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ABSTRACT: The amino terminus of the E2F1 transcription factor is a protein-protein interaction domain
since it associates with cyclin A/cdk2. Here, the two-hybrid yeast screen was used to clone genes whose
products associate with the amino terminus of E2F1. The amino-terminal 121 amino acids of E2F1 were
fused to the Lex A binding domain while a partial length cDNA library from the embryo of a 12 day old
mouse was fused to the VP16 activation domain. Following coexpression of these fusions in yeast, two
novel genes were cloned that code for proteins that associate with E2F1. In an in vitro assay, theseE2F1
BindingProteins (EBP1 and EBP2) associate with residues 1-121 of E2F1 or with the full-length protein;
however, they do not associate with its carboxy terminus (residues 88-437). When EBP1 or EBP2 were
expressed in COS cells along with E2F1 and the target promoter DNA polymeraseR, repression of
transcription was observed. However, no repression of DNA polymeraseR was seen if the cells expressed
a nonassociating mutant E2F1 (residues 88-437), along with EBP1 or EBP2. Finally, expression of the
EBP2 gene is up-regulated in growing NIH3T3 fibroblasts, relative to serum-starved cells. However,
this up-regulation of EBP2 expression is not seen in fibroblasts constitutively expressing E2F1.

The E2F1 transcripton factor is part of a multiprotein
family (Girling et al., 1993; Helin et al., 1992; Ivey-Hoyle
et al., 1993; Huber et al., 1993; Kaelin et al., 1992; Lees et
al., 1993; Ginsberg et al., 1994) and regulates the genes
whose products are needed for initiation and completion of
DNA synthesis (Nevins, 1992; Farnham et al., 1993; La
Thangue, 1994). These genes include dihydrofolate reduc-
tase, DNA polymeraseR, p34cdc2, thymidine kinase, and
c-myc (Nevins, 1992; Farnham et al., 1993; La Thangue,
1994). E2F1, the first E2F family member to be cloned, is
the best characterized to date. E2F1 binds the consensus
DNA sequence TTTCGCGC within the promoters of the
aforementioned genes, but does so optimally as part of a
heterodimer with DP1 (Helin et al., 1993b). Additionally,
E2F1 is known to physically interact with the retinoblastoma
susceptibility gene product (pRb), MDM2, cyclin A, and cdk
2 (Helin et al., 1992; Kaelin et al., 1992; Cress et al., 1993;
Krek et al., 1994; Xu et al., 1994; Martin et al., 1995). These
interactions regulate the activity of E2F1. E2F1 contains
what is thought to be a basic helix-loop-helix (bHLH)
domain with an adjacent leucine zipper (Kaelin et al., 1992).
The bHLH domain is required for DNA binding (Jordan et
al., 1994); however, the structure of the basic domain of E2F1
appears unique among bHLH-containing proteins in that the
center of the domain likely contains a turn instead of an
R-helix (Jordan et al., 1994). The transcriptional activation
domain of E2F1 resides at its carboxy terminus (Helin et

al., 1992; Kaelin et al., 1992; Ginsberg et al., 1994). When
pRb binds the C-terminus of E2F1, it blocks its ability to
activate transcription (Helin et al., 1992, 1993a; Kaelin et
al., 1992; Flemington et al., 1993).

Constitutive expression of E2F1 in NIH3T3 fibroblasts
causes increased entry of the cells into S phase during serum
starvation conditions, yet they are unable to complete S phase
(Logan et al., 1994; Johnson et al., 1993; Krek et al., 1994).
The primary cell cycle phase affected by constitutive
expression of E2F1 appears to be G0, since this phase is
dramatically shortened in serum-starved fibroblasts, while
G1 phase is unaffected (Logan et al., 1996).

When a mutant E2F1 (an amino-terminal deletion termed
E2F1d87) is constitutively expressed in fibroblasts, it causes
the cells to undergo a number of phenotypic changes. The
cells demonstrate a rounded morphology during culture in
10% calf serum, such that normal cytoskeletal structures as
microfilaments, micrutubules, and vinculin containing focal
contacts are not detectable (Logan et al., 1994). In addition,
the cells have a lengthened S phase (Logan et al., 1995, 1996)
and are more sensitive to S phase specific toxins (Logan et
al., 1995). The E2F1d87 mutant lacks the cyclin A/cdk2
binding domain (Krek et al., 1994, Jordan and Hall unpub-
lished observations). Thus, the lengthened S phase seen in
cells expressing E2F1d87 is consistent with the loss of the
cyclin A/cdk2 binding domain, resulting in partial arrest at
the S phase checkpoint (Krek et al., 1995). The fact that
cyclin A/cdk2 associates with the amino terminus of E2F1
led to the possibility that this region of the protein may be
a site for protein-protein interaction. Here we explore this
idea by analyzing the ability of nuclear factors to associate
with the amino terminus of E2F1. Using a two-hybrid yeast
screen, two novel cDNAs were cloned that code for proteins
that associate specifically with the amino terminus of E2F1.
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MATERIALS AND METHODS

Cell Culture and Transfections.COS cells were main-
tained in Dulbecco’s modified Eagle’s medium supplemented
with 10% bovine calf serum. All transfection experiments
were initiated on 50% confluent monolayer cultures as in
Ausubel et al. (1987). The cells were glycerol-shocked 5-6
h after DNA addition. Plasmids (a total of 30µg) were
transfected by the calcium phosphate procedure (Moberg et
al., 1992). The cells were glycerol-shocked 5-6 h after
DNA addition. Extracts were generated approximately 48
h after the glycerol shock, and CAT activity was assayed
from the soluble extracts. Equal amounts of protein were
assayed for CAT activity by thin-layer chromatography. The
transfections were performed multiple times. A plasmid
containing the rous sarcoma virus long terminal repeat (RSV-
LTR) driving the â-galactosidase gene (RSVb-gal) was
included in all transfections of the CAT constructs so that
the CAT activity could be normalized for differences in
transfection efficiency.
Two-Hybrid Yeast Screen. (A) Strains and Media.The

strains ofSaccharomyces cereVisiaeused in this study were
those described by Vojtek et al. (1993). The reporter strain
used was L40 (MATa,trp1,leu2,LYS2::lexA-HIS3,URA3::
lexA-lacZ; Sternglanz, Weintraub, and Hollenburg unpub-
lished data). Yeast cells were grown in rich media YPDA

