) and G1 arrest (right
panel) in Rat-1 cells. This is in contrast to the full-length
PSM.7-RB, which does not function as a growth suppressor
(Fig. 8B). The extent of G1 increase induced by PSM.7-LP was
similar to that induced by p16INK4, which is known to block
cells in G1 by inhibiting the phosphorylation of RB (29, 35, 36).

Rescue of PSM-mediated cell cycle arrest by E2F-1 and
large T-antigen. The growth suppression function of RB can be
disrupted by viral oncoproteins such as the SV40 large T-
antigen (46). Coexpression of T-antigen completely alleviated
the G1 arrest caused by either PSM.7-LP (Fig. 9A) or
PSM.11-RB (Fig. 9B). In SAOS-2 cells, expression of several
cellular proteins can also disrupt RB function; these include
cyclins A and E (20), E2F-1 (40), c-Myc (11), kinase-defective
c-Abl (52), and Mdm-2 (53). Therefore, we challenged the
PSM-mediated arrest of Rat-1 cells with expression plasmids

FIG. 8. Growth arrest of Rat-1 cells by PSM-RB proteins. Rat-1 cells were cotransfected with the indicated expression plasmids and a plasmid expressing the CD20
cell surface marker. Forty-eight hours posttransfection, the cells were either harvested without treatment (left panels) or were treated with NOC (0.1 mg/ml) for an
additional 8 h (right panels). The cells were stained with FITC-labeled anti-CD20 antibodies, fixed in 80% ethanol, and then stained with propidium iodide. The DNA
content of the CD20-positive cells was determined by analyzing the propidium iodide staining of FITC-positive cells with a FACScan cytometer with Cellfit software.
The net change in percent G1 was calculated by subtracting the percentage of CD20-positive G1 cells in vector-transfected cells from that of PSM-RB-transfected
culture. The values shown are from at least two independent experiments. (A) LP-RB-transfected cells; (B) full-length RB-transfected cells.
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which produce these proteins. When it was tested in Rat-1
cells, we found that cotransfection with E2F-1 expression plas-
mid rescued the G1 arrest induced by either PSM.7-LP or
PSM.11-RB (Fig. 9). The expression of E2F-4 did not reverse
the cell cycle arrest. Expression of c-Myc, Mdm-2, or kinase-
defective c-Abl also failed to rescue the PSM-induced G1 block
(Fig. 9). Cotransfection with cyclin D1, E, or A also did not
efficiently reverse the block induced by PSM.11-RB or
PSM.7-LP (not shown). Thus, only E2F-1 and T-antigen are
able to abrogate the growth suppression function of PSM-RB
in Rat-1 cells.

DISCUSSION

Regulation of RB-E2F interaction by phosphorylation. (i)
Regulation of E2F binding to the LP fragment of RB. The E2F
binding site in RB is composed of amino acids in the A, B, and
C regions. The RB-LP fragment, which binds E2F, is a func-
tional growth suppressor (19, 20, 39). The binding of RB-LP to
E2F is disrupted by phosphorylation at the seven phosphory-
lation sites clustered in the 55-amino-acid sequence of exon 23
(Fig. 1). The combined mutations of four of the seven sites in
PSM.4-LP (lacking Ser807 and Ser811 and Thr821 and
Thr826) or the reciprocal combined mutations of the other
three sites in PSM.3 (lacking Ser780, 788, and 795) cannot
abolish phosphorylation-mediated inhibition of E2F binding to
LP (Table 1). Even with the mutant PSM.6-LP, which contains
only one of the seven exon 23-encoded sites (Ser780), phos-

phorylation can still inhibit the binding of E2F. Consistent with
this finding is the result reported by Kitagawa et al. (27). Using
a monoclonal antibody against the phosphorylated Ser780
epitope, they showed that Ser780-phosphorylated RB does not
bind to E2F (27). In the RB-LP context, elimination of all
seven exon 23-encoded sites can abolish the regulation of E2F
binding, as demonstrated by the binding of phosphorylated
PSM.7-LP to E2F (Fig. 2, 4, and 5). Thus, phosphorylation at
the three remaining sites, Ser567, Ser608, and Ser612, cannot
disrupt RB-LP–E2F interaction when all seven exon 23-en-
coded sites are lost. However, at least two combinations of the
insert domain and exon 23-encoded sites can disrupt E2F bind-
ing, as revealed by the two PSM.6-LP mutants. In PSM.6-LP,
the combination of insert domain sites and Ser780 can disrupt
E2F binding upon phosphorylation. In PSM.6ST-LP, the com-
bination of one insert domain site (Ser608) and Ser780 and
Ser795 can also disrupt E2F binding. Taken together, these
results suggest that RB-LP–E2F interaction can be disrupted
by a number of phosphorylation sites in the insert domain and
exon 23-encoded region. These phosphorylation sites are likely
to have redundant function in the regulation of RB-LP binding
to E2F.

