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The pocket domain of pRB is required for pRB to arrest the cell cycle. This domain was originally defined
as the region of the protein that is necessary and sufficient for pRB’s interaction with adenovirus E1A and
simian virus s40 large T antigen. These oncoproteins, and other pRB-binding proteins that are encoded by a
variety of plant and animal viruses, use a conserved LXCXE motif to interact with pRB. Similar sequences have
been identified in multiple cellular pRB-binding proteins, suggesting that the viruses have evolved to target a
highly conserved binding site of pRB that is critical for its function. Here we have constructed a panel of pRB
mutants in which conserved amino acids that are predicted to make close contacts with an LXCXE peptide
were altered. Despite the conservation of the LXCXE binding site throughout evolution, pRB mutants that lack
this site are able to induce a cell cycle arrest in a pRB-deficient tumor cell line. This G, arrest is overcome by
cyclin D-cdk4 complexes but is resistant to inactivation by E7. Consequently, mutants lacking the LXCXE
binding site were able to induce a G, arrest in HeLa cells despite the expression of HPV-18 E7. pRB mutants
lacking the LXCXE binding site are defective in binding to adenovirus E1A and human papillomavirus type 16
E7 protein but exhibit wild-type binding to E2F or DP, and they retain the ability to interact with CtIP and
HDACI1, two transcriptional corepressors that contain LXCXE-like sequences. Consistent with these obser-
vations, the pRB mutants are able to actively repress transcription. These observations suggest that viral
oncoproteins depend on the LXCXE-binding site of pRB for interaction to a far greater extent than cellular
proteins that are critical for cell cycle arrest or transcriptional repression. Mutation of this binding site allows

PRB to function as a cell cycle regulator while being resistant to inactivation by viral oncoproteins.

One of the best-known properties of the retinoblastoma
tumor suppressor protein (pRB) is its ability to interact with
proteins that contain an LXCXE peptide sequence. The
LXCXE motif was first identified in proteins encoded by small
DNA tumor viruses (28, 70, 78). Subsequently, LXCXE se-
quences have been found to be critical both for the transfor-
mation properties of adenovirus 5 E1A protein, human papil-
lomavirus type 16 (HPV16) E7, and simian virus 40 large T
antigen and for the ability of these proteins to bind to pRB (14,
22, 24, 63, 92, 93). These LXCXE motifs also allow the viral
proteins to associate with pRB-related proteins p107 and p130
(20), two proteins that share many properties with pRB, pRB,
p107, and p130 possess synergistic or overlapping functions as
negative regulators of cell proliferation (62) and the viral pro-
teins appear to use the LXCXE motif to target, and inactivate,
all three family members (23).

Several observations have served to emphasize the signifi-
cance of the LXCXE-pRB interaction. Not only are the pRB-
binding activities provided by the LXCXE motifs required for
the oncogenic properties of E1A, E7, and large T antigen, but
these sequences are highly conserved among adenoviruses,
papillomaviruses, and polyomaviruses independent of their
transforming activities (13, 19, 63, 73). In addition to the small
DNA tumor viruses, rubella virus encodes a pRB-binding pro-
tein, NSP90, that also uses an LXCXE motif to interact with
pRB (2). The conservation of LXCXE sequences among dis-
tinct groups of viruses suggests that they contribute functions
that are advantageous for the biology of the virus. The main-
tenance of this structure is further underscored by the obser-
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vation that plant viruses (see above; bean yellow dwarf virus
and wheat dwarf virus) encode LXCXE-containing proteins
that utilize this motif to target pRB family members (55, 96).
Since the inactivation of pRB activates E2F, allowing the ex-
pression of genes that are required for DNA synthesis, it has
been suggested that the inactivation of pRB family proteins
provides a cellular environment that promotes efficient viral
DNA replication (67, 81).

Consistent with the selection for the LXCXE motif during
viral evolution, the LXCXE-binding site is one of the most
highly conserved features of the pRB structure. The ability to
bind to LXCXE sequences is a feature shared by pRB-homo-
logues in species as diverse as maize and humans (1). More-
over, cocrystallization of the pRB pocket with an E7-derived
peptide has identified which amino acids of pRB contact the
LXCXE peptide (52). These residues are noncontiguous in the
linear sequence but are conserved between pRB, p107, and
p130 and the pRB-related proteins found in Xenopus laevis,
Drosophila melanogaster, and maize when these sequences are
aligned using the crystal structure as a guide (52).

The maintenance of the LXCXE-binding site during evolu-
tion suggests that this structure is critical to the normal func-
tion of pRB (52). A simple explanation for this conservation
might be provided if cellular pRB-binding proteins use this site
to interact with pRB. At least 84 cellular proteins have been
reported to bind to pRB. At least 19 of these contain an
LXCXE sequence or a related sequence that may contribute to
the pRB interaction (AhR, Bog, BRG1, hBrm, CtIP, cyclin D1,
cyclin D2, cyclin D3, EIf-1, HBP1, histone deacetylase 1
[HDAC1], HDAC2, HECI, hsp75, retinoblastoma binding
protein 1 [RBP1], RBP2, Rim, RIZ, and UBF) (4, 6, 7, 9, 12,
15-17, 25, 29, 30, 46, 57, 58, 60, 76, 80, 85, 94). This diverse list
includes pRB-binding proteins that have been proposed to play
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important roles in pRB-mediated activation and repression of
transcription.