(1% yeast extract, 2% bacto-peptone, 2% glucose, and 0.1
µg/mL adenine) or in synthetic media lacking amino acids
for which the yeast cells are prototrophic due to the presence
of a particular plasmid marker.
(B) Plasmids. pLexA-E2F(1-121) and pLexA-E2F1(60-

121) contain the E2F1 coding sequence for amino acids
1-121 and 60-121, respectively. This sequence was cloned
in-frame with the LexA coding sequence in plasmid pBTM116
(Fields & Song, 1989, Chien et al., 1991). The cDNA library
was cloned into plasmid pVP16, a high-copy yeast vector
which contains the coding region for the transcriptional
activation domain of the herpes virus VP16 transactivator
as well as the leu2 marker gene coding for leucine biosyn-
thesis (Vojtek et al., 1993).
(C) Library Screen. L40 cells were transformed with

pLexA-E2F1(1-121) by the lithium chloride method. The
plasmid was maintained by prototrophy for the TRP1 marker.
L40 containing pLexA-E2F1(1-121) was then prepared for
electroporation of the library; 200µg of library plasmid DNA
was then electroporated into 50µL aliquots of L40 containing
pLexA-E2F1(1-121). Electroporated cells were plated onto
media lacking Ura, Lys, Trp, Leu, and His. Growth on His-
(-) plates indicates that an interaction between E2F1(1-
121) and the protein was coded by the unknown cDNA.
Colonies were then assayed forâ-galactosidase activity to
ensure that the interaction between E2F1(1-121) and the
protein coded by the unknown cDNA was not specific for
the His promoter. The pVP16 plasmid containing the
unknown cDNA was then isolated by the “smash and grab”
method (Vojtek et al., 1993), and the cDNA insert was
sequenced.
In Vitro Transcription/Translation.In vitro transcription

reactions were performed with plasmids containing the E2F1,
E2F1d87, EBP1, and EBP2 cDNAs cloned into theEcoRI
site of pBluescript II KS+. An initiator methionine sequence
(ATG) was cloned into theHindIII site, just 5′ to the
E2F1d87, EBP1, and EBP2 cDNAs. The constructs were

linearized, and RNA was generated using purified T3
polymerase. Transcripts (315-325 ng) were used to
generate the E2F1, E2F1d87, EBP1, and EBP2 proteins using
an in vitro translation reaction with a nuclease-treated rabbit
reticulocyte lysate (35µL, Promega) in a total reaction
volume of 50µL. [35S]Methionine at 0.9 mCi/mL was also
included in the reactions.
E2F1 Affinity Column Chromatography.E2F1(1-437),

E2F1(88-437), E2F1(1-121), E2F1(241-437), EBP1, and
EBP2 were cloned into pGEX-2T (Pharmacia) in-frame with
the glutathioneS-transferase gene (GST). Fusion proteins
were produced as described in Jordan et al. (1994). Briefly,
the proteins were induced with IPTG for 3 h, bacteria were
lysed, and protein was separated from cellular debris by
centrifugation. Using the bacterial extracts, affinity columns
containing the various fusion proteins were then generated
on glutathione-Sepharose (Pharmacia).
Radiolabeled E2F1, E2F1d87, EBP1, and EBP2 proteins,

generated by in vitro transcription/translation as described
above, were applied to the affinity columns containing the
various GST-E2F1 constructs, GST-EBP1 or GST-EBP2. A
column containing only GST was used as a negative control.
The affinity columns were then washed with 5 bed volumes
of NETN [150 mM NaCl, 20 mM Tris (pH 8), 1 mM EDTA,
0.5% NP40, 125 mM PMSF, 2µg/mL pepstatin A, and 1
µg/mL leupeptin] and the bound proteins eluted by boiling
the columns in SDS-PAGE sample buffer. The eluted
proteins were then electrophoresed on a 10% SDS-poly-
acrylamide gel. The gels were dried and exposed to X-ray
film.
COS Cell Expression.To express EBP1 and EBP2 in

COS cells, they were first modified at their amino termini
to contain an epitope tag (Met-Asp-Tyr-Lys-Asp-) recognized
by a specific monoclonal antibody (M2, Kodak/IBI), fol-
lowed by a nuclear localization sequence from the SV40
virus T antigen (Cys-Thr-Pro-Pro-Lys-Lys-Lys-Arg-Lys-
Val). These modified cDNAs were then cloned into the COS
cell expression vector pMT2 (Kaufman et al., 1989). Sub-
confluent proliferating cells were transfected with the pMT2-
EBP1 or pMT2-EBP2 expression plasmids along with a
DNA polymeraseR-CAT promoter construct by the CaPO4
method, as described above. Also included in the transfec-
tions was an E2F1 expression plasmid(pMT2-E2F1) or an
E2F1d87 expression plasmid (pMT2-E2F1d87). A plasmid
containing the rous sarcoma virus long terminal repeat (RSV-
LTR) driving the â-galactosidase gene (RSVb-gal) was
included in all transfections so that the CAT activity could
be normalized for differences in transfection efficiency.