(ii) Regulation of E2F binding to full-length RB. We ob-
served a major difference between the full-length RB versus
the LP fragment with respect to the effect of insert domain
phosphorylation sites (Ser608 and Ser612) on E2F binding. In
the LP context, as discussed above, phosphorylation at the
insert domain sites is not sufficient to inhibit E2F binding. At
least one exon 23-encoded site needs to be present in order for
phosphorylation to disrupt E2F binding to the RB-LP. How-
ever, in the full-length context, the insert domain sites can
regulate E2F binding because mutation of all seven exon 23-
encoded sites does not abolish regulation. The combined mu-
tations of all seven exon 23-encoded sites and Ser608 and
Ser612 are required to disrupt regulation of E2F binding by
phosphorylation. With full-length RB, we also observed redun-
dant roles for the multiple phosphorylation sites. This is dem-
onstrated by the two reciprocal mutants PSM.7-RB and
PSM.4NI-RB (Table 1). Both PSM.7-RB and PSM.4NI-RB
are regulated for E2F binding, but the combined mutant
PSM.11-RB is not regulated. The minimal combination is
found with PSM.9I-RB, in which the seven exon 23-encoded
sites and two insert domain sites (Ser608 and Ser612) are lost
(Table 1; Fig. 1). Taken together, these results suggest that
when either the exon 23-encoded sites or the insert domain
sites are phosphorylated, they can disrupt the RB-E2F inter-
action. Others have shown that phosphorylated pD34-RB binds
E2F (1, 13), and we could confirm this result with pD34-RB
expressed in Rat-1 cells (data not shown). Eight phosphoryla-
tion sites are lost in pD34-RB (Fig. 1). Mutations that are
common between pD34-RB and PSM.9I-RB are (i) the two
insert domain sites (Ser608 and 612) and (ii) four of the seven
exon 23-encoded sites (Ser788, 795, 807, and 811). Phosphor-
ylation at these six serine sites is likely to inhibit E2F binding
either alone or in combination. Three of the exon 23-encoded
sites are intact in pD34-RB (the murine equivalent of hu-
man Ser780, Thr821, and Thr826). Because phosphorylated
pD34-RB binds to E2F, phosphorylation of Ser780 and Thr821
and 826 in the context of pD34-RB must not be able to inhibit
E2F binding. Alternatively, Ser780 and Thr821 and 826 may
not be efficiently phosphorylated in pD34-RB. Nevertheless,
studies of PSM mutants of RB have identified the insert do-
main and exon 23-encoded cdk sites as the regulators of RB-
E2F binding.

(iii) Dual mechanisms for the regulation of E2F binding to
RB. With full-length RB, our results suggest that E2F binding

FIG. 9. Rescue of PSM-RB-induced G1 arrest. Rat-1 cells were cotrans-
fected with the indicated expression plasmids and a plasmid expressing the CD20
cell surface marker. Forty-eight hours posttransfection, the cells were harvested
and stained with FITC-labeled anti-CD20 antibodies, fixed in 80% ethanol, and
stained with propidium iodide. The DNA content of the CD20-positive cells was
determined by analyzing the propidium iodide staining of FITC-positive cells
with a FACScan flow cytometer with Cellfit software. Abl2, kinase-defective
c-Abl; c-Myc, E2F-1, and E2F-4 are the given transcription factors; Mdm-2 is the
proto-oncoprotein; T-Ag, SV40 large T-antigen. The net change in percent G1
was calculated as described in the legend to Fig. 8. Data shown are from at least
two independent experiments. (A) LP-RB-transfected cells; (B) full-length RB-
transfected cells.
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can be regulated by either the insert domain or the exon
23-encoded phosphorylation sites (Fig. 10). Because exon 23-
encoded amino acids are required for the formation of the E2F
binding site (19, 39, 51), it is conceivable that the E2F binding
site can be directly affected by phosphorylation at the exon
23-encoded cdk sites. However, phosphorylation at these exon
23-encoded sites is not the only way to inhibit E2F binding.
This is indicated by PSM.7-RB, which lacks all seven exon
23-encoded sites, but its binding to E2F is still inhibited by
phosphorylation through the phosphorylation of the insert do-
main sites Ser608 and 612. The insert domain is not directly
involved in E2F binding, since this domain can be replaced
with random amino acids without affecting E2F binding (47). It
is interesting to find that phosphorylation at the insert domain
Ser608 and Ser612 can disrupt full-length RB binding to E2F
even when all the exon 23-encoded sites are mutated (compare
results obtained with PSM.7-RB and PSM.9I-RB). This inhib-
itory effect appears to be dependent on the N-terminal region
of RB, because insert domain phosphorylation is not sufficient
to disrupt the binding of RB-LP to E2F (PSM.7-LP [Table 1]).
The N-terminal region of RB is also dispensable for E2F bind-
ing (19, 39). However, the N-terminal region and the insert
domain may play modulatory roles in the conformation of the
E2F binding site. This idea is supported by three lines of
evidence. (i) While the complete deletion of the N region has
no effect on E2F binding, small internal deletions within this
region can inhibit RB-E2F interaction (38). (ii) The A and B
domains of RB, separated by the insert, interact with each
other to form the E2F binding site (5). (iii) The N and C
regions of RB may interact with each other (16). We propose
that phosphorylation at the insert domain sites may affect one
or more of these intramolecular interactions to inhibit E2F
binding (Fig. 10).