The regulation of E2F-dependent transcription is thought to
be a key component of pRB’s properties as a cell cycle regu-
lator (18). Previous studies have shown that the repression of
E2F target genes is sufficient to induce a cell cycle arrest (75).
Moreover, the active repression of E2F target genes by pRB-
family members is necessary for several types of cell cycle
arrest (97). E2F proteins do not contain an LXCXE motif and
are thought to bind to a distinct but poorly characterized site in
the viral oncoprotein-binding or “pocket” domain of pRB (26,
52). However, four of the pRB-binding proteins that contain
LXCXE-like sequences, HDAC1, HDAC2, RBP1, and CtIP,
have been implicated in the active repression of E2F-depen-
dent transcription (4, 57, 58, 60). This suggests a model in
which pRB is recruited to the promoters of various S-phase-
specific genes via E2F. Once tethered to the promoter by E2F
it uses its LXCXE-binding site to interact with transcriptional
repressors which in turn block transcription until such time in
late G, when pRB is inactivated and this repressor complex is
disassembled to allow transcription.

In this study we have investigated the consequences of mu-
tating the LXCXE-binding site of human pRB. The results
show that the LXCXE-binding site can be eliminated without
affecting pRB’s ability to bind to E2F. Surprisingly, mutants
lacking the LXCXE-binding site retain the ability to actively
repress the transcription of E2F-responsive promoters, and
they efficiently arrest Rb-deficient cells in G;. As a conse-
quence, the LXCXE mutants generate a pRB arrest that is
resistant to the inactivating effects of viral oncoproteins like
E7.

MATERIALS AND METHODS

Plasmid construction. Site-directed mutations were constructed by PCR as
described by Chen and Przybyla (8) or as outlined by Ausubel et al. (3). Briefly,
substitutions in the coding region of the B half of the pocket domain were
constructed in a 0.7-kb NheI-BsmlI fragment. All subclones of PCR products were
sequenced to ensure that they contained only the desired substitutions. The
resulting mutants were then ligated into the full-length RB cDNA already
present in the pCMV-neo-Bam expression plasmid (71). The Gal4-RB9 fusion
was constructed by swapping a 2-kb Nhel fragment in the pM2-RB (amino acids
300 to 928) plasmid obtained from D. Dean (88). Other expression constructs
used in this study are directed by the viral cytomegalovirus (CMV) promoter and
have been described previously (4, 26, 53, 84, 95). The E2F4B-Luc reporter was
constructed from a 0.2-kb fragment of the E2F4B-CAT plasmid (37) and con-
tains four consensus E2F-binding sites and the E1B TATA ligated into a blunted
Nhel and BamHI site in the luciferase reporter pGL3 (Promega). The dihydro-
folate reductase (DHFR)-Luc reporters accompanying were a kind gift of N.
Heintz (89). Likewise, the b-Myb-Luc and E2F mutant were obtained from R.
Watson (51), and the E2F1-Luc reporters were supplied by W. Kaelin (66). The
G5-MLP-CAT and G5-SV-CAT reporters were provided by D. Dean (57).

Cell culture and transfections. Cell lines Saos-2, C33A, and HeLa were ob-
tained from the American Tissue Culture Collection. All tissue culture was
carried out in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum, 2 mM L-glutamine, penicillin (50 U/ml), and streptomycin (50 pg/ml).
Saos-2 and C33A cells were transfected with Fugene 6 (Boehringer-Mannheim)
as recommended by the manufacturer or by calcium phosphate precipitation (3).
HelLa cells were transfected by calcium phosphate. Precipitates were left on cells
for 16 h before refeeding the cells with fresh growth medium.

Immunoprecipitations and Western blotting. C33A cells were transfected in
10-cm-diameter tissue culture plates with a total of 8 pg of CMV expression
vector DNA. At 48 h posttransfection, cells were washed in phosphate-buffered
saline and lysed in 0.3 ml of ELB containing 400 mM NaCl (36). Lysates were
diluted with an equal volume of ELB containing no NaCl and then mixed with
100 pl of monoclonal antibody culture supernatant. Immune complexes were
precipitated with protein A-Sepharose beads (35) and resolved by electrophore-
sis on a sodium dodecyl sulfate-8% polyacrylamide gel electrophoresis (SDS-8%
PAGE) gel (48). Proteins were transferred to polyvinylidene difluoride (PVDF)
membranes by standard techniques (82) and probed for pRB using a 1:5 dilution
of tissue culture supernatant from the C36 hybridoma line (91). E1A was de-
tected and immunoprecipitated with antibody M73 (34), hemagglutinin (HA)-
tagged E2F3 and DP1 were both recognized on Western blots and immunopre-
cipitated with 12CAS culture supernatant. Flag-tagged human HDAC1 was
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TABLE 1. Mutant alleles of RB used in this study”

Substitutions

.......... Y709F, K713A
...Y756F, N757A
1753A, N757A, M761A
................................................................... Y709A, K713A

Allele no.

“ Designated mutant allele numbers are listed, accompanied by the corre-
sponding changes that have been incorporated into pRB.

immunodetected and -precipitated using anti-Flag monoclonal antibody M2
(Sigma).

GST pulldown binding experiments. Glutathione S-transferase (GST) fusion
proteins were expressed and purified according to the manufacturer’s recom-
mended protocol. GST-EIA (amino acids 1 to 139) has been described previ-
ously (26); the GST-E7 (full-length) expression plasmid was a kind gift of K.
Munger (Harvard Medical School). Saos-2 cells were plated at 6 X 10° cells per
15-cm-diameter plate and transfected with 50 wg of CMV-RB or mutant expres-
sion plasmid per plate. Extracts were prepared as described above in 2 ml of ELB
per plate. Two hundred microliters of extract was mixed with 1 pg of GST-E7
protein and incubated on ice for 30 min. GST-E7 complexes were precipitated by
mixing with 100 pl of a 10% slurry of glutathione-Sepharose beads. Bead-
containing solutions were mixed by gently rocking tubes at 4°C for 1 h. Beads
were washed twice with ELB and resuspended in 1X SDS-PAGE sample buffer.
Samples were analyzed by SDS-PAGE and Western blotting for pRB.