RESULTS

Two-Hybrid Screen Identifies Two NoVel Proteins That
Interact with the Amino Terminus of E2F1.Cyclin A/cdk2
has been shown to associate with the amino terminus of the
E2F1 transcription factor. Krek et al. (1994) have mapped
the region to residues 68-108, while Xu et al. (1994) have
mapped the region to residues 79-124. Since these cyclin
A/cdk2 specifically associate with the amino terminus of
E2F1, the possibility exists that other cellular factors may
also bind to this region. Preliminary in vitro experiments
using E2F1 affinity columns in protein association assays
indicated that a number of nuclear proteins bind to the amino
terminus of E2F1 (Jordan and Hall, unpublished observa-
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tions). To directly clone the cDNAs for these proteins that
interact with the amino terminus of E2F1, a two-hybrid
screen was performed in the yeastSaccharomyces cereVisieae
[as in Vojtek et al. (1993), Fields and Song (1989), and Chien
et al. (1991)]. In one yeast expression plasmid, the amino-
terminal 121 residues of E2F1 were linked to the DNA
binding domain of the bacterial protein LexA (Vojtek et al.,
1993). In a second yeast expression plasmid, a partial length
cDNA library from 8.5-10.5 day old mouse embryos was
cloned adjacent to the acidic domain of the Herpes virus
transcriptional activator VP16 (Vojtek et al., 1993). Targets
for the interaction are the genes encoding histidine biosyn-
thesis (His 3) andâ-galactosidase, both of which have
promoters containing LexA sites. This is diagrammed in
Figure 1A. Interaction between the amino terminus of E2F1
and the protein encoded by the cDNA will lead to increased
expression of His3 andâ-gal, resulting in selection for growth
on histidine minus media and for blue color selection in the
presence of X-gal.
To perform the screen, yeast (strain L40) were transformed

with the LexA-E2F1(1-121) expressing plasmid and the
cDNA Library-VP16 expressing plasmid. The yeast were
plated on His minus media. A total of 500 000 transformants
were screened. Thirty colonies were identified that grew
on histidine minus media; the plasmids containing the
unknown cDNAs were isolated and used to retransform yeast
to ensure histidine prototrophy. Most of the rescued cDNAs
failed to promote histidine prototrophy upon retransforma-
tion. However, two cDNAs did allow growth on histidine
minus media and were subjected to further analysis. The
results of this selection are shown in Figure 1B. It is clear
that the genes encoding the two E2F1 binding proteins (EBP1
and EBP2) provide a stable interaction with E2F1(1-121)

in vivo, enabling the yeast to grow on His minus media.
When analyzed for their ability to activateâ-galactosidase,
it was found that the colonies of yeast expressing EBP1 and
EBP2 turned blue in the presence of X-gal, while the yeast
containing a control plasmid did not. From these data, it is
clear that the amino terminus of E2F1 interacts with EBP1
and EBP2, leading to increased expression of the His 3 and
â-galactosidase genes. As a control, we determined if VP16-
EBP1 and VP16-EBP2 would interact with a nonspecific
protein such as nuclear lamin (i.e., LexA-lamin fusion).
Yeast transformed with a LexA-lamin fusion protein and
either VP16-EBP1 or VP16-EBP2 did not promote growth
on histidine minus media, indicating that the interaction is
not nonspecific (data not shown).
EBP1 and EBP2 Are NoVel cDNAs. The DNA and cor-

responding predicted amino acid sequences for EBP1 and
EBP2 are shown in Figure 2A,B. The amino acid sequence
for EBP1 and EBP2 is the peptide sequence that is in-frame
with the LexA amino acid sequence, resulting in the
formation of a functional fusion protein. A search of
GENBANK and SwissProt databases, with both the DNA
and amino acid sequences of EBP1 and EBP2, revealed no
identities with any other genes or proteins in the databases
including known partners of E2F1 such as DP1. Also, these
proteins did not appear to contain any recognizable domains
such as leucine heptad repeats, basic helix-loop-helix
domains, etc. that would be involved in protein-protein
interactions.
In Vitro Association of EBP1 and EBP2 with E2F1.To

determine if EBP1 and EBP2 associate with the amino
terminus of E2F1 in vitro, column assays were performed.
Residues 1-121, 1-437, 88-437, and 241-437 of E2F1
were fused to glutathioneS-transferase (GST). The fusion

FIGURE 1: Two-hybrid yeast screen identifies two genes that code for E2F1-interacting proteins. (A) Shown is an outline of the two-hybrid
screen. A partial length cDNA library from 8.5-10.5 day old mouse embryos was linked in-frame with the transcriptional activation
domain of the herpes viral protein VP16. E2F1(1-121) is linked in-frame with the bacterial DNA binding protein LexA. Target promoters
containing multiple LexA sites drive expression of the His 3 andâ-galactosidase genes, contained within the genome ofSaccharomyces
cereVisiae strain L40. Interaction of a gene product with E2F1(1-121) will promote transcription of His 3 and allow for growth on His
minus media. (B) Interaction of gene products with the amino-terminal residues 1-121 of E2F1. Yeast transformed with the cDNA library
expression vector and the LexA-E2F1(1-121) expression vector were plated on media lacking histidine. Colonies that grew were selected;
the plasmids containing the unknown cDNA were isolated and used to retransform yeast. The yeast were streaked onto plates containing
(His +) or lacking (His-) histidine. Coexpression of LexA-E2F1(1-121) and VP16-EBP1 or VP16-EBP2 allows growth of yeast on
plates lacking histidine. As a negative control, the yeast were transformed with the LexA-E2F1(1-121) expression plasimd and pVP16
(library vector only).
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proteins were produced in bacteria and used to make affinity
columns on glutathione-Sepharose. The EBP1 and EBP2
cDNAs were next modified such that a translation initiator
methionine sequence, along with a Kozak consensus se-
quence, was placed at their very 5′ end. In this way, the
EBP1 and EBP2 proteins could be radiolabeled ([35S]Met)
by coupled in vitro transcription/translation (the latter by a

