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The retinoblastoma protein interacts with a number of cellular proteins to form complexes which are
probably crucial for its normal physiological function. To identify these proteins, we isolated nine distinct
clones by direct screening of cDNA expression libraries using purified RB protein as a probe. One of these
clones, Apl2, is expressed predominantly at the G;-S boundary and in the S phase of the cell cycle. The
nucleotide sequence of Ap12 has features characteristic of transcription factors. The C-terminal region binds
to unphosphorylated RB in regions similar to those to which T antigen binds and contains a transactivation
domain. A region containing a potential leucine zipper flanked by basic residues is able to bind an E2F
recognition sequence specifically. Expression of Ap12 in mammalian cells significantly enhances E2F-dependent
transcriptional activity. These results suggest that Apl2 encodes a protein with properties known to be

characteristic of transcription factor E2F.

The retinoblastoma gene (RB), the first tumor suppressor
gene identified, encodes a nuclear phosphoprotein which is
ubiquitously expressed in vertebrates (19, 20, 42, 44). Mu-
tations of this gene which lead to inactivation of its normal
function have been found not only in 100% of retinoblasto-
mas but also in many other adult cancers, including small-
cell lung carcinoma (25, 69), osteosarcoma (64), bladder
carcinoma (28), prostate carcinoma (4), and breast cancer
(41). Reconstitution of a variety of RB-deficient tumor cells
with wild-type RB leads to suppression of their neoplastic
phenotypes, including the ability to form tumors in nude
mice (5, 10, 21, 30, 62, 63). These results provide direct
evidence that RB protein is an authentic tumor suppressor.

Although the underlying mechanism by which RB sup-
presses tumor formation is not clear, several important clues
have been gathered in recent studies. RB appears to func-
tion in the G,-G, phase of the cell cycle, as substantiated by
several findings: (i) phosphorylation of RB, presumably by
members of the cyclin-dependent kinase (Cdk) family (45,
47), fluctuates with the cell cycle (7, 11, 13); (ii) the unphos-
phorylated form of RB is present predominantly in the G,-G,
stage (11, 13); (iii) microinjection of unphosphorylated RB
into cells at early G, inhibits their progression into the S
phase (22). These data suggest that RB serves as a critical
regulator of entry into the cell cycle and that its inactivation
in normal cells leads to deregulated growth.

How RB functions is the subject of intense inquiry. Two
known biochemical properties of the RB protein have been
described; one is its intrinsic DNA-binding activity, which
was mapped to its C-terminal 300 amino acid residues (44,
66); another is its ability to interact with several oncopro-
teins of DNA tumor viruses (12, 16, 67). This interaction was
mapped to two discontinuous regions at amino acids 394 to
571 and 649 to 773, designated as the T-binding domains (29,
33). Interestingly, mutations of RB protein in tumors were
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frequently located in these same regions (3). These results
imply that the T-binding domains of RB protein are function-
ally important and the interaction of RB with these oncopro-
teins may have profound biological significance. The identi-
fication of cellular proteins that mimic the binding of T to RB
revealed a potentially complicated network. Several pro-
teins, including c-myc (53), Rb-pl, Rb-p2 (14), and 8 to 10
other proteins (31, 36, 43), have been shown to bind to RB in
vitro. Recently, several groups reported that RB interacts
with transcription factor E2F (1, 2, 9). Although the gene for
EZ2F has not been cloned and its identity is based solely on
the ability to recognize and bind to a specific DNA sequence,
these studies suggested that tight complexes involving RB,
E2F, and other proteins exist in cells (8, 16, 59). To identify
the cellular proteins with which RB interacts, we used an
“RB sandwich’> method to screen two Agtll expression
libraries by using a purified RB (amino acids 379 to 928) that
includes both T-binding domains and the entire C-terminal
region as a probe. Nine distinct cDNA clones were isolated,
one of which, Apl2, has characteristics similar to that of
transcription factor E2F. Similar results were described in
two recent reports (26, 35).

MATERIALS AND METHODS

Isolation of cellular genes that encode RB-associated pro-
teins. Two cDNA libraries were constructed from poly(A)*
RNAs isolated from HeLa and Saos2 cells by previously
described methods (55). The double-stranded cDNAs were
size fractionated by using Sepharose CL-4B chromatogra-
phy and then ligated to Agtll arms. The sizes of the in
vitro-packaged libraries were 2.0 X 107 recombinants for
HeLa cells and 1.5 x 107 for Saos2 cells, with an average
insert size of 1.6 kb. The cDNA libraries were plated on 100
150-mm-diameter dishes at 1 x 10* to 2 X 10* recombinants
per dish and incubated at 42°C until plaques just became
visible (3.5 h) and then transferred to nitrocellulose filters
saturated with isopropyl-B-D-thiogalactopyranoside (IPTG;
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10 mM) and left overnight at 37°C. The filters were denatured
in 6 M guanidine HCI, renatured, and incubated with the RB
sandwich probe in binding buffer (25 mM HEPES [N-2-
hydroxyethylpiperazine-N’-2-ethanesulfonic acid; pH 7.5],
50 mM NaCl, 5 mM MgCl,, 5 mM dithiothreitol, 0.1%
Nonidet P-40 [NP-40], 5% milk, 1 mg of bovine serum
albumin per ml) for 4 hours at 4°C. The RB sandwich was
prepared by mixing 1 pg of purified bacterially expressed
p56-RB (31), 10 pl of preabsorbed polyclonal anti-RB anti-
body (anti-RB 0.47; 1:100 dilution), and 1 pl of an alkaline
phosphatase-conjugated secondary antibody (1:1,000 dilu-
tion) per ml of binding buffer, incubated at 4°C for 2 h. The
control sandwich was prepared by mixing the RB antibody
and the secondary antibody and used as a control to elimi-
nate the clones cross-reacted with the anti-RB antibody. The
bound filters were then washed in TBST (20 mM Tris-HCl1
[pH 7.5], 150 mM NaCl, 0.05% Tween 20) five times for 3
min each time and color developed with 5-bromo-4-chloro-
3-indolylphosphate nitroblue tetrazolium (BCIP/NBP; Pro-
mega, Madison, Wis.). Positive clones from the initial
screening were picked and subjected to second and third
rounds of screening. The clones that consistently showed
positive signals with the RB sandwich but not with the
RB-negative sandwich were then selected for fourth and fifth
rounds of screening by plating at a low density with a control
bacteriophage to ensure homogeneous isolates which gave
strong positive signals over the background.