Transcriptional reporter assays. Saos-2 or C33A cells were plated at 5 X 10°
cells per well of a six-well plate. Each transfection contained 100 ng of transcrip-
tional reporter and 100 ng of a CMV-LacZ reporter to normalize transfection
efficiencies. Up to 100 ng of CMV-RB or 200 ng or Gal4-RB expression vector
was used along with sufficient CMV-neo-Bam or SV40-Gal4(1-147) vector DNA
to normalize expression plasmid content in each transfection. In the case of
E2F4B-Luc reporter assays, 50 ng each of CMV-HA-E2F2 and CMV-HA-DP1
was included. Carrier DNA (pBluescript) was also included to make the final
concentration of DNA up to 1.2 pg. Trichostatin A (TSA) was added 16 h after
transfection to a final concentration of 100 nM. Extracts were prepared from
cells 36 to 48 h posttransfection by lysing cells in Luciferase assay buffer (Pro-
mega) or chloramphenicol acetyltransferase (CAT) assay buffer (Boehringer-
Mannheim) according to the manufacturers’ directions. Luciferase activity was
measured on an EG&G Berthold Microlumat luminometer. CAT expression
levels were measured by quantitative enzyme-linked immunosorbent assay as
directed by the manufacturer. B-Galactosidase activity was quantitated by stan-
dard methods (61). All data points presented are the average measurement of
three independent transfections; each experiment (consisting of three transfec-
tions) was repeated at least twice.

Flow cytometry of Saos-2 and HeLa cell transfectants. One million Saos-2 cells
were transfected in 6-cm-diameter dishes with 1 pg of CMV-CD20, 0.5 g of
CMV-RB (or RB mutant), and 4 ug of CMV-E7 or 2 ug each of CMV-HA-cdk4
and CMV-cyclin D1. Cells were replated on 10-cm-diameter plates 16 to 24 h
posttransfection and harvested 48 h later. HeLa cells were transfected with 15 wg
of CMV-RB expression vector and 5 pg of CMV-CD20. Cells were refed 16 to
24 h posttransfection and harvested 24 h later. Cells were harvested and stained
for CD20 and DNA content as described previously (84). Subsequently, cells
were analyzed on a Becton Dickinson FACScan, and the resulting data were
processed using CellQuest and Modfit LT software.

RESULTS

Mutation of the LXCXE-binding site of pRB. The three-
dimensional structure of the small pocket domain of pRB
bound to a 9-amino-acid LXCXE-containing peptide reveals
that the LXCXE peptide binds into a cleft in the B half of the
pocket (52). The side chains of the conserved leucine and
cystine residues of the LXCXE motif fit tightly into hydropho-
bic pockets, while the carboxylate group of the glutamic acid is
predicted to make two hydrogen bonds with two backbone
amide groups of the al5 helix of pRB. Crystallographic data
suggest that the peptide backbone is held in place by four
hydrogen bonds with amino acids Tyr 709, Tyr 756, Asn 757,
and Lys 713, respectively. These amino acid residues are highly
conserved in pRB homologues (1, 56).

Several different mutants were prepared to disrupt the
LXCXE-binding site. The mutants used in this study are listed
in Table 1, and the position of the relevant amino acids is
illustrated in Fig. 1. We mutated pRB amino acids Tyr 709, Lys
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E7 LxCxE

FIG. 1. Diagram of an LXCXE peptide derived from E7 bound to pRB. Amino acids in the LXCXE-containing peptide are colored brown, with the side chains
of Leu 22, Cys 24, and Glu 26 highlighted in maroon. The B half of the pocket domain is colored teal. The side chains of Tyr 709, Lys 713, Ile 753, Tyr 756, Asn 757,
and Met 761 which have been mutated in this study are labeled and displayed in navy blue. The side chains of E7 amino acids shown in maroon have been shown to

make extensive interactions with the pRB amino acids colored navy blue.

713, Tle 753, Tyr 756, Asn 757, and Met 761, since these
residues are involved in the formation of the cleft and/or the
formation of hydrogen bonds with the LXCXE motif. The
mutations made in RB5 (Y709F and K713A) and RB6 (Y756A
and N757A) were designed simply to eliminate hydrogen
bonds between the side chains of these residues and the pep-
tide backbone. The other mutants described in this study were
constructed with the goal of disrupting the hydrophobic pock-
ets that are occupied by the leucine and cystine residues of the
LXCXE sequence. Alleles RB9 (1753A, N757A, and M761A)
and RB10 (Y709A and K713A) remove the sides of this hy-
drophobic cleft and are predicted to make the leucine and
cystine residues a poor fit for this hydrophobic groove. All
mutations substitute phenylalanine or alanine for the wild-type
amino acid. In this way partially buried side chains such as that
of Tyr 756 can be altered in a minimally disruptive way. Ala-
nine substitutions were chosen for amino acids that are mostly
solvent exposed since they effectively truncate side chains but
are not predicted to change the overall structure of the protein.
In RBS, Tyr 756 was only changed to phenylalanine as only the
hydroxyl group of the side chain is predicted to be solvent
exposed.