rabbit reticulocyte lysate). The radiolabeled EBP1 and EBP2
proteins were individually applied to affinity columns
containing the various GST-E2F1 fusion proteins. The
columns were washed extensively, and then the bound
proteins were eluted by boiling the columns in SDS-PAGE
sample buffer. As shown in Figure 3A, EBP1 associates
equally well with residues 1-121 and 1-437 but does not
associate with 88-437 or 241-437 or with GST alone.
EBP2, on the other hand (Figure 3B), associates with residues
1-437 and 1-121, but does not associate with residues 88-
437 or 241-437 or with GST alone. At present, we do not
know the identity of the two bands in Figure 3B that migrate
faster than the EBP2 protein. It is likely that they are
proteolytic breakdown fragments of EBP2. However, since
they bind GST, it is likely that their association with residues
1-121 and 1-437 of E2F1 is nonspecific. Figure 3C shows
a Coomassie blue stained gel containing the fusion proteins,
indicating that roughly equal amounts of fusion proteins were
present on the columns. To rule out the possibility that EBP1
and EBP2 do not bind GST-E2F1(88-437), because of a
problem with protein folding, for example, the DP1 protein
was radiolabeled by in vitro transcription/translation and
passed over the GST fusion columns as shown in Figure
3D. From the data, it is clear that DP1 binds to GST-E2F1-
(88-437) as efficiently as to GST-E2F1(1-437), indicating
that the amino-terminal mutant retains the proper structure
enabling it to dimerize with DP1. Thus, these data indicate
that in vitro, EBP1 and EBP2 specifically associate with the
amino terminus of E2F1 as opposed its carboxy terminus.
To confirm the above observations, we next performed

the converse experiment. EBP1 and EBP2 were fused in-
frame to the carboxy terminus of GST. The fusion proteins
were produced in bacteria and used to generate affinity
columns on glutathione-sepharose. E2F1, residues 1-437
and residues 88-437, were then radiolabeled ([35S]Met) by
coupled in vitro transcription/translation as described above
for EBP1 and EBP2. The labeled proteins were then
individually applied to the affinity columns. As shown in
Figure 4A, it is clear that only E2F1(1-437) associates with
the EBP1 and EBP2 affinity columns, while E2F1(88-437)
does not. These data are consistent with the data in Figure
3. Thus, EBP1 and EBP2 associate with the amino terminus
of E2F1 but not with the remainder of the protein.
Transcripts for EBP2 Show Varying LeVels of Expression

in Transformed and Nontransformed Mouse Cell Lines.The
levels of expression of the EBP1 and EBP2 genes in various
cell lines were next assessed to better understand how
expression of these genes is regulated. The EBP1 and EBP2
cDNAs were therefore32P-labeled and used to probe a
Northern blot containing RNAs from a number of trans-
formed and nontransformed cell lines (both human and
mouse). After multiple attempts, EBP1 could not be detected
in the blot from multiple cell lines. It is possible that its
level of expression is very low or that it is restricted to a
specific period in development. The EBP2 gene was found
to be expressed in a number of distinct cell lines (Figure
5A), producing a transcript of approximately 4 kb in size;
however, the level of expression varied significantly. The
highest level of expression was found in nontransformed
growing NIH3T3 fibroblasts and NIH3T3 fibroblasts trans-
formed by a Grb2-associated docking protein (Pilar 9 cells;
Holgado-Madruga et al., 1996). Intermediate levels of
expression were observed in A431 cells (epidermal carci-

FIGURE 2: DNA sequence and predicted open-reading frame of
EBP1 and EBP2. DNA sequence analysis is shown with the
corresponding predicted amino-acid sequence of the two E2F1
binding proteins, EBP1 (A) and EBP2 (B). Search of both
GENBANK and Swiss-Prot databases revealed no homology to any
known genes or proteins, respectively. Additionally, no known
motifs, such as leucine zipper, helix-loop-helix, or nuclear
localization sequence, were present in the protein sequence.
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noma), COS cells (transformed monkey kidney), and HeLa
cells (cervical carcinoma). Low levels of expression were
seen in transformed T-cells (J32), glioblastoma cells (U87MG),
and transformed B-cells (Daudi). These data indicate that
expression of the EBP2 gene may be restricted to specific
cell types. The highest level was seen in proliferating
transformed fibroblasts. To extend these experiments RNAs
derived from 3 month old mouse tissues were subject to
Northern analysis with both EBP1 and EBP2 probes. EBP1
was not detectable on the blots; however, as shown in Figure
5B, EBP2 was present in all tissues examined. This may
be due to the fact that the mice were young and many of the
tissues had substantial amounts of cell proliferation. Inter-
estingly, the transcript size present in the RNA from mouse
skin was smaller.
Since EBP2 transcript levels were highest in growing

fibroblasts (transformed and nontransformed), an experiment

was performed to the level of expression during quiescence.
RNA was isolated from nontransformed NIH3T3 fibroblasts
that were growing or were made quiescent by culture for 48
h in 0.5% calf serum. The RNA was blotted and probed
with radiolabeled EBP2 cDNA, as described above. As seen
in Figure 6A, EBP2 gene expression is significantly down-
regulated during conditions of serum withdrawal, as the cells
enter into a G0 phase. Thus, for nontransformed fibroblasts
in tissue culture, EBP2 gene expression is induced in growing
cells.
Also examined were the EBP2 transcript levels in NIH3T3

fibroblasts constitutively expressing E2F1 (Logan et al.,
1994). Interestingly, as seen in Figure 6A, EBP2 mRNA
levels are not up-regulated in the growing “E2F1” cell line,
cultured in 10% serum. From these data, it appears that
E2F1 affects EBP2 gene expression. Figure 6B shows flow
cytometry data from the cell in Figure 6A, indicating the