Plasmid construction and fusion protein expression. The
cDNA inserts of RB-associated protein (RbAp) clones were
subcloned into pGEM1 for sequence analysis. To express
fusion RbAps in vitro, the cDNA inserts were ligated in
frame into the glutathione S-transferase (Gst) fusion protein
expression system (60). Expression of the Gst fusion pro-
teins was induced with 0.2 mM IPTG, and the bacterial
lysates were prepared by two rounds of freezing and thaw-
ing, followed by sonication in lysis buffer B (50 mM Tris-HCI
[pH 7.5], 100 mM NaCl, 5 mM dithiothreitol, 0.2% NP-40, 1
mM phenylmethylsulfonyl fluoride, 1 pg of leupeptin per ml,
5 pg of aprotinin per ml, 1 ug of antipain per ml) and clarified
by centrifugation. The bacterially expressed Gst fusions
were prepared and purified by using Gst agarose beads.

In vitro binding assay. The binding assay was performed as
follows. Beads containing about 1 to 2 pg of Gst, Gst-Apl2,
or Gst-T were mixed with Molt4 cell lysates (2 % 10 cells) or
bacterial lysates expressing pETRB in 400 pl of lysis buffer
B at 4°C for 60 min. The bound beads were subsequently
washed five times in 1 ml of phosphate-buffered saline-0.2%
NP-40, and the protein complex was boiled in sodium
dodecyl sulfate (SDS) loading buffer. RB bound to the Gst
fusions was analyzed by immunoblotting by using monoclo-
nal anti-RB antibody mAb11D7 (41a), which recognizes the
C-terminal region of RB protein, or mAb245, which recog-
nizes a region containing amino acids 371 to 390.

Construction of mutated RB proteins expressed in the
bacterial pET-T7 system. In addition to pETRbc, pETMS,
and pETM9 (31), pETB2, pETSsp, and pETM8 were con-
structed by cloning Ahall-BamHI fragments from pB2,
pSsp, and pMS8 (33) into the corresponding pET expression
vector. The bacterial lysates were prepared as described in
the previous section.

Construction of Gst-RbAp12 fusion proteins. The DNA
fragments derived from RbAp12 clones were subcloned into
the Gst fusion plasmids. Gst-P3 was constructed by cloning
the EcoRI-Sphl fragment from the original 1.4-kb cDNA
(G12) into pGEPK (9a), a derivative of pGEX-2T (60).
Gst-SHS contains the Smal-HindIII fragment from clone B6,
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and Gst-XHO9 contains the EcoRI-HindIII fragment of clone
A6, which contains the entire coding sequence. Gst-SX4 and
Gst-XX4 are derived from Gst-SHS and Gst-XH9, respec-
tively, but the 3’ end of the Xhol-HindIll fragment is
deleted. Gst-SAl, Gst-BB8, and Gst-BH7 are all derived
from Gst-SH5 and contain deletion mutations of the Sall-
Accl fragment for SA1, the BamHI-BsaBI fragment for BBS,
and the BsaBI-HindIIl fragment for BH7, respectively.
Gst-HH1 was generated by subcloning the Sall-HincllI frag-
ment of Apl2 into the Gst fusion vector.

RNA blot analysis. Total RNA (10 pg) extracted by the
guanidine isothiocyanate-CsCl method (55) was denatured in
50% formamide-2.2 M formaldehyde-20 mM Na borate (pH
8.3) and analyzed by 1.0% agarose gel electrophoresis. The
RNA was then transferred to Hybond paper (Amersham),
and the RNA was immobilized by UV cross-linking. Prehy-
bridization and hybridization were carried out in 50% form-
amide-5x SSPE (1x SSPE is 0.18 M NaCl, 10 mM NaPO,,
and 1 mM EDTA [pH 7.7])-5x Denhardt solution-1% SDS-
100 pg of salmon sperm DNA per ml, and hybridization was
performed in the presence of the 32P-labeled 1.4-kb RbAp12
insert DNA at 45°C for 18 h. The initial washing was done
with 2x SSC (1x SSC is 0.15 M NaCl plus 0.015 M sodium
citrate)-0.1% SDS at room temperature, and the final wash-
ing was done with 0.1x SSC-0.1% SDS at 65°C for 45 min.

DNA gel mobility shift assay. A plasmid DNA fragment
containing two E2F recognition sequences (TTTCGCGC
and GCGCGAAA) was used as a probe for the gel mobility
shift assay and also served as a competitor. A DNA fragment
containing a mutated E2F site (TTTAGCGC—GCGCTA
AA) (32), which does not bind to E2F, was also used as a
competitor. The assay was performed as described previ-
ously (68). The diluted Gst-Apl2 bacterial lysates were
incubated with either the wild type, a mutant, or no compet-
itor (1 pg) in binding buffer (20 mM HEPES [pH 7.6], 1 mM
MgCl,, 0.1 mM EGTA [ethylene glycol-bis(B-aminoethyl
ether)-N,N,N',N'-tetraacetic acid], 40 mM KCl, 10% glyc-
erol}-0.1% NP-40-1 mg of salmon sperm DNA per ml at
room temperature for 15 min, and the 3?P-end-labeled (Kle-
now fill-in) probe (10 ng) was added; this was followed by
another 30 min of incubation. The protein-DNA complexes
were analyzed by 4% acrylamide gel electrophoresis in
0.25x TBE buffer at 4°C.

Yeast expression vector and strain. The expression plasmid
used in Saccharomyces cerevisiae was based on the pAS1
vector (15a). Briefly, the plasmid contains the yeast ADH1
promoter driving expression of the yeast GAL4 DNA-
binding domain, followed by a downstream polylinker. The
vector also carries the 2pm origin and TRPI gene for
maintenance and selection in S. cerevisiae. pAS/G12 was
constructed by subcloning the EcoRI fragment isolated from
G12 into the unique EcoRlI site in pAS1. Similarly, pAS/B6
was built by subcloning the EcoRI fragment from B6 into the
PAS1 EcoRI site. pASRb2 will be described elsewhere (15a).
The S. cerevisiae strain used was Y153 [MATa trpl-901
leu2-3,112 ade2-101 wra3-52::URA3 (GALIl-lacZ) MEL
(GALI-lacZ)] (14a).