The binding properties of these pRB mutants were deter-
mined following cotransfection of RB and E1A expression
vectors into C33A cells, a cervical carcinoma-derived cell line
that does not express pRB (72) and is not arrested in G, by
ectopic pRB expression (98). Expression levels of pRB and
E1A were determined by Western blotting of whole-cell ex-
tracts and the interaction between pRB and E1A was assessed
by the immunoprecipitation of E1A and the detection of co-
precipitated pRB (Fig. 2a). By this method RB6, RB9, and
RB10 show dramatically reduced binding to E1A, whereas
RBS5 showed an intermediate level of binding. E1A CR1 binds
to pRB with an approximately 100-fold-lower affinity than the
LXCXE-containing CR2 (21, 91). Consistent with this, we
detect a very low level of residual binding activity with the
LXCXE-binding site mutants on long exposures of the West-
ern blots. Similar results were obtained using in vitro binding
assays in which cell lysates were prepared from Saos-2 cells
following transfection with pRB or mutant pRB expression

vectors and incubated with purified GST-E7 or GST-E1A pro-
teins (Fig. 2b and c). As displayed in Fig. 2b, an input of
equivalent quantities of pRB to the binding reactions results
only in detectable interactions between E7 and wild-type pRB
or RBS. Identical results were seen using purified GST-E7 or
GST-E1A proteins (Fig. 2c). We conclude that the mutations
introduced into the LXCXE-binding cleft in RB6, RB9, and
RB10 eliminate the ability of pRB to bind to E1A or E7 in a
stable manner, even when these proteins are expressed at high
levels.

Binding experiments similar to those described above were
used to test the ability of pRB mutants to interact with an
E2F-DP complex. Peptide competition experiments have indi-
cated E2F proteins bind to a site in the pRB-pocket that is
distinct from the LXCXE-binding site (26, 52). Thus, subtle
mutations in the LXCXE binding site that do not disrupt the
overall conformation of the pRB pocket are not expected to
affect the ability of pRB to bind to E2F. Figure 2d shows the
results of an experiment in which wild-type or mutant pRB
proteins were coexpressed in C33A cells with HA-tagged
E2F-3 and DP-1, and complex formation was detected follow-
ing immunoprecipitation with the HA tag. The ability of RBS,
RB6, RBY, and RB10 to bind to E2F-3-DP-1 was indistin-
guishable from wild-type pRB, suggesting that mutation of the
LXCXE binding cleft does not disrupt the overall structure of
the pocket.

The LXCXE-binding site is not needed for pRB to repress
E2F-containing reporters. Studies of E2F have shown that
pRB does not simply neutralize E2F by binding to its tran-
scriptional activation domain; instead, pRB is an active inhib-
itor of transcription when recruited to DNA (32, 75, 87, 88),
and active repression of E2F is required for several types of G,
arrest (97). Recent studies have found that pRB acts, at least
at some E2F-regulated promoters, by recruiting HDACs to
promote a chromatin structure that hinders transcription (4,
57, 58). Consistent with this model, TSA, a global inhibitor of
deacetylases, derepresses several E2F-RB-regulated promot-
ers (57). However, pRB-mediated repression of other promot-
ers is insensitive to TSA, and pRB is thought to use other
mechanisms to repress at these sites (57). Candidates for these
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FIG. 2. RB6, RBY, and RB10 are unable to bind to LXCXE-containing proteins, E1A and E7. Plasmids directing the expression of RB or mutant alleles 5, 6, 9,
and 10 were transfected into C33A cells along with plasmids expressing E1A (a) or E2F3-HA and DP1-HA (d). Extracts were prepared and analyzed for expression
of the transfected genes by Western blotting. The ability of wild-type or mutant forms of pRB to interact with E1A or E2F complexes was assessed by coimmuno-
precipitation with E1A or HA antibodies. The quantity of pRB present in these complexes was determined by Western blotting. E7 and E1A interactions with RB were
determined by transfecting cells with wild-type or mutant RB plasmids. Extracts were prepared, and pRB was precipitated through its interaction with glutathione-

Sepharose-bound E7 or E1A. The quantity of pRB present in extracts and GST-E7 or -E1A pulldowns was determined by Western blotting (b and c). Abbreviations:
IP Ab, immunoprecipitated antibody; TAg, T antigen; WT, wild type.
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alternative repressors include CtIP (60) and HBP1 (80), tran-
scription repressors that have been shown to bind to pRB. In
addition, two other pRB-binding proteins, hBrm and RBPI,
have been found to cooperate with pRB to repress E2F-de-
pendent transcription (49, 83). Intriguingly, HDAC1, HDAC?2,
CtIP, HBP1, hBrm, and RBP1 have all been suggested to bind
to pRB through LXCXE or IXCXE motifs (27, 58, 60, 79, 80).
We therefore tested whether pRB mutants lacking the
LXCXE-binding site could repress E2F-dependent transcription.

The E2F responsiveness of the b-Myb, DHFR, and E2F1
promoters has been well documented (39, 43, 50, 51, 66, 89,
90). Additionally, there is extensive literature indicating that
pRB negatively regulates these promoters (5, 42, 50, 54, 66, 74,
77). Reporter constructs containing the wild-type promoters or
sequences in which the E2F-binding sites are mutated were
transfected into Saos-2 cells together with expression con-
structs encoding either wild-type RB or RB9, a mutant of pRB
that fails to bind to E1A or E7. Dose-dependent repression of
these promoters was observed using either wild-type pRB or
RB9Y (Fig. 3a, ¢, and e), although the RB9 repression is slightly
weaker. In each case, pRB-mediated repression was com-
pletely dependent on the E2F-binding sites in these promoters
(Fig. 3b, d, and f). Similar results were obtained following
transfection of these reporters into C33A cells and from trans-
fection of DHFR-luciferase into Rb~/~ mouse embryo fibro-
blasts (data not shown).