A B

C

D

FIGURE 3: EBP1 and EBP2 associate with column-immobilized E2F1. EBP1 and EBP2 were modified so that they contained a translation
initiator methionine at their amino termini. The genes were then transcribed in vitro, and the RNA was used to make protein by in vitro
translation in a rabbit reticulocyte lysate (containing [35S]Met). The labeled EBP1 (A) and EBP2 (B) proteins were passed over columns
containing the indictated portions of E2F1 fused to glutathioneS-transferase (GST), the columns were washed extensively, and the bound
material was eluted and fractionated by SDS-PAGE. A column containing just GST served as a negative control. Shown are autoradiographs
of the gels. Also included in the gels are the input-translated EBP1 and EBP2 proteins (indicated by the arrows). The numbers to the right
indicate the sizes of the marker bands, in kilodaltons. Panel C shows the Coomassie blue stained gel containing the various GST-fusion
proteins, indicating relatively equal levels of fusion protein on the columns. (D) The DP1 gene was transcribed and translated in vitro using
a rabbit reticulocyte lysate (containing [35S]Met). The labeled DP1 protein was passed over columns containing the indictated portions of
E2F1 fused to GST, the columns were washed extensively, and the bound material was eluted and fractionated by SDS-PAGE. A column
containing just GST served as a negative control. Shown is an autoradiograph of the gels. Also included in the gels are the input-translated
DP1 protein (indicated by the arrow). The numbers to the right indicate the sizes of the marker bands, in kilodaltons. The band labeled
“Retic. Specific” is an unknown protein labeled in the reticulocyte extract from endogenous RNA present in the extract (likely globin).
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distribution of cells through the cell cycle. From this, it is
evident that “growing” cells are more evenly distributed
throughout the cell cycle while the serum-starved cells are
primarily arrested in the G1 phase. As reported earlier
(Logan et al., 1994, 1996), during serum starvation, an
increased number of the E2F1-expressing cells pass into S
phase yet do not enter G2/M phase (Logan et al., 1996, and
Figure 6B).
Ectopic Expression of the EBP1 and EBP2 Genes in COS

Cells Leads to Reduced Expression of the E2F Target
Promoter DNA PolymeraseR. Since EBP1 and EBP2
associate with E2F1, it is important to know if their
association affects the ability of E2F1 to activate transcrip-
tion. To determine this, the EBP1 and EBP2 cDNAs were
cloned into a mammalian expression vector. The EBP2
cDNA is 500 bp while its transcript is nearly 4 kb, indicating
that it is not a full-length cDNA. It is likely that the EBP1
cDNA is also not full length; the cDNA library was
intentionally made partial length to enhance interactions
between protein domains (Vojtek et al., 1993). Upon
examination of the open reading frames of EBP1 and EBP2,
it is evident that they do not contain a nuclear localization
sequence. They were therefore first modified to include both
an epitope tag for efficient detection and the nuclear
localization sequence (NLS) from SV40 virus T antigen:

Cys-Thr-Pro-Pro-Lys-Lys-Lys-Arg-Lys-Val. Both the tag
and NLS were engineered into the amino termini of the genes
(e.g., tag-NLS-EBP1). The modified cDNAs were then
cloned into the pMT2 expression vector (Kaufman et al.,
1989) for high level of expression in COS cells.
To determine if the modified proteins were transported

efficiently to the nucleus, indirect immunofluorescence was
first performed. COS cells were seeded onto glass coverslips
and then individually transiently transfected with the expres-
sion plasmids. Forty-eight hours after the transfection, the
cells were fixed in paraformaldehyde and processed for
indirect immunofluorescence using the M2 antibody directed
against the epitope tag as the primary antibody (Pyrc et al.,

A

B

FIGURE4: Full-length E2F1 but not E2F1(88-437) associates with
column-immobilized EBP1 and EBP2. (A) E2F1(1-437) and E2F1-
(88-437) were transcribed and translated in vitro (in reactions
containing [35S]Met), as in Figure 3. The labeled proteins were then
passed over columns containing either EBP1 or EBP2 fused to GST
(GST alone served as a control). The columns were washed
extensively and then the bound proteins eluted and fractionated by
SDS-PAGE. Shown is an autoradiograph of the gel. Also included
in the gel are the input translated E2F1(1-437) and E2F1(88-
437) proteins (indicated by the arrows). The numbers to the left
indicate the sizes of the marker bands, in kilodaltons. (B) Shown
is the Coomassie blue stained gel containing the the various GST-
fusion proteins indicating relatively equal levels of fusion protein
on the columns.

A

B

FIGURE5: EBP2 gene expression shows variation between a variety
of transformed and nontransformed cell lines. (A) The EBP2 cDNA
was gel-purified,32P-labeled, and used to probe Northern blots
containing RNA (20µg/lane) from transformed and nontransformed
human and mouse cell lines. The arrows point to the EBP2 message,
migrating just ahead of the 28S rRNA. The cell lines are NIH3T3
fibroblasts (murine embryonic), A431 (epidermal carcinoma), COS
(transformed monkey kidney), Daudi (transformed B-cells), HeLa
(human cervical carcinoma), J32 (transformed T-cells), Pilar-9
(transformed mouse fibroblasts), and U87MG (human glioblas-
toma). As a control, the blot was probed with a radiolabeled 18S
rRNA probe, to show equal levels of RNA per lane (lower portion).
(B) The EBP2 cDNA was labeled as in (A) and used to probe a
blot containing RNA (20µg) from various tissues of a 3-month
old mouse. As a control, the blot was probed with a radiolabeled
18S rRNA probe, to show equal levels of RNA per lane (lower
portion).
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1994). The secondary antibody was conjugated to fluores-
cein. From the micrographs in Figure 7, it is clear that the
proteins are efficiently targeted to the nucleus.
Next, cotransfection assays were performed in COS cells.