Yeast transformation and PB-galactosidase assay. Yeast
transformation was carried out by using the LiOAc method
as described previously (56). After transformation, cells
were plated on synthetic dropout medium lacking tryp-
tophan to select for the presence of the plasmid. Following 2
to 3 days of growth at 30°C, single colonies from each
transformation were streaked onto another selective plate
and allowed to grow for an additional 24 h. The colony color
B-galactosidase activity assay was then performed as previ-
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ously described (6), except that the nitrocellulose filters were
submerged in liquid nitrogen for about 30 to 60 s to perme-
abilize the cells and then thawed at room temperature before
being overlaid on Whatman filters saturated with LacZ-X-
Gal solution (6). The color developed in about 20 min in the
case of the AP12 clones. No color change was observed with
the pAS/Rb2 clone alone, even after overnight exposure.

Transient transfection assay. Transfections were carried
out with CV1 cells by conventional calcium phosphate
precipitation. For GALA4-Apl2 chimeric plasmids, EcoRI
fragments isolated from Gst-P3, Gst-XH9, and Gst-XX4
were subcloned in frame into the pSG424 expression vector
containing the GAL4 DNA-binding domain driven by the
simian virus 40 (SV40) early promoter (17, 54). The EIBCAT
and GAL4,E1BCAT reporter plasmids were described pre-
viously (46). Expression plasmid pPCMVAp12Stu was con-
structed by cloning the Stul fragment from clone A6 into the
Smal site of pPCMV, and pCMVAp12RH contains the EcoRI-
HindIII fragment of clone B6. Plasmid pCMVAp12ADS was
constructed from pCMVAp12Stu by deletion of the Dralll-
Sall fragment (nucleotides 343 to 568). The cytomegalovirus
constructs (5 pg) were cotransfected with 5 pg of plas-
mid pE2FA,,CAT (containing two E2F-binding sites),
pE2FmA,CAT (containing two mutated E2F-binding sites),
or pA,(CAT (containing no E2F-binding sites) into the same
number of cells (5 x 10°). A plasmid expressing the lacZ
gene was also included in the transfection assay as an
internal control. Chloramphenicol acetyltransferase (CAT)
activities were measured after 48 h as described previously
(23).

RESULTS

Identification of RbAps. Two Agtll cDNA expression
libraries were constructed and screened by using the purified
p56-RB protein (amino acids 376 to 928), which includes
both T-binding domains and the entire C-terminal region
(31), as the probe. We refer to this probe as an RB sandwich
since it contains RB protein, rabbit anti-RB antibody 0.47
(33), and alkaline phosphatase-conjugated goat anti-rabbit
immunoglobulin G (see Materials and Methods). Figure 1
contains a diagram of the sandwich screening strategy (pan-
els A and B). Since the association of RB and SV40 T antigen
is well documented (12), a Agtll phage expressing T antigen
was constructed, screened with the RB sandwich, and used
as a positive control (Fig. 1D). As an example (Fig. 1C), the
fusion product of one of the clones (Apl2) was readily
detected by this method. One half of each filter was used for
binding to the RB sandwich, and the other half was used for
binding to the sandwich minus RB protein. The latter probe
served as a control for background binding due to any
cross-reaction of the RB antibody or goat anti-rabbit anti-
body with bacterial proteins. After five rounds of screening
of 10° recombinant phage, 12 clones emerged as genes that
encode candidate RB-associated proteins. They were named
RbApl, -2, 4, -6, -8, -9, -10, -11, -12, -13, -14, and -15.

These 12 putative RbAp cDNAs were subcloned into the
pGEM plasmid, and a partial sequence of 500 to 600 bp from
each clone was obtained. When compared with the known
gene sequences present in the GENBANK data base,
RbApl, -2, -4, -8, -10, -12, -13, -14, and -15 appeared to be
novel genes that contain no significant homology to any
known genes. However, three clones matched previously
identified genes: RbAp6 is identical to nuclear lamin C (18,
48); RbAp9 encodes a product of human papillomavirus type
16 (HPV) E7 (52); and RbApll codes for the upstream
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FIG. 1. RB sandwich screening. Agtll cDNA expression librar-
ies were plated and screened by using the RB sandwich containing
purified p56-RB, an anti-RB antibody, and an alkaline phosphatase-
conjugated secondary antibody. (A and B) Diagram of the RB
sandwich screening procedure. (C and D) Hybridized filters with the
RB sandwich (left halves of the filters) in which the positive signal
indicates an RbAp-RB complex (C) or a T-antigen—-RB complex (D).
The right halves of the filters were probed with the sandwich without
RB protein.

binding factor that binds to the ribosomal RNA gene pro-
moter (34). Cross-hybridization and sequencing data showed
that RbApl, -10, -13, and -14 are identical. Table 1 summa-
rizes the preliminary characterization of these cloned
RbAps.

Expression of Apl12 mRNA occurs predominantly at the
G,-S boundary and in the S phase of the cell cycle. Among the
clones that consistently showed strong binding during

TABLE 1. Initial characterization of RbAps®
Length  Size of

In vitro Subcellular

RbAp(s) of :&I)‘IA m(l:g)A binding Identity localization
1, 10, 13, 14 2.8 71 + Novel Nucleus
2 1.6 3.6 ND Novel ND
4 1.7 6.7 + Novel Nucleus
6 1.5 2.1 + Lamin C  Nucleus
8 1.8 6.9 ND Novel ND
9 0.5 ND ND HPV-E7 ND
11 1.5 3.2 + UBF Nucleus
12 14 2.6 + Novel ND
15 1. 6.5 + Novel Nucleus