Mutation of the E2F binding sites in the b-Myb, DHFR, and
E2F1 promoters either increases or has no effect on the tran-
scriptional activity of these reporters, indicating that the E2F
binding sites are acting primarily as repressor elements. As
PRB expression reduces the activity of the reporters in a dose-
dependent and E2F site-dependent manner (compare lucif-
erase activities shown in Fig. 3a to 3b, 3c to 3d, and 3e to 3f),
these experiments suggest that pRB is actively repressing tran-
scription from these E2F-regulated promoters. To extend this
further we investigated whether the LXCXE-binding site mu-
tants could repress transcription when recruited to a heterol-
ogous promoter. The large pocket domain of RB9 (amino
acids 300 to 928) was fused to the DNA-binding domain of
Gal4 and assayed for repression of two different reporter con-
structs, each containing five tandem Gal4 sites upstream of a
viral promoter and a CAT reporter gene (Fig. 3g). Transcrip-
tion from both constructs was repressed by Gal4-RB9, al-
though the magnitude of repression seen with Gal4-RB9 was
slightly reduced when compared with Gal4-RB. A similar trend
was also observed on the E2F-responsive promoters shown in
Fig. 3. We conclude that the LXCXE-binding cleft of pRB is
not required for pRB to actively repress transcription.

The properties of RB9 were surprising, since many of the
pRB-binding proteins that have been linked to transcriptional
repression contain LXCXE (or IXCXE) motifs and have been
suggested to use these to interact with pRB. To rule out the
possibility that these results were unique to RB9 and not
shared by other LXCXE-binding site mutants, the other three
mutant alleles were tested for E2F repression. As shown in Fig.
4a, each of the pRB mutants tested repress the DHFR-Luc
reporter in a dose-dependent manner. This effect is dependent
on the E2F-binding site (Fig. 4b). Similarly, a synthetic pro-
moter construct containing four tandem E2F consensus sites
and the adenovirus E1B TATA box, when cotransfected with
E2F-2 and DP-1 expression vectors, is deactivated by all mu-
tant and wild-type forms of pRB tested (Fig. 4c).

Although Gal4-RB repression of the G5-MLP-CAT pro-
moter (Fig. 3g) is known to be TSA sensitive (57), treatment of
transfected cells with TSA to inhibit deacetylases demon-
strated that pRB repression of the E2F-1, b-Myb, and DHFR
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reporter constructs was primarily through a TSA-independent
mechanism (Fig. 4d). TSA failed to reverse repression of either
the E2F1 or b-Myb reporters. Although TSA partially reversed
repression of DHFR-Luc by RB and RBY, we note that tran-
scription from the DHFR reporter is stimulated by TSA. TSA
also elevates the activity of the DHFR promoter construct
lacking E2F-binding sites (data not shown), raising the possi-
bility that the TSA effect on this promoter may not be medi-
ated through pRB.

The ability of the LXCXE-binding site mutants to repress
transcription raises two possibilities: either LXCXE-containing
proteins are not needed for E2F repression, or such proteins
do not depend on their LXCXE motifs to interact with pRB.
We examined these possibilities for HDAC1 and CtIP, two
proteins that have been reported to interact with pRB via an
LXCXE (or related) sequence and implicated in pRB-medi-
ated repression (58, 60). CMV-HDACTI or CtIP plasmids were
transfected into C33A cells together with plasmids directing
the expression of wild-type or mutant pRB, and the physical
interaction was scored by coimmunoprecipitation and Western
blot analysis (Fig. 5a and b). Western blots of these extracts
demonstrate that pRB and the cotransfected repressor expres-
sion levels were similar in all cell extracts and that similar
amounts of wild-type or mutant pRB were coprecipitated with
HDACI or CtIP. These results demonstrate that these repres-
sor molecules must contain pRB-binding sequences that are
independent of their LXCXE motif, providing a potential ex-
planation for the repressor activity of the RB mutants. We note
that these experiments do not exclude the possibility that the
LXCXE-binding site contributes to pRB’s recruitment of
HDACI or CtIP at some promoters or that its interaction with
other cellular proteins may be affected differently. Other ex-
traction and immunoprecipitation conditions may reveal a de-
fect in pRB-HDACI or CtIP-pRB interactions. However, un-
der these experimental conditions, the mutation of the
LXCXE-binding site has a dramatic effect on pRB’s interac-
tion with viral oncoproteins without greatly affecting its inter-
actions with these cellular partners.

RB mutants lacking the LXCXE-binding site induce a cell
cycle arrest that is insensitive to inactivation by E7. E2F reg-
ulation is only one aspect of pRB function, and additional
activities may be required for pRB to regulate cell cycle pro-
gression. To test whether the LXCXE-binding site is required
for pRB-mediated cell cycle arrest, the pRB mutants were
expressed in the RB-deficient osteosarcoma cell line Saos-2, a
cell line that is readily arrested in G, by the reintroduction of
wild-type pRB (38). The cell cycle arrest was monitored by the
use of a CD20 cell surface marker to identify the transfected
cells, as described previously (84). Cells were analyzed for
CD20 and DNA content by flow cytometry. In these experi-
ments, approximately 55% of cells transfected with CMV-
CD20 alone displayed a G; DNA content. The transient ex-
pression of wild-type pRB caused 90% of cells to accumulate
in G,. Despite lacking an intact LXCXE-binding site, RB6,
RB9, and RB10 each gave a robust cell cycle arrest that was
similar to the arrest induced by wild-type pRB (Fig. 6a).