An E2F1 target promoter, DNA polymeraseR-CAT, was
cotransfected along with the individual pMT2-EBP con-
structs. Included in the transfections was an E2F1-expressing
plasmid (pMT2-E2F1) allowing a high level of expression
from the DNA polymeraseR promoter. Forty-eight hours
after the transfection, extracts were generated and assayed
for CAT activity. When transfected into COS cells, both
EBP1 and EBP2 expression decreased the level of transcrip-
tion from the DNA polymeraseR promoter, when compared
to the control with pMT2 alone, as shown in Table 2. This
repressive effect was found to be dose-dependent (Table 1),
such that at 50 ng of effector plasmid the repression was

approximately 3-fold while at 500 ng of effector plasmid
the repression was approximately 5-fold. Use of a mutant
DNA polymeraseR promoter lacking the E2F site at position
-121 (Sala et al., 1994) shows no transactivation by added
E2F1 and no repression by added EBP1 or EBP2 in the

A

B 

FIGURE6: EBP2 expression is growth-regulated in normal NIH3T3
fibroblasts but not in fibroblasts constitutively expressing E2F1.
NIH3T3 cells alone (Control Cell Line) and NIH3T3 cells
constitutively expressing the E2F1 transcription factor (E2F1 Cell
Line) were analyzed for growth-regulated EBP2 expression. (A)
RNA (20 µg/lane) isolated from subconfluent and proliferating
NIH3T3 cells (Growing) or cultured for 48 h in 0.5% calf serum
(Quiescent) was blotted and probed with radiolabeled EBP2 cDNA.
RNA (20 µg/lane) from NIH3T3 cells constitutively expressing
E2F1 was analyzed in the same fashion. As a control, the blot was
probed with a radiolabeled 18S rRNA probe, to show equal levels
of RNA per lane (lower portion). (B) Flow cytometry of the cells
cultured in (A). Aliquots of the parental NIH3T3 cells (“Control
Cells”) and the NIH3T3 cells constitutively expressing E2F1 (“E2F1
Cell Line”) from (A) above were processed for flow cytometry.
Shown is the percent cells in each cell cycle phase.

FIGURE 7: EBP1 and EBP2 proteins are efficiently targeted to the
nucleus when modified to contain a nuclear localization sequence.
The EBP1 and EBP2 reading frames do not show any consensus
nuclear localization sequence. To ensure that they are efficiently
targeted to the nucleus, a nuclear localization sequence derived from
SV40 virus T antigen (Cys-Thr-Pro-Pro-Lys-Lys-Lys-Arg-Lys-Val)
was engineered into their cDNAs, at the amino terminus. An epitope
tag (Met-Asp-Tyr-Lys-Asp) was also engineered into the amino
terminus. The epitope tag is recognized by the M2 monoclonal
antibody (Kodak/IBI). The modified EBP1 and EBP2 cDNAs were
cloned into the COS cell expression vector pMT2 and then
transfected into COS cells grown on coverslips. Forty-eight hours
after the transfection, the coverslips were processed for indirect
immunofluorescence using the M2 antibody as the primary antibody
and a fluorescein-conjugated anti-mouse antibody as a secondary
antibody. The figure shows the nuclear fluorescence of the EBP1
(A, top), EBP2 (B, middle), and vector control (C, bottom)
transfected cells. Shown on the left is DAPI staining of the DNA.

Table 1: Repression of E2F1-Dependent Transcription from the
DNA PolymeraseR Promoter by EBP1 and EBP2a

promoter and affecters
relative CAT

activity (%,(SD)

DNA pol R CAT + pMT2 30( 10
DNA pol R CAT + E2F1+ pMT2 (50 ng) 100.0( 19
DNA pol R CAT + E2F1+ pMT2-EBP1 (50 ng) 38.8( 15
DNA pol R CAT + E2F1+ pMT2-EBP2 (50 ng) 39.9( 8

DNA pol R CAT + E2F1+ pMT2 (500 ng) 97.0( 20
DNA pol R CAT + E2F1+ pMT2-EBP1 (500 ng) 18( 8
DNA pol R CAT + E2F1+ pMT2-EBP2 (500 ng) 17( 12

aCOS cells were transfected with DNA polymeraseR-CAT (2 µg)
and pCMV-E2F1 (50 ng). The pMT2 and pMT2-EBP constructs were
transfected at the indicated levels. The total level of DNA in the
transfection was kept constant at 20µg. After 48 h, the cells were
harvested, and the resulting CAT activity was determined. A pSV2-
â-galactosidase expression plasmid (0.5µg) was also included in all
the transfections as a control to normalize for differences in transfection
efficiency. Shown is the relative CAT activity( the standard deviation.
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cotransfection assay (data not shown), indicating that repres-
sion occurs through the E2F site within the promoter.
As shown above in Figures 3 and 4, EBP1 and EBP2 do

not associate with the mutant E2F1d87. Therefore, EBP1
and EBP2 should not affect the ability of E2F1d87 to
transactivate the DNA polymeraseR promoter. When cells
were transfected with pMT2-E2F1d87, transactivation of the
DNA polymeraseR promoter was evident, as shown in Table
2. However, this transactivation was not repressed by EBP1
and EBP2 expression (Table 2). Taken together, the data
of Tables 1 and 2 indicate that EBP1 and EBP2 are able to
functionally alter the activity of E2F1 in vivo but that this
alteraltion requires the amino terminus of E2F1.