2 The size of the cDNA of each clone was determined by ethidium bromide
staining of the agarose gel after digestion of the phage DNA with EcoRI. The
sizes of mRNAs were measured by RNA blot analysis using 28S and 18S
rRNAs as markers. A partial sequence of each clone was used to search the
GENBANK data base to determine the identity of the clone. Nuclear
localization was determined by immunostaining and cell fractionation (data
not shown). ND, not determined. UBF, upstream binding factor.
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FIG. 2. Predominant expression of Apl2 at the G,-S boundary
and in the S phase in the cell cycle. Normal monkey kidney CV1
cells were plated in fresh Dulbecco modified Eagle medium with
10% fetal calf serum in the presence of lovastatin (50 uM) for 36 h
(G,) or aphidicolin (10 pg/ml) for 16 h (G,-S) and then released for 4
h (S) or incubated in the presence of nacodazole (0.4 pg/ml) for
another 16 h (M). Total RNA was extracted from the cells synchro-
nized at these stages of the cell cycle. Ten micrograms of the RNA
was denatured and analyzed by formaldehyde gel electrophoresis.
Two sets of RNA blots were hybridized with 32P-labeled cDNAs of
Apl2 (G12) (A) or the GB-like gene (B). Lanes: 1, early G;; 2, G;-S
boundary; 3, S phase; 4, M phase. mRNA size (arrow) was
determined by migration of 28S and 18S rRNAs, which were run in
a parallel lane next to the RNA samples.

screening was HPV E7 protein, a viral oncoprotein known to
associate with RB (16). This was not unexpected since one of
the cDNA libraries was constructed from HeLa cells, an
HPV-infected cell line. Another clone, Apl12, showing even
stronger binding than E7 during screening, is a previously
unidentified gene. The clone has an insert of 1.4 kb with an
approximately 1.0-kb untranslated region and contains an
open reading frame of 114 amino acids. We performed RNA
blot analysis to determine the size of the mRNA and its
pattern of expression during cell cycle progression. Normal
monkey kidney CV1 cells were plated in fresh medium with
10% fetal calf serum in the presence of lovastatin for 36 h (to
arrest the cells in the G, phase) (38) or aphidicolin for 16 h (to
arrest the cells at the G,-S boundary) and then released for 4
h (to allow the cells to enter the S phase) or incubated in the
presence of nocodazole for another 16 h (to arrest the cells in
the M phase) (22). Total RNA from each stage was prepared
for blot analysis by using Ap12 cDNA as a probe. As shown
in Fig. 2, an approximately 2.6-kb single species of mRNA
was predominantly expressed at the G,-S boundary and in
the S phase but was undetectable in the early G, or M phase.
These results are consistent with the data described by
Kaelin et al. (35). As a control, the expression of a GB-like
gene (24) was tested and verified to be constant during the
cell cycle (Fig. 2), suggesting that Apl2 is involved in the
regulation of cell cycle progression.

Sequence analysis of Apl12. The initial Ap12 cDNA clone
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(G12, Fig. 3) was shorter than its corresponding mRNA.
Accordingly, cDNA libraries were rescreened to obtain
longer clones; two of these clones, A6 and B6, are shown in
Fig. 3. The longest clone, A6, contains a cDNA sequence of
2,492 nucleotides. It appears that the sequence of Apl2 is
identical to those previously reported (26, 35), although the
length of the 5’ sequence is slightly different. Since there is
no stop codon in front of the first methioine, there are two
alternatives for deducing the full length of the putative
protein. The candidate protein may be initiated at the
position of amino acid residue 40 (circled in Fig. 3) and
contains a total of 437 amino acids, as described by others
(26, 35). Alternatively, the protein may contain more than
476 amino acids and its first methionine has not been
identified. We thus tentatively numbered the amino acid on
the basis of the longest known open reading frame, since
there is not sufficient data to distinguish between these two
alternatives.

Distinctive features of the putative protein sequence in-
clude about 100 C-terminal amino acids that are very acidic
and an N-terminal region dominated by proline residues.
Following the proline-rich region are putative leucine re-
peats (39) flanked by stretches of basic amino acids, suggest-
ing a potential DNA-binding domain. These features are
indicative of several different classes of eukaryotic transcrip-
tion factors (39). Furthermore, there are two potential phos-
phorylation sites for Cdk kinase (57) at amino acids 159 to
161 (KSP) and 346 to 349 (SPGK), which could modulate the
function of this protein.

Apl2 binds only the hypophosphorylated form of RB at
regions similar to those required for binding of SV40 T
antigen. To analyze the RB-binding properties of Apl2, the
original clone (G12) was expressed as a Gst fusion protein
(P3) and purified by glutathione agarose chromatography.
This fusion protein was tested for the ability to bind full-
length RB prepared from a cellular lysate of Molt4 cells that
expressed both hyper- and hypophosphorylated forms of the
RB protein. A Gst-T-antigen fusion protein and Gst alone
were also tested for this ability. As shown in Fig. 4A, the P3
protein bound only to the hypophosphorylated form of RB
and the binding signal was very similar to that of T. Gst alone
did not bind RB protein. To define the sequences of RB
required for binding of Apl2, a panel of RB mutants (Fig.
4C) expressed in the bacterial pET-T7 expression system
(61) were mixed with P3 beads or, in parallel, with Gst-T
beads. The amount of wild-type or mutated RB protein
bound to the beads was determined by Western blot (immu-
noblot) analysis by using monoclonal anti-RB antibody
mADb245 (43). As shown in Fig. 4B and D, wild-type RB
(pPETRbc) and two mutant RB proteins (B2 and M9), in
which deletions were outside the T-binding domains, bound
to both T (panel B) and Apl2 (panel D), while other RB
mutants (pETSsP, XS, M6, M8, and NM) defective in
binding to T also failed to bind to Apl2. These results
indicate that Apl2 and T require similar regions of the
unphosphorylated form of RB to bind, suggesting that the
Apl2-RB association is biologically significant.