These results suggest that the major binding site for E1A or
E7 proteins on pRB is separable from the regions of pRB that
are needed for pRB to impose a cell cycle arrest. In addition to
the above conclusion, it is also formally possibly that the viral
proteins do not need to bind to pRB in a stable manner in
order to inactivate it. In this case, mutation of the LXCXE-
binding cleft on pRB might prevent coprecipitation of these
proteins without impairing the ability of viral proteins to over-
come pRB function. To test this we investigated whether the
cell cycle arrest caused by RB6, RB9, and RB10 could be
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FIG. 3. RBY is capable of active repression of E2F site-containing reporters. Saos-2 cells were transiently transfected with reporter constructs for known
E2F-regulated genes along with wild-type RB (WT) or RB9. The resultant activity of DHFR and b-Myb promoters regulating luciferase expression were plotted against
increasing amounts of CMV-RB or -RB9 vector in the transfections. (a) Response of the murine b-Myb promoter to increasing quantities of RB or RB9. (b) An
identical reporter containing a mutated E2F site was also tested for RB-mediated repression. (¢ and d) RB-induced repression of the DHFR promoter (c) or a DHFR
promoter containing mutations in its overlapping E2F sites (d). (e and f) Similarly, the repressive effects of pRB on an E2F1 promoter and its E2F mutant are shown.
Active repression by RB and RB9 was measured by expressing these forms of pRB fused to the Gal4 DNA-binding domain along with Gal4 site-containing reporters
in C33A cells. (g) Normalized levels of CAT expression when reporters were transfected with Gal4 alone or with Gal4-RB or -RB9. Error bars indicate the standard

deviation of each value.

reversed by E7. Since the ability of E7 to antagonize pRB
depends on the relative levels of these proteins, the pRB and
E7 expression plasmids were titrated to a level where E7 ex-
pression rescued 50% of the pRB-induced accumulation of G,
phase cells. Unlike the arrest induced by wild-type pRB, the
cell cycle arrest caused by RB6, RB9, and RB10 was resistant
to the expression of E7 (Fig. 6b), indicating that mutation of
the LXCXE-binding site prevents E7 from functionally inacti-
vating pRB.

It has been proposed that the D-type cyclins use their
LXCXE motif to recognize pRB as a substrate for phosphor-
ylation. Given that these RB mutants may not be recognized by
cyclin D, it was formally possible that the failure of E7 to
overcome cell cycle arrest by RB6, RB9, or RB10 was due in
part to a defect in RB phosphorylation. In this case the arrest
might be similar to that caused by the mutation of phosphor-
ylation sites of pRB (47). A number of observations show that
this is not the case. First, coexpression of cyclin D1-cdk4 was
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FIG. 3—Continued.

readily able to overcome the cell cycle arrest induced by RB6,
RB9, or RB10 (Fig. 7a). Second, cyclin D1-cdk4 rescue of the
cell cycle arrest caused by these mutants produced the same
pattern of hyperphosphorylated proteins that were seen with
wild-type pRB (Fig. 7b). We conclude that mutation of the
LXCXE-binding site does not interfere with the regulation of
pRB by phosphorylation in these cells and that the arrest seen
in the presence of E7 does not represent a gain-of-function
property of these mutants.

As a rigorous test of the ability of the LXCXE-binding site
mutants to escape E7 inactivation, we tested whether the ex-
pression of these pRB mutants is sufficient to cause a cell cycle
arrest in HPV-transformed cells. Previous work has demon-
strated that HeLa cells, despite their numerous passages in
tissue culture, require the continued expression of HPV18 E6
and E7 proteins in order to proliferate (31, 41, 64). Wild-type
or mutant pRB expression constructs were cotransfected with
a CD20 marker into HeLa cells, and the effects on cell cycle
distribution were measured by flow cytometry (Table 2). As
expected from the ability of E7 to bind and inactivate pRB, the

expression of wild-type pRB had no significant effect on the
cell cycle profile of these cells, compared to the empty vector
control. In contrast, a significant increase in the proportion of
cells with 2N content was observed when each of the pRB
mutants was expressed. Consistent with their inability to bind
E7 or E1A (Fig. 2), RB6, RB9, and RB10 gave a strong cell
cycle arrest. RB5, which appears to be weaker in binding in
Fig. 2a, has an intermediate effect on cell cycle distribution.
Thus, in these cells, the ability of the pRB mutants to arrest the
cell cycle was dominant over E7-induced proliferation.

DISCUSSION

The retinoblastoma tumor suppressor protein (pRB) has an
important impact on cell proliferation, cell differentiation, and
cell survival (18, 68, 86). A detailed structure-function analysis
of pRB has been hampered by the fact that many of its func-
tional properties require the pocket domain, a structure that
has proven difficult to analyze by systematic mutagenesis. The
recently published crystal structure of the pRB pocket shows
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FIG. 4. RB mutants 5, 6, 9, and 10 are all capable of repressing E2F site-containing reporters and do so in a TSA-insensitive manner. Saos-2 cells were transiently
transfected with various amounts of CMV-RB or mutant expression plasmids along with DHFR-Luc reporters. The luciferase activity of these reporter constructs is
plotted against increasing amounts of RB or mutant expression plasmids. The wild-type DHFR promoter activity is displayed in panel a; DHFR-containing mutations
in known E2F sites is shown in panel b. The activity of a synthetic promoter containing four tandem E2F sites followed by the adenovirus E1B TATA is plotted in panel
c. This reporter is cotransfected with CMV-E2F2 and CMV-DP1 to activate it. Wild-type RB (WT) and mutant RB are then titrated in to examine the deactivation
of this reporter. The involvement of HDAC in repressing the luciferase activity of each E2F-responsive reporter was determined with or without RB or RB9 expression
vectors when treated with 100 nM TSA for 24 h prior to harvesting (d). Error bars indicate the standard deviation of each value.

why this domain has been so difficult to study. Formation of the
proper structure for this domain depends on an extensive in-
terface between the A and B halves of the pocket (52). Most
tumor-derived mutations of pRB generate large deletions or
truncations that would remove this part of the molecule (33,
40). Similarly many tumor-derived point mutations in pRB
affect amino acids that are buried in this interface and cause
changes that are likely to destabilize the entire structure (52).
Moreover, many of the amino acids that are highly conserved
between pRB family members, which may have appeared to be
attractive sites for mutagenesis, are buried within the structure
and unlikely to be directly involved in intermolecular interac-
tions (52).