DISCUSSION

The E2F1 transcription factor is composed of distinct
domains. The carboxy terminus is the site for transcriptional
activation and also contains two regions for the binding of
the retinoblastoma protein (pRb) and MDM2 (Helin et al.,
1992; Kaelin et al., 1992; Cress et al., 1993; Krek et al.,
1994; Xu et al., 1994; Martin et al., 1995). Near the central
portion of E2F1 is the DNA binding domain and the site for
dimerization with the DP1 factor (Helin et al., 1993b).
Located on the amino-terminal side of the DNA binding
domain is the site for cyclin A/cdk2 binding (Krek et al.,
1994; Xu et al., 1994). Finally, the very amino-terminal
portion of the protein is a region rich in proline and alanine
residues (Helin et al., 1992; Kaelin et al., 1992). Here we
have analyzed protein association with the amino terminus
of E2F1, a region that encompasses the cyclin A/cdk2
binding domain. Based on preliminary biochemical evidence
that a number of nuclear proteins from murine fibroblasts
associate with the amino terminus of E2F1, a two-hybrid
yeast screen was employed to rapidly identify cDNAs that
code for such proteins. Using this technique, two novel
cDNAs were isolated; their DNA and predicted protein
sequence does not correspond with any known genes in the
GENBANK or SwissProt databases, respectively. Further,
the open reading frames of EBP1 and EBP2 contain no
recognizable motifs such as a leucine zipper, helix-loop-
helix, or ankyrin repeats, that would comprise known
interaction domains, indicating that the domains appear to
be novel.

Analysis of EBP1 and EBP2 transcript levels revealed that
the two genes show different levels of expression. EBP1
transcripts were not detectable in multitissue Northern blots
or in the RNA from diverse cell lines, both transformed and
nontransformed. It is possible that it is expressed at very
low levels or that its expression is restricted to a defined
window of time during mouse development (the cDNA
library was generated from 8.5-10.5 day old mouse em-
bryos). Current efforts are underway to distinguish these
possibilities.
Expression of the EBP2 gene was evident in a variety of

cell lines. The RNA was approximately 4 kb in size and
expressed at highest levels in growing mouse fibroblasts that
are either transformed or nontransformed. Expression was
lower in COS, HeLa, T-cell, and B-cell lines. Of particular
interest was the finding that EBP2 expression was growth-
regulated in fibroblasts. Its transcript levels were increased
about 10-fold in growing cells relative to serum-starved cells.
Further, this increase was not seen in growing fibroblasts
that constitutively express E2F1; transcript levels were very
low independent of whether the cells were growing or serum-
starved. Thus, E2F1 appears to affect the expression of
EBP2. At this time, it is not known whether this effect is
direct or indirect.
To get a better understanding of the function of EBP1 and

EBP2, experiments were performed to determine if the two
genes could affect E2F1-mediated transcriptional transacti-
vation. DNA polymeraseR was chosen as an E2F1 target
promoter. In the presence of increased E2F1 expression,
this promoter is transactivated (Table 1). In the presence of
EBP1 or EBP2, transcription from the DNA polymeraseR
promoter was significantly repressed. Importantly, repression
did not occur when E2F1(88-437) was used to transactivate
the DNA polymeraseR promoter, due to the fact that EBP1
and EBP2 do not associate with E2F1(88-437). Thus, EBP1
and EBP2 act in vivo to affect the function of E2F1 by
altering its activity, in this case by repression. At present,
it is not known how this repression takes place, but a number
of possibilities arise. The effect could occur, for example,
at the level of transcriptional activation, via an effect on the
RNA polymerase II machinery (i.e., by affecting TBP/TAF,
TFIIB, or TFIIH function). Also, given the fact that the EBP
cDNAs are only partial length, the precise subcellular
localization of their cognate proteins is not known at this
time. It is possible that EBP1 and EBP2 could regulate E2F1
function in the perinuclear region or in the cytoplasm.
However, given the effect of EBP1 and EBP2 on E2F1
transactivation of DNA polR, they are likely to play a very
important role in regulating other target gene expression by
E2F1. In turn, regulation of target gene expression would
potentially affect transit of a cell through the G1 and S phases
of the cell cycle. Future experiments will be needed to better
understand the role EBP1 and EBP2 play in the control of
cell proliferation.

ACKNOWLEDGMENT

We would like to thank Dr. Ganesh Raj for his critical
review of the manuscript.

REFERENCES

Chien, C. T., Bartel, P. L., Sternglanz, R., & Fields, S. (1991)Proc.
Natl. Acad. Sci. U.S.A. 88, 9578-9582.

Table 2: EBP1 and EBP2 Do Not Have a Repressive Effect on
E2F1d87-Dependent Transcription from the DNA PolymeraseR
Promotera

promoter and affecters
relative CAT

activity (%,(SD)

DNA pol R CAT + pMT2 34( 3
DNA pol R CAT + E2F1d87+ pMT2 (50 ng) 100( 21
DNA pol R CAT + E2F1d87+ pMT2-EBP1 (50 ng) 97( 14
DNA pol R CAT + E2F1d87+ pMT2-EBP2 (50 ng) 140( 8

DNA pol R CAT + E2F1d87+ pMT2 (500 ng) 98( 16
DNA pol R CAT + E2F1d87+ pMT2-EBP1 (500 ng) 120( 28
DNA pol R CAT + E2F1d87+ pMT2-EBP2 (500 ng) 110( 15

aCOS cells were transfected with DNA polymeraseR-CAT (2 µg)
and pCMV-E2F1d87 (50 ng). The pMT2 and pMT2-EBP constructs
were transfected at the indicated levels. The total level of DNA in the
transfection was kept constant at 20µg. After 48 h, the cells were
harvested, and the resulting CAT activity was determined. A pSV2-
â-galactosidase expression plasmid (0.5µg) was also included in all
the transfections as a control to normalize for differences in transfection
efficiency. Shown is the relative CAT activity( the standard deviation.