The C-terminal region of Apl2 is required for binding to
RB. Since the initial P3 fusion protein that contains 114
amino acids of Apl2 binds to RB, additional experiments
were designed to map the region of Apl2 required for
binding to RB. Four Gst-Ap12 fusion proteins with different
N- or C-terminal deletions were constructed (Fig. 5B). XH9
contains the entire coding sequence of Apl2 cDNA, and
SHS (from Smal to HindIIl) contains the C-terminal 314
amino acids. XX4 and SX4 are derived from XH9 and SHS,
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HFG@LTETETG GETGTIRTDLTFODTCDFTGDLTPLDF.
GAGGGACCAGGGTTTCCAGAGATGCTCACCTTGTCTCTGCAGCCCTGGAGCCCCCTGTCCCTGRCCGTCCTCCCAGCCTRTTTGEAAACA
TTTAATTTATACCCCTCTCCTCTGTCTCCAGAAGC TTCTAGCTCTGGGETCTGGE TACCGCTAGGAGGC TGAGCAAGCCAGGAAGGEAAG
GAGTCTGTGTGGTGTGTATGTGCATGCAGCCTACACCCACACGTGTGTACCGGGGGTGAATGTGTGTGAGCATGTGTGTGTGCATGTACC
GGGGAATGAAGGTGAACATACACCTCTGTGTGTGCACTGCAGACACGCCCCAGTGTGTCCACATGTGTGTGCATGAGTCCATGTGTGCGE
GTGGGGGAGCTCTAACTGCACTTTCGGCCCTTTTGC TCTGEGGRTCCCACAAGGCCCAGGGCAGTGCC TGCTCCCAGAATCTGGTGCTCT
GACCAGGCCAGGTGGGGAGGCTTTGGCTGGCTGRGCRTGTAGGACGGTGAGAGCACTTCTGTCTTAAAGGTTTTTTCTGATTGAAGCTTT
AATGGAGCGTTATTTATTTATCGAGGCCTCTTTGGTGAGCCTGGGGAATCAGCAAAGEGGAGGAGGGGTGTRGGGTTGATACCCCAACTC
CCTCTACCCTTGAGCAAGGGCAGGGGTCCCTGAGCTRTTCTTCTGCCCCATACTGAAGGAAC TGAGGCCTGGETGATTTATTTATTGGGA
AAGTGAGGGAGGGAGACAGACTGACTGACAGCCATGGGTGGTCAGATGGTGRGGTGGGCCCTCTCCAGGGGRCCAGTTCAGGGCCCCAGE
TGCCCCCCAGGATGGATATGAGATGGGAGAGGTGAGTGGGGRACCTTCACTGATGTGGGCAGGAGGEGTGGTGAAGGCCTCCCCCAGEEE
AGACCCTGTGGTCCCTCCTGCAGTGTCTGAAGCGCCTGCCTCCCCACTGCTCTRCCCCACCCTCCAATCTGCACTTTGATTTGCTTCETA
ACAGCTCTGTTCCCTCCTGCTTTGGTTTTAATAAATATTTTGATGACGTTAAAAAAAAAAAA 2892
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FIG. 3. Restriction map and sequence of Apl2. (A) Restriction map of three cDNA clones of Ap12: G12, A6, and B6. Only restriction sites

used to construct Ap12 derivatives are shown. (B) Complete sequence of clone A6, including 2,492 nucleotides and its predicted amino acid
sequence of 476 amino acids (in parentheses). The first amino acid is designated as position one. The first in-frame methionine is at amino acid
40 (circled). The squares indicate potential leucine repeats. Two putative Cdk phosphorylation sites are underlined.

respectively, and contain a deletion of 21 amino acids at the
C terminus. The bacterially expressed RB protein (pETRbc)
was mixed with these Gst-Apl2 derivatives and analyzed by
Western blotting using anti-RB antibody mAb245 as de-

scribed above. As shown in Fig. 5A, XH9, SH5, and P3
bound similar amounts of RB, suggesting that the additional
N-terminal sequence of Apl2 contributes little to RB bind-
ing. However, XX4 and SX4, which both have 21 amino
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FIG. 4. Apl2 binds specifically to the hypophosphorylated form of RB at regions similar to those bound by T. (A) Ap12 and T antigen bind
to the hypophosphorylated form of RB from Molt4 cells. Gst fusion proteins of Ap12 and SV40 T antigen were prepared and purified by using
glutathione beads. Beads containing about 1 to 2 ug of Gst (lane 3), Gst-Apl2 (lane 4), or Gst-T (lane 5) were mixed with Molt4 cell lysates
(2 x 10 cells) in 400 pl of lysis buffer as described in Materials and Methods. RB bound to the Gst fusions was analyzed by immunoblotting
using monoclonal anti-RB antibody mAb11D7, which recognizes the C-terminal region of the RB protein. Lanes: 1, total RB protein from a
Molt4 cell lysate immunoprecipitated by using monoclonal anti-RB antibody mAb11D7; 2, molecular weight marker. (C) Panel of RB mutant
proteins expressed in a bacterial pET-T7 expression system. The numbers in parentheses indicate the deleted amino acids of the RB protein.
The T-binding domains are highlighted. (B and D) Ap12 (D) binds to RB in regions similar to those bound by T (B). The bacterial lysates
containing about 300 ng of wild-type RB protein (PETRbc) or mutant RB proteins (pETB2, Ssp, Xs, M8, M6, M9, and Nm) were mixed with
beads containing 1 to 2 ug of Gst-Apl2 (D) or Gst-T (B) for the binding assay as described for panel A, except that mAb245 was used. The
binding patterns of Apl2 and T are very similar, although the signal that show binding of both Ap12 and T to M9 are reduced.

acids deleted from the C terminus, failed to bind RB. Taken
together, these results indicate that the C-terminal region of
Apl2 is required for binding to RB, which is consistent with
the results previously described (26).

The C terminus of Apl2 can function as a transcription
activation domain. Highly acidic, amphipathic alpha-helical
regions commonly serve as activation domains in eukaryotic
transcription factors (49). The C-terminal region of Apl2
also displays these characteristics, suggesting that it func-
tions in an analogous manner. To test this, both clones B6
(encoding amino acids 22 to 476) and G12 (amino acids 362 to
476) were fused to the DNA-binding domain of the yeast
GALILA4 protein (amino acids 1 to 147) (37) present on a yeast
expression vector. While this GAL4 fragment can bind
specifically to its recognition site (UASg) (37), it lacks an
activation domain. Therefore, the chimeric protein relies on
the fused segment to provide transcriptional activation for a
UASg-containing promoter. Several such fusions involving
mammalian activators have been shown to be functional in
S. cerevisiae, including GALA-p53 (17). As shown in Fig.
6A, following transformation of a yeast strain harboring the
Escherichia coli lacZ gene under UAS control, both GALA-
Apl2 fusions were able to activate transcription of the
reporter, as evidenced by B-galactosidase activity, whereas
the GALA-RB control was not. The GAL4 DNA-binding
domain alone showed little or no B-galactosidase activity
(data not shown).