Using the crystal structure as a guide, it is finally possible to
target specific surfaces of the pRB pocket for mutation. In this
study we have used this information to specifically eliminate
the cleft in the B half of the pocket that allows pRB to interact
with LXCXE peptides. A panel of mutants was prepared that
perturbs the interaction between LXCXE and pRB in several
different ways. These mutants have similar properties in cell
cycle and transcription assays, and the effect of combining
mutations does not appear to change their potency. We found
that combining the RB9 and RBI10 alleles creates a protein
capable of arresting cells in G, and repressing transcription as
effectively as the RB6, RB9, or RB10 mutants alone, and is
similarly rescued by cyclin D-cdk4 (data not shown). This in-
dicates that RB6, RB9, and RB10 each can effectively elimi-

nate the activity of this structure. Analysis of single amino acid
substitutions reveals that Tyr 709 is a particularly important
residue, as mutations of this site alone severely reduce binding
to E1A. Taken together, these results confirm that the cleft
identified in the crystal structure is essential for stable inter-
action between pRB and E7, even though short peptides con-
taining the LXCXE motif bind to pRB with only 1/20 of the
affinity of the full length E7 protein (45, 52).

The results described here show that mutation of the
LXCXE-binding site prevents E7 from targeting pRB, yet the
pRB mutant retains its ability to induce a cell cycle arrest and
to repress transcription at E2F containing promoters, two ac-
tivities that are thought to be central to pRB function. As a
result, the expression of these mutants in cells that are trans-
formed by HPV18 E6 and E7 restores a pRB-mediated cell
cycle arrest. The properties of these mutants show that in
principle, it is possible to prevent E7 from binding to pRB
without inactivating normal functions of pRB. This study pro-
vides strong support for the idea that small compounds that are
able to bind to the LXCXE-binding cleft might prevent viral
proteins from inactivating pRB.

There is a great deal of circumstantial evidence indicating
that the LXCXE-binding site is likely to be important for pRB
function. One aspect of this argument is that the amino acids
that form this groove are highly conserved between pRB ho-
mologues of different species (1, 52, 56). Divergent families of
viruses have evolved proteins, typically expressed early during
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FIG. 5. RB mutants bind to transcriptional repressors HDAC1 and CtIP. C33A cells were cotransfected with RB- and HDACI1-Flag-expressing plasmids. Extracts
were prepared, and pRB and HDACI-Flag expression levels were quantitated by Western blotting (a, left panels). The ability of pRB to bind to HDACI was
determined by coimmunoprecipitation and subsequent Western blotting for pRB (a). (b) The ability of RB9 to interact with CtIP is similarly shown; a nonspecific
immunoglobulin G band is marked by an asterisk. Abbreviations: IP Ab, immunoprecipitated antibody; TAg, T antigen; WT, wild type.

viral infection, which use an LXCXE motif to inactivate pRB.
Multiple cellular pRB-binding proteins also contain LXCXE
sequences. The simplest model is that pRB uses the LXCXE
binding site to interact with an essential target, and viruses
have evolved an LXCXE motif to mimic this interaction. How
then does one explain that pRB can arrest the cell cycle, or
repress transcription, without the LXCXE-binding cleft? We
envision several possibilities.

First, it is possible that pRB can arrest the cell cycle in
several different ways and that the interactions between pRB
and cellular LXCXE-containing proteins contribute to this
process without being essential. The relative importance of
these interactions may vary between cell types or with types of
arrest, and these results do not exclude the possibility that the
pRB LXCXE-binding cleft is important for cell cycle arrest at
a specific developmental stage or in response to a particular
type of stimulus. Similarly, pRB appears to be able to interact
with several different transcriptional repressors (4, 57, 58, 60,
80, 83), and redundancy between these mechanisms may allow
the LXCXE-binding site mutants to repress E2F-dependent
transcription in these assays, even though the repression of
some E2F target genes may be mediated by LXCXE-binding
proteins. In addition to the possibilities discussed above, it
cannot be ruled out that some loss of binding between cellular
LXCXE-containing proteins and our mutants occurs; however,
this is masked by the overexpressed levels of pRB in these

experiments. We observed a slight but consistent decrease in
the ability of the RB mutants to repress transcription, partic-
ularly when fused to Gal4 and recruited to a heterologous
promoter (Fig. 3g). However, the functional significance of this
is unclear.

Another explanation for why the LXCXE-binding cleft is so
well conserved but is dispensable in these experiments is that it
may contribute to a specific pRB function that is distinct from
cell cycle or E2F regulation. The pocket domain is required for
a variety of pRB activities, including cell differentiation (10,
68), and the activation of transcription (10, 11, 65, 68, 76).
Sellers et al. have identified RB mutants which are unable to
regulate cell proliferation yet retain the ability of pRB to
induce differentiation and activate transcription (74). These
mutations are distant from the LXCXE-binding cleft and thus
are not expected to affect binding to that site. Furthermore,
expression of viral oncoproteins like E7 has been shown to
block cellular differentiation (44, 59, 69). While proteins like
E7 are able to use their LXCXE sequence to overcome pRB’s
functions in cell cycle regulation, there is no evidence that the
cellular proteins that use this site are primarily involved in the
cell cycle aspect of pRB function.

