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The E2F-1 Transcription Factor Is Negatively Regulated
by Its Interaction With the MDMX Protein
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Abstract Several proteins with important roles in oncogenesis have been shown to regulate the function of the
E2F-1 transcription factor, which is known to activate the expression of genes required for proliferation and apoptosis.
Here we identify the MDMX oncoprotein as an E2F-1-binding factor, from a yeast-two hybrid screen using a portion of the
E2F-1 protein as ‘‘bait.’’ We demonstrate that the region within MDMX needed for the E2F-1:MDMX interaction is located
in the central part of the protein, C-terminal of the p53-binding domain. The region within E2F-1 needed for this
association is adjacent to the DNA binding domain. Further, when expressed in vivo or in vitro the MDMX protein migrates
as two isoforms on SDS-PAGE, the faster migrating isoform having the stronger affinity for the E2F-1 proteins. It appears that
this interaction reduces the ability of E2F-1 to bind DNA. Expression of MDMX along with E2F-1 and Dp-1 in Saos2 cells
reduces the ability of E2F-1 to bind to its consensus DNA sequence, without altering E2F-1 protein levels. These data
indicate that the MDMX protein is capable of associating with E2F-1 and negatively regulating its DNA binding ability.
J. Cell. Biochem. 88: 557–568, 2003. Published 2003 Wiley-Liss, Inc.{
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The E2F-1 factor is among a family of proteins
(E2F-1–E2F-6) that regulate the transcription
of genes necessary for progression through the
late G1- and S-phases of the cell cycle [Martin
et al., 1995a, Trimarchi et al., 1998, Muller and
Helin, 2000]. Ectopic expression of the E2F-1
protein can result in enhanced proliferation by
overcoming the G1/S-phase checkpoint and by
driving cells into S-phase. An additional promi-
nent function for E2F-1 is its ability to activate
apoptosis when overexpressed [Agah et al.,
1997], which is unique to E2F-1 among the
E2F family members [DeGregori et al., 1997].

Multiple mechanisms have been identified
that are responsible for the activation of

apoptosis by E2F-1. For example, E2F-1 is a
direct transcriptional activator of the p14/ARF,
APAF, and p73 genes [Bates et al., 1998, Stiewe
and Putzer, 2000]. p14/ARF reduces the anti-
apoptotic function of MDM2 by targeting
MDM2 for degradation in the proteasome
[Zhang et al., 1998]. Since MDM2 is a potent
blocker of p53 function, this reduction in MDM2
leads to an increase in apoptosis [Haines, 1997,
Honda et al., 1997]. The p73 protein on the other
hand is a transcription factor that transacti-
vates several known apoptotic gene products, in
a similar manner as its homologue-p53 [Arrow-
smith, 1999, Kaelin, 1999]. Additionally E2F-1
influences apoptosis by enhancing the degrada-
tion of the TRAF2 protein [Phillips et al., 1999],
a known inhibitor of apoptosis that functions
through caspase signaling [Wang et al., 1998].
Interestingly, all these mechanisms of E2F-1-
activated apoptosis require the presence of the
DNA binding domain within E2F-1 [Phillips
et al., 1997].

Several proteins have been identified that
associate with E2F-1 and regulate its function
as a transcription factor, which in turn may
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regulate its ability to activate apoptosis. For
example, E2F-1 binds to promoters with stron-
ger affinity when it forms a heterodimer with
the Dp-1 protein [Bandara et al., 1993]. Hetero-
dimerization of E2F-1:Dp1 occurs through a
region that is C-terminal to the E2F-1 DNA
binding domain and may include a leucine
zipper [Jordan et al., 1994]. Amino terminal to
the DNA binding domain is the cyclin A/cdk2
binding domain. The cyclin A/cdk2 kinase binds
to E2F-1 and phosphorylates both Dp-1 and
E2F-1, resulting in the dissociation of E2F-1
from DNA [Krek et al., 1994, Xu et al., 1994].
Dissociation of E2F-1 from DNA, through the
action of cyclin A/cdk2, appears to be a required
event for transit through S-phase. For example,
expression of mutants of E2F-1 lacking the
cyclin A/cdk2 binding domain in cells results in
a lengthened S-phase [Krek et al., 1995; Logan
et al., 1995, 1996; Stubbs et al., 1999].