To characterize the transactivation activity of Apl2 fur-
ther, similar experiments were performed with mammalian
CV1 cells in which the CAT reporter plasmids containing no
(GoE1BCAT) or five (GsE1IBCAT) GAL4 DNA-binding sites
were cotransfected with the chimeric plasmids expressing
GAILA4-Apl2 fusions. As shown in Fig. 6B, either the C-ter-
minal region of Ap12 (SGP3) or the full-length Ap12 GAL4
fusion (SGXH9) displayed strong transactivation activity
when cotransfected with GsE1IBCAT but not when trans-
fected with G,E1BCAT, whereas the GAL4 DNA-binding
domain alone (SG424) had no effect. Similar results were
reported by Kaelin et al. (35). As a positive control, a strong
activator, VP16, when fused to the GAL4 DNA-binding
domain (SGVP16), also showed strong transactivation activ-
ity (52). These data, from both yeast and mammalian cells,
indicate that the C-terminal 114 amino acids of Ap12 contain
a strong transactivation domain.

Interestingly, a mutant construct containing a C-terminal
21-amino-acid deletion of Apl12 (SGXX4), which abolished
the RB-binding ability, retained a significant amount of
transactivation activity, suggesting that the RB-binding do-
main is dissociated from the transactivation activity of Ap12.
Contrary to this result, Kaelin et al. reported that the
C-terminal 20 amino acids were required for transactivation
(35). The cause of this discrepancy is unclear, and further
experiments are needed to map the precise sequences re-
quired for transactivation.
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FIG. 5. The C-terminal region of Apl2 is required for RB bind-
ing. A series of Gst-Ap12 derivatives were constructed as shown in
panel B. P3 contains amino acids 362 to 476, SHS5 contains amino
acids 162 to 476; XH9 contains the full open reading frame (1 to 476),
SX4 contains amino acids 162 to 455, and XX4 contains amino acids
1 to 455. About 300 ng of bacterially expressed pETRbc (wild-type
RB) was mixed with these Gst-Ap12 beads or with Gst beads which
were preadjusted to contain the same amount of proteins (about 1
n.g). The binding conditions were as described above, and the bound
RB proteins were analyzed by Western blotting with monoclonal
anti-RB antibody mAb245. The arrow indicates the position of
pl10-RB.

Apl2 binds specifically to the E2F recognition sequence.
Since RB forms a complex with transcription factor E2F (1,
2, 9) and Apl2 has a potential DNA-binding domain, bacte-
rially expressed Gst-Ap12 fusion proteins were tested for the
ability to bind a DNA fragment containing two E2F recog-
nition sites (68) by using a DNA mobility shift assay. As
shown in Fig. 7A, the lysate prepared from SHS5 (Fig. 7D)
was able to bind the DNA fragment and the binding was
specific because the complex could be effectively competed
with the excess, unlabeled wild-type E2F cognate sequence
but not with a mutated sequence that differs from the wild
type by only one nucleotide (32). Similar results were
obtained when XH9 was used in the assay (data not shown).
Partially purified E2F protein from adenovirus-infected
HeLa cells also specifically bound to the DNA probe as
previously reported (68). Two different DNA-protein com-
plexes were observed when purified HeLa E2F was used,
compared with one complex when the Gst-Apl2 bacterial
lysate was used. A similar pattern of complex formation was
also observed by Helin et al. (26). Later experiments showed
that this discrepancy was due to the amount of protein used
in the binding assay, since an increased concentration of
Apl12 protein in the binding reaction resulted in formation of
two DNA-protein complexes (data not shown; Fig. 7C, lanes
11 and 12). The dose dependency of the second complex
could be due to the ability of the fusion products to form a
dimer or multimer or simply to the fact that the DNA probe
used for the mobility shift assay contains two E2F recogni-
tion sites.

MoL. CELL. BioL.

To determine whether RB is able to interact with the
specific Ap12-DNA complex, purified p5S6-RB protein was
included in the DNA mobility shift assay. The experiments
were performed in two ways: either Gst-SHS was mixed with
RB and then added to the E2F probe (Fig. 7B, lane 3), or the
fusion protein was first bound to the E2F probe and then RB
was added (Fig. 7B, lane 6). In either case, the Apl12-DNA
complex was shifted to a more slowly migrating position,
indicating that RB has the ability to interact with the specific
Apl12-DNA complex. These results strongly suggest that the
Apl2 protein has DNA-binding, as well as RB-binding,
properties similar to those of E2F. Similar conclusions were
reached by other two groups (26, 35).

To map the region responsible for DNA binding, various
deletion or truncation mutants of Ap12-Gst fusions (Fig. 7D)
were constructed, expressed in E. coli, and assayed for
DNA-binding activity. As shown in Fig. 7C, SH5 and XH9
bound to the E2F recognition sequence whereas the C-ter-
minal region of Apl2 (P3) did not. This indicated that the
DNA-binding domain of Apl2 was located between amino
acids 162 and 362. Two additional N-terminal deletions, BB8
and SA1, did not show the DNA-binding activity, suggesting
that the N-terminal limits of the sequences required for
DNA-binding reside at amino acid 162. To map the DNA-
binding region more precisely, fusion proteins of BH7 and
HH1 were assayed for DNA-binding activity. Interestingly,
BH7 (amino acids 162 to 263) retained significant DNA-
binding activity while deletion of amino acids 162 to 190 and
244 to 263 in HH1 (Fig. 7C and D) abolished the ability to
bind DNA. These results demonstrate that the region be-
tween amino acids 162 and 263, including the putative
leucine repeats (amino acids 192 to 213) and flanking basic
amino acids, confers the ability of the Ap12 fusion protein to
bind the E2F recognition sequence. These data agree with
the finding of Helin et al. (26) that the DNA-binding domain
maps to the region between amino acids 89 and 191 (or amino
acids 128 and 230, by our numbering method). Taken to-
gether, the results suggest that the sequences required for