A third possible explanation stems from the idea that viral
proteins may depend on the LXCXE motif to interact with
PRB to a far greater extent than cellular pRB-binding proteins.
This situation might arise if most cellular pRB proteins have a
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FIG. 6. RB mutants arrest Saos-2 cells in G, and are resistant to inactivation by E7. Saos-2 cells were transfected with CMV-RB (WT) or mutant RB, along with
a CMV-CD20 expression plasmid. Cells were fixed and stained for CD20 with fluorescein-conjugated antibodies and for DNA content with propidium iodide. (a)
Percentage of cells in G, after being transfected with RB, an irrelevant CMV expression plasmid (—), or one of the mutants. (b) Change in G, content of cell
populations transfected with wild-type or mutant RB (black bars) or an RB expression plasmid and CMV-E7 (hatched bars). In this analysis the G, content of
pRB-arrested cells has been assigned a value of 100% and the G, content of unarrested cells is set to 0.

more extensive binding site on the surface of pRB or if they are
components of complexes that have multiple contacts with
pRB. It is clear that HDACI1 and CtIP, for example, have to
bind to pRB in a manner independent of the LXCXE motif,
since they are able to interact with mutants lacking the
LXCXE-binding cleft. At first glance it might appear paradox-
ical for this cleft to remain so well conserved if it is not essen-
tial. Protein-protein interactions that require rigid conserva-
tion are usually ones in which the means of interaction is
critical to their collective function, and thus alterations are
selected against. However, interactions that are shared by nu-
merous different proteins and a common binding site are also
well conserved, since the simultaneous coevolution of a new
interface between these molecules would be improbable. In
this way the LXCXE-binding cleft might be maintained, be-
cause it contributes in some degree to pRB’s interaction with
many cellular partners.

In support of the idea that viral and cellular LXCXE pro-
teins might bind differently to pRB, we note that few of the
cellular LXCXE-containing proteins contain all of the features
that are conserved between viral RB-binding proteins (Fig. 8).
The homology between E1A, E7, and T-antigen sequences
includes an additional acidic residue 3 or 4 amino acids before
the leucine (45), the presence of a hydrophobic side chain two
or three residues after the glutamate (45, 52), and a series of
acidic amino acids found C terminal to the LXCXE motif (45).
Peptide competition assays have shown that the N-terminal
acidic amino acid and the C-terminal hydrophobic residue
have an important effect on the affinity of the interaction (45).
Additionally, the importance of the hydrophobic amino acid
just after the glutamate is also predicted by crystallographic
data and supported by peptide competition experiments (45,
52). The conserved acidic sequence 5 or 6 amino acids C
terminal to the LXCXE might also form ionic interactions with
conserved lysine residues that surround the LXCXE binding
cleft on pRB (52), adding to the strength of the interaction.

These results are consistent with the idea that viral and
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FIG. 7. RB-mediated cell cycle arrest is relieved by cyclin D-cdk4. Cell cycle
arrest experiments were performed as in Fig. 5. The percentage of cells in G,
when transfected by RB or an RB mutant is shown by black bars. Cotransfection
of wild-type (WT) or mutant RB with cyclin D-cdk4 (hatched bars) is shown in
comparison (a). RB was transfected into C33A cells followed by immunopre-
cipitation and Western blotting. These samples were then analyzed by SDS-8%
PAGE and Western blotting to display hyperphosphorylated forms of pRB (b).
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TABLE 2. RB mutants 6, 9, and 10 arrest HeLa cells in G,*

% of cells (SD) in phase:

Transfected

genes G, S G,M

None 54.4 (5.5) 259 (5.4) 19.7 (0.1)
RB 52.5(0.6) 23.0 (4.5) 24.4 (3.9)
RB5 61.3 (1.0) 23.1(1.4) 15.6 (2.4)
RB6 79.6 (2.8) 8.0 (2.0) 12.4 (4.8)
RB9 81.1(0.4) 6.6 (1.6) 12.2 (2.0)
RB10 79.9 (4.2) 8.1(0.5) 12.6 (4.7)

“ CMV-RB constructs along with CMV-CD20 were transfected into HeLa
cells. Cells were fixed and stained for CD20 and propidium iodide to quantitate
the DNA content of transfected cells. The percentage of cells in Gy, S, or G,/M
was determined by the ModFit LT software program.

cellular pRB-binding proteins evolve under very different se-
lective pressures. pRB’s interaction with its cellular partners is
regulated, and these interactions need to be reversible. In
contrast, viral proteins bind to pRB in order to inactivate it, a
process that is likely to be favored by high-affinity interactions.
As a result, viral proteins may evolve a high-affinity pRB-
binding site that only loosely mirrors the cellular proteins on
which it is based. This study demonstrates that pRB’s interac-
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FIG. 8. Sequence alignment of LXCXE-containing proteins. Amino acid se-
quences spanning the LXCXE motif of 8 viral proteins (a) and 18 cellular
proteins (b) proposed to contain this motif. Conserved acid residues N terminal
to the LXCXE motif, conserved hydrophobic and acid residues C terminal to the
motif, and the LXCXE motif are boxed. Conserved residues surrounding the
LXCXE motif of cellular proteins are likewise highlighted by a box. Abbrevia-
tions: Ad, adenovirus.
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tion with E7 is distinct from its interaction with any cellular
protein that is essential to mediating cell cycle arrest within the
context of the assays used here. However, further studies will
be needed to determine whether such mutants can provide the
full range of pRB functions that are needed for animal devel-
opment.
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