In addition to the DNA binding domain and
cyclin A/cdk2 binding domains, E2F-1 contains
a transactivation domain located at its very C-
terminus [Hagemeier et al., 1993]. E2F-1-
driven transactivation can be blocked by the
retinoblastoma tumor suppressor (pRb), which
binds E2F-1 adjacent to the transactivation
domain, thereby masking its function [Fleming-
ton and Speck, 1993; Helin et al., 1993].

Among the proteins capable of associating
with E2F-1 is the MDM2 oncoprotein [Martin
et al., 1995b; Loughran and La, 2000]. There is
evidence for MDM2 being both an activator and
inhibitor of E2F-1 driven transcription. MDM2
has been reported to bind to the E2F-1 C-
terminus in vitro and aid in the activation of
E2F-1 driven transcription, by preventing the
retinoblastoma protein from associating with
E2F-1 [Martin et al., 1995b]. However, other
reports indicate that the MDM2 protein is an
inhibitor of E2F-1-induced apoptosis, through
its ability to target both the E2F-1 and Dp-1
proteins for degradation [Loughran and La,
2000].

Since MDM2 associates with E2F-1 it may be
expected that any MDM2-related proteins may
also interact with E2F-1. In this regard, a
protein with strong similarity to MDM2 has
been identified that is termed MDMX. Both
proteins share some of the same structural and
functional characteristics [Shvarts et al., 1996].
For example, each protein has a highly con-
served N-terminal p53-binding domain, which
mediates repression of apoptosis through the

inhibition of the activity of the p53 tumor
suppressor [Bottger et al., 1999]. Even though
MDM2 and MDMX both repress p53 activity,
these proteins have functional differences. The
MDM2 protein targets the p53 protein for
degradation within the proteasome [Honda
et al., 1997], while the MDMX protein stabilizes
p53 by repressing MDM2 targeted degradation
of p53 [Stad et al., 2000].

While a role for MDMX in p53-mediated
functions has been demonstrated, MDMX’s
regulation of E2F-1 has not yet been fully
elucidated. In this study, we described the
isolation of a portion of the MDMX protein in a
yeast two-hybrid screen, to identify factors that
interact with and regulate the activity of E2F-1.
Here we show that the MDMX protein interacts
with the E2F-1 protein, near the E2F-1 DNA
binding domain, and inhibits E2F-1 from bind-
ing DNA.

MATERIALS AND METHODS

Two-Hybrid Yeast Screen

The two-hybrid yeast screen was performed
as previously described [Jordan et al., 1996].
pLexA-E2F-1 (60–121) is expressed from the
pBTM116 plasmid containing the coding
sequence for amino acids 60–121 of E2F-1
cloned in-frame with the LexA coding sequence.
The LexA-E2F-1 (60–121) fusion protein was
used as bait to identify E2F-1 binding proteins
from a partial length cDNA library, generated
from 8.5–10.5-day-old mouse embryos. The
cDNA library was cloned adjacent to the
activation domain of the herpes virus VP16
transcription factor within the high-copy yeast
plasmid-pVP16. The yeast reporter strain L40
(MATa, trp1, leu2, LYS2::lexA-HIS3,URA3::-
lexA-lacZ) was grown in rich media YPDA (1%
yeast extract, 2% bacto-peptone, 2% glucose,
and 0.1 mg/ml adenine) or in synthetic media
lacking amino acids for which the yeast cells are
prototrophic.

L40 cells were transformed with pLexA-E2F-
1 (60–121) by the lithium chloride method. The
plasmid was maintained in yeast by selection
for the TRP1 marker. The plasmid library DNA
was electroporated into yeast and the cells were
subsequently plated onto media lacking His
(also lacking Ura, Lys, Trp, Leu). Clones that
grew on these ‘‘His (�)’’ plates were