the DNA binding reside within amino acids 162 to 230 (our

numbering), which contain the putative leucine repeats.
Expression of Ap12 in CV1 cells transactivates a promoter
with E2F recognition sequences. To determine whether Ap12
can activate transcription from an E2F-binding site-depen-
dent promoter, plasmids CMVAp12Stu and CMVApl12RH
(Fig. 8A) were constructed to express Apl2 in mammalian
cells under the control of a cytomegalovirus immediate-early
promoter. In addition, CMVAp12ADS, which was derived
from CMVApPI12Stu and contains an internal deletion (A343-
568), was constructed to serve as an additional control. Three
reporter plasmids, pE2FA,,CAT, pE2FmA,,CAT, and
pPA,,CAT, containing, respectively, a wild-type, a mutated,
and no E2F-binding site upstream of the CAT reporter gene
(68), were used for this assay. Figure 8B shows that expres-
sion of either CMVAp12Stu or CMVAp12RH significantly
enhanced CAT activity when cotransfected with pE2FA,,CAT
but not when cotransfected with pE2FmA, ,CAT or pA,,CAT,
whereas transfection of CMVAp12ADS or cytomegalovirus
alone had no effect on CAT activity. These data demonstrate
that Apl2 encodes a functional transcription factor that
activates promoters with E2F recognition sequences.

DISCUSSION

Identification of RbAps. A simplified model for RB func-
tion is that relatively few target molecules which play central
roles in cellular function are regulated by the RB protein.
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FIG. 6. The C terminus of Apl2 serves as an activation domain when fused to the GAL4 DNA-binding domain as assayed in both yeast
and mammalian cells. (A) Fusion proteins of the GAL4 DNA-binding domain (DBD) (amino acids 1 to 147) with either Rb2 (RB amino acids
301 to 928), Ap12-G12 (amino acids 362 to 476), or Ap12-B6 (amino acids 22 to 476) were constructed as shown in the left half of panel A and
were expressed in S. cerevisiae by using the pAS1 vector as previously described (15). A single colony of each transformant was streaked
onto plates and further analyzed for B-galactosidase activity by using a colony lift assay as shown in the right panel. The G12 and B6 yeast
transformants were blue, indicating that the expressed fusion proteins act as a GALA4 transactivation factor and the fused polypeptide may
contain transactivation sequences. Expression of the RB fusion protein in negative control plasmid pAS/Rb2 was detected by Western blotting
analysis. The arrowheads indicate the positions of the proteins to the left. Similar results obtained with mammalian cells are shown in panel
B. Three different fragments of Apl2 excised from Apl2-Gst fusions (P3, XH9, and XX4) were cloned into the pSG424 expression vector,
which contains a GAL4 DNA-binding domain (left panel). These GALA4 chimeric expression plasmids were cotransfected with EIBCAT
reporter genes harboring no or five GALA4-binding sites, and CAT activities (right panel) were quantitated with a Betascope 603 Blot Analyzer

(Betagen, Boston, Mass.). Plasmids pSG424 and pSGVP16 were included as controls.

Inactivation of RB by any one of three means, phosphory-
lation (11, 13), mutation (28, 58), or oncoprotein binding (12,
22, 67), could potentially uncouple RB connections and lead
to deregulated growth. Until this report, only a limited
number of molecules were known to be capable of interact-
ing with RB, such as two proteins of unknown function, pl
and p2, the myc protein, and 8 to 10 other, unidentified
proteins. To elucidate genetically and biochemically how RB
functions in a cell, it is essential to identify as many of the
genes that encode potential partners of RB as possible. The
approach described in this report is to use an RB sandwich to
screen Agtll cDNA expression libraries. The advantages of
this one-step RB sandwich procedure are its simplicity and
directness and that the clone isolated should encode a fusion
protein that would directly interact with RB in the absence of
potential bridging proteins. A likely disadvantage of this
approach is that some associated proteins would be missed
because the interaction site might be masked by the RB
antibody. Since we were most interested in isolating clones
having a binding specificity similar to that of T antigen,
screening was performed with SV40 large-T antigen as a
positive control. A Agtll phage expressing T antigen was
constructed for this purpose, and the association between

RB and T can be readily detected by this method, indicating
that the sandwich method of screening would work. The
cloning method we described was based on use of purified
RB protein as a tag to screen cDNA expression libraries,
similar to the methods described by two other groups (26,
35). As a consequence, all three laboratories have cloned
what appears to be the same gene that encodes a protein with
properties similar to those of transcription factor E2F.

In addition to Apl2, eight other distinct cDNA clones
were also isolated. Immunostaining and cell fractionation
showed that all of the gene products examined were located
in the nucleus (Table 1). This is an important criterion for
any protein that interacts with RB in a biologically significant
manner, since the interaction probably would occur in the
nucleus (44). Interestingly, one of the clones appeared to be
the gene for E7 of HPV from the HeLa cell cDNA library.
The fact that E7 is one of the known viral proteins bound by
RB (16) strengthens greatly the accuracy and utility of the
RB sandwich screening method. Although we have not
established the biological relevance of the RB associations
with the other two known proteins (upstream binding factor
and lamin C), the interaction with proteins that have such
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FIG. 7. Apl2 binds specifically to the E2F recognition sequence. Fusion proteins of Gst-Ap12 (P3, SHS, XH9, BB8, SAl, BH7, and HH1)
were expressed in E. coli, and the bacterial lysates were used for a DNA mobility shift assay. The probe was a DNA fragment containing two
E2F recognition sites which was 2P end labeled by a Klenow fill-in reaction. (A) Gst-Ap12SH5 binds to the E2F-specific sequence. As a
positive control, a partially purified E2F protein from HeLa cells was also used (65). Approximately 1 ug of a DNA fragment containing either
the wild-type E2F sites or mutated E2F sites were used as a competitor. Lanes: 1, probe alone; 2, E2F plus probe; 3, E2F plus probe plus
wild-type competitor; 4, E2F plus probe plus mutant competitor; 5, SH5 plus probe; 6, SHS plus probe plus wild-type competitor; 7, SHS plus
probe plus mutant competitor. (B) RB interacts with the Ap12-E2F DNA complex. Lanes: 1, probe alone; 2, SH5 plus probe; 3, SHS plus
p56-RB (0.25 ug), with preincubation for 15 min followed by probe addition; 4, p56-RB plus probe; 5, SHS plus probe; 6, SHS plus probe
incubated for 15 min, then p56-RB added. (C) The DNA-binding domain of Ap12 is located at a region containing a leucine repeat motif. Two
different amounts of each fusion protein were used. Lanes: 1, P3, 200 ng; 2, P3, 400 ng; 3, SH5, 20 ng; 4, SHS, 40 ng; 5, XH9, 20 ng; 6, XH9,
40 ng; 7, BBS, 100 ng; 8, BB8 200 ng; 9, SA1, 100 ng; 10, SA1, 200 ng; 11, BH7, 20 ng; 12, BH7, 40 ng; 13, HH1, 100 ng; 14, HH1, 200 ng.
Quantities of the fusion proteins were estimated on the basis of Coomassie blue staining. (D) Diagrams of constructs used to map the
DNA-binding region of Ap12. The leucine repeat motif is located at amino acids 192 to 213. Fusion proteins XH9, SHS, and BH7, containing
the repeat and its N-terminal flanked amino acids, were able to bind the DNA (+), while the rest of the fusion proteins were not (-).