In summary, the binding of E2F to RB is regulated by a
number of cdk sites in RB through two distinct mechanisms.
This is in contrast to the regulation of RB binding to T-antigen
and c-Abl tyrosine kinase. We have previously shown that
Thr821 and Thr826 are required for the inhibition of T-antigen
binding by phosphorylation. PSM.2T-RB, lacking these two
sites, binds to T-antigen in its phosphorylated form (28). The
regulation of c-Abl binding to RB requires Ser807 and Ser811,
and PSM.2S-RB lacking these two sites binds to c-Abl in its
phosphorylated form (28). The recent finding that different
cdk-cyclin complexes preferentially phosphorylate specific
phosphorylation sites within RB (6, 27, 54) raises the possibil-
ity that different protein binding activities of RB may be spe-
cifically targeted by a particular cdk-cyclin. Our finding that
multiple sites regulate E2F binding suggests that the inactiva-

tion of E2F-binding activity can be achieved by a number of
different cdk-cyclin complexes, whereas the inactivation of T-
antigen or c-Abl binding may be cdk-cyclin specific. Taken
together, the cdk sites in RB are not functionally equivalent,
but a majority of them are involved in the regulation of E2F
binding.

PSM-RB proteins as constitutive growth suppressors. The
inactivation of RB by phosphorylation has been proposed to be
a requirement for cell cycle progression through the G1 restric-
tion point (48). A strong prediction of this model is that phos-
phorylation-defective RB proteins should block cells in G1.
The pD34-RB protein has a stronger growth suppression func-
tion than wild-type RB (3, 53) but is not a constitutive gain-
of-function mutant. We have shown that pD34-RB does not
arrest the growth of Rat-1 cells or HFF (Fig. 7 and 8). In
contrast, PSM.7-LP, PSM.11-RB, and PSM.9I-RB behave as
constitutive suppressors of Rat-1 cell growth (Fig. 8). Because
PSM.3-LP, PSM.4-LP, PSM.6-LP, PSM.7-RB, and PSM.9N-RB
are regulated for E2F binding and do not block Rat-1 cells in
G1, E2F binding is clearly required for RB-induced G1 arrest.
However, because pD34-RB, which binds to E2F irrespective
of phosphorylation (1, 13), cannot arrest Rat-1 cells in G1,
binding to E2F alone must not be sufficient for RB to induce a
G1 block. That E2F binding is necessary but not sufficient for
RB to suppress growth is discussed in a recent review (46).

The pD34-RB protein contains intact Thr821 and Thr826
sites. Phosphorylation at these two Thr sites inhibits RB bind-
ing to proteins with the LXCXE motif (28). The failure of
pD34-RB to arrest cells in G1 could, therefore, be due to the
release of critical LXCXE proteins upon phosphorylation at
Thr821 and Thr826. PSM.9I-RB, which differs from pD34-RB
in that it lacks Thr821 and Thr826, can arrest cells in G1. This
strongly suggests that phosphorylation of Thr821 or Thr826
can inactivate the growth suppression function of RB.

The G1 arrest induced by PSM-RB in Rat-1 cells can be
overcome by E2F-1 and SV40 large T-antigen, but not by
E2F-4 (Fig. 9). This observation is similar to the previously
reported disruption of WT-RB growth-inhibitory activity by
E2F-1 and T-antigen, but not by E2F-4 in SAOS-2 cells (28, 40,
45). However, the effect of PSM-RB in Rat-1 cells cannot be
rescued by ectopic expression of c-Myc, Mdm-2, or a kinase-
defective c-Abl, while the growth suppression function of
WT-RB in SAOS-2 cells is reversed by these proteins (11, 50,
53). The reasons for the discrepancy observed with these two
cell systems are not clear at this time. The G1 arrest induced by
PSM-RB in Rat-1 cells is also not efficiently overcome by the
ectopic expression of cyclin D1, cyclin E, or cyclin A, consistent
with the fact that PSM-RB cannot be inactivated by phosphor-

FIG. 10. Dual mechanisms for inhibition of E2F binding by RB phosphorylation. The E2F binding site in RB involves sequences in the A, B, and C regions. The
phosphorylation of RB inhibits E2F binding (bottom). The present study has identified two distinct mechanisms for this inhibition. First, phosphorylation of RB at
several exon 23-encoded cdk sites can disrupt binding to E2F. Second, phosphorylation of Ser608 and/or Ser612 in the insert domain also inhibits binding; however,
this occurs with the full-length RB, but not with the LP fragment. Because this second mechanism is dependent on the N-terminal region, a conformational change
involving the N-terminal region may underlie phospho-Ser608 and -Ser612-dependent inhibition of E2F binding to RB.
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ylation. In any event, we have succeeded in preparing phos-
phorylation site-defective RB proteins that function as consti-
tutive inhibitors of G1/S progression. These PSM-RB proteins
are phosphorylated to a low level in vivo; however, their pro-
tein binding functions cannot be inactivated by phosphoryla-
tion at the remaining sites. Our results support the idea that
inactivation of the protein binding functions of RB by phos-
phorylation is a necessary step for entry into S phase.
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