Novel E2F1-Associated Proteins Biochemistry, Vol. 35, No. 38, 199612327

+ +

+ +



Cress, W. D., Johnson, D. G., Nevins, J. R. (1993)Mol. Cell. Biol.
13, 6314-6325.

Farnham, P. J., Slansky, J. E., & Kollmar, R. (1993)Biochim.
Biophys. Acta 1155, 125-131.

Fields, S., & Song, O. (1989)Nature 340, 245-246.
Flemington, E. K., Speck, S. H., & Kaelin, W. G. (1993)Proc.
Natl. Acad. Sci. U.S.A.. 90, 6914-6918.

Ginsberg, D., Vairo, G., Chittenden, T., Xiao, Z. X., Xu, G.,
Wydner, K. L., DeCaprio, J. A., Lawrence, J. B., & Livingston,
D. M. (1994)Genes DeV. 8, 2665-2679.

Girling, R., Partridge, J. F., Bandara, L. R., Burden, N., Totty, N.
F., Hsuan, J. J., & La Thangue, N. B. (1993)Nature 362, 83-
87.

Helin, K., Lees, J. A., Vidal, M., Dyson, N., Harlow, E., & Fattaey,
A. (1992)Cell 70, 337-350.

Helin, K., Harlow, E., & Fattaey, A. (1993a)Mol. Cell. Biol. 13,
6501-6508.

Helin, K., Wu, C. L., Fattaey, A. R., Lees, J. A., Dynlacht, B. D.,
Ngwu, C., & Harlow, E. (1993b)Genes DeV. 7, 1850-1861.

Hogado-Madruga, M., Emlet, D. R., Moscatello, D. K., Godwin,
A. K., & Wong, A. J. (1996)Nature 379, 560-564.

Ivey-Hoyle, M., Conroy, R., Huber, H. E., Goodhart, P. J., Oliff,
A., & Heimbrook, D. C. (1993)Mol. Cell. Biol. 13, 7802-7812.

Johnson, D. G., Schwarz, J. K., Cress, W. D., & Nevins, J. R. (1993)
Nature 365, 349-352.

Johnson, D. G., Cress, W. D., Jakoi, L., & Nevins, J. R. (1994)
Proc. Natl. Acad. Sci. U.S.A. 91, 12823-12827.

Jordan, K. L., Haas, A. R., Logan, R. J., & Hall, D. J. (1994)
Oncogene 9, 1177-1185.

Kaelin, W. G., Krek, W., Sellers, W. R., DeCaprio, J. A.,
Ajchenbaum, F., Fuchs, C. S., Chittenden, T., Li, Y., Farnham,
P. J., Blanar, M. A., Livingston, D. M., Flemington, E. K. (1992)
Cell 70, 351-364.

Kaufman, R. J., Davies, M. V., Pathak, V., & Hershey, J. W. B.
(1989)Mol. Cell. Biol. 9, 946-958.

Krek, W., Ewen, M. E., Shirodkar, S., Arany, Z., Kaelin, W. G.,
& Livingston, D. M. (1994)Cell, 78, 161-172.

Krek, W., Xu, G., & Livingston, D. M. (1995)Cell 83, 1149-
1158.

La Thangue, N. B. (1994)Trends Biochem. Sci. 19, 108-114.
Lees, J. A., Saito, M., Vidal, M., Valentine, M., Look, T., Harlow,
E., Dyson, N., & Helin, K. (1993)Mol. Cell. Biol. 13, 7813-
7825.

Lin, S. Y., Black, A. R., Kostic, D., Pajovic, S., Hoover, C. N., &
Azizkhan, J. C. (1996)Mol. Cell. Biol. 16, 1668-1675.

Logan, T. J., Jordan, K. L., & Hall, D. J. (1994)Mol. Biol. Cell. 5,
667-678.

Logan, T. J., Evans, D. L., Mercer, W. E., Bjornsti, M. A., & Hall,
D. J. (1995)Cancer Res. 55, 2883-2891.

Logan, T. J., Jordan, K. L., & Hall, D. J. (1996)Biochem. Cell
Biol. (in press).

Martin, K., Trouche, D., Hagemeier, C., Sorensen, T. S., La
Thangue, N. B., & Kouzarides, T. (1995)Nature 375, 691-
694.

Moberg, K. H., Logan, T. J., Tyndall, W. A., & Hall D. J. (1992)
Oncogene 7, 411-421.

Nevins, J. R. (1992)Science 258, 424-429.
Pyrc, J., Logan, T. J., & Hall, D. J. (1994)Int. J. Oncol. 5, 1085-
1091.

Sala, A., Nicolaides, N. C., Engelhard, A., Bellon, T., Lawe, D.
C., Arnold, A., Grana, X., Giordano, A., & Calabretta, B. (1994)
Cancer Res. 54, 1402-1406.

Vojtek, A. B., Hollenberg, S. M., & Cooper, J. A. (1993)Cell 74,
205-214.

Xu, M., Sheppard, K. A., Peng, C. Y., Yee, A. S., & Piwnica-
Worms, H. (1994)Mol. Cell. Biol. 14, 8420-8431.

BI9611927

12328 Biochemistry, Vol. 35, No. 38, 1996 Jordan et al.

+ +

+ +