diverse functions reveals an unexpected degree of complex-
ity with regard to RB function.

Transcription factors as targets of regulation by the RB
protein. In our collection of nine newly cloned RbAps, one is
a known eukaryotic upstream binding factor which recog-
nizes and binds to the rRNA promoter and activates tran-
scription mediated by RNA polymerase 1 through coopera-
tive interactions with SL1 (33), and another, Apl2, has
properties consistent with those proposed for the E2F tran-
scription factor. The C-terminal region of Apl2, which
contains a transactivation domain, is very acidic, a hallmark
of the transactivation domains of several known transcrip-
tion factors, such as GAL4 and VP16 (49, 54). The DNA-
binding domain appears to be located in the middle region of
the protein, which features a putative leucine zipper motif
flanked by stretches of basic amino acids (Fig. 9). The
precise basic region for DNA binding remains to be eluci-

dated by a more detailed analysis. Most significantly, we
have shown that the cloned gene product has the E2F
site-dependent transcriptional activation activity. Similar
results were also reported by Helin et al. (26), although they
used a plasmid that expresses a protein from which 87 amino
acids of the N terminus were truncated. All three laborato-
ries have shown that the cloned gene product has the
properties of transcription factor E2F. However, whether
this cloned gene is identical to E2F (9, 68) remains unclear.
Numerous trials using antibodies raised against the Apl2
gene product failed either to supershift an E2F-DNA com-
plex or to preabsorb the E2F-binding activity. Similar con-
clusions were also reached by Helin et al. (26), suggesting
the possible existence of multiple members in the E2F family.

If the cellular function of RB is to restrict entry of cells
into G, (20), the genes important for G, progression and
entrance into the S phase are most likely to be regulated
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FIG. 8. Apl2 transactivates a promoter with an E2F recognition site. (A) Diagrams of the constructs of Apl2 expression vectors. The
promoter of the expression vector is cytomegalovirus immediate-early gene promoter (CMV-IE), and the 3’ polyadenylation site is derived

from small t/PA. Two different Ap12 cDNAs (Stul fragment from A6

and EcoRI-HindIII fragment from B6) were inserted into this vector.

CMV-Ap12ADS is derived from CMV-Apl2Stu and contains a truncation deletion of the Dralll-Sall fragment. NT, nucleotides. (B)
Transcriptional activation of a promoter with E2F recognition sequences. Five micrograms each of reporter plasmids pA,,CAT,
PE2FmA,CAT, and pE2FA,,CAT was cotransfected with 5 ng of CMV-Ap12Stu, CMV-Ap12RH, and CMV-Ap12ADS, respectively, or the
vector alone was transfected into monkey kidney CV1 cells. The cells were harvested after 48 h, and CAT activities were measured as
previously described (21). Transfection with the reporter plasmids alone (—) served as controls. Transfection efficiency was standardized with
B-galactosidase activity by cotransfection with a plasmid expressing the lacZ gene.

directly or indirectly by RB. Transcription factor E2F is
known to associate with RB in a cell cycle-dependent
manner (8, 50, 59), with a tight association prevalent in the
G,-G, stage but not in the S or M phase. It is reasonable to
propose that RB sequesters E2F in the G,-G, stage in an
inactive conformation. Its release from the RB complex
somehow allows it to assume an active conformation that is
capable of influencing its target genes through interactions

Proline-
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Leusine
repeats

1 83 126 161 263 455 476 aa
? DNA Binding Transactivation
RB Binding

FIG. 9. Schematic diagram of Apl2 showing its structural-func-
tional relationship. The first amino acid was designated position 1.
The putative functional domains of the protein are shaded. The
proline-rich region with an unknown function is located at amino
acids (aa) 83 to 126. The region from amino acids 161 to 263 is a
DNA-binding domain containing leucine repeats. The acidic C-ter-
minal region has the transactivation activity. The fragment from
amino acids 455 to 476 is required for RB binding. Two putative
kinase recognition sites are also indicated.

with E2F DNA-binding sites and the general transcriptional
machinery. It has been reported that there are several genes,
including myc, the dihydrofolate reductase gene, and myb,
that may be subject to E2F transcriptional control (27, 51).
Our preliminary results indicate that the level of Apl2
mRNA in serum-deprived cells was increased between 2 to 6
h after serum stimulation (56a), which coincides with the
pattern of expression of delayed-early growth response
genes (40). It is likely that other members of the E2F family
could play a role in controlling the expression of those
immediate-early genes. An important challenge is to deter-
mine the identity of the Apl2-E2F target genes and to
ascertain their roles in the control of the cell cycle. While the
level of Ap12-E2F mRNA appears to be cell cycle regulated,
the activity of Apl2-E2F could be subject to multilevel
regulation, including association with RB, phosphorylation,
and protein degradation. It is plausible that the precise
amounts of Ap12-E2F and RB expressed during the G,-G;-
to-S transition of the cell cycle and their phosphorylation
status are critical for regulation of cell cycle progression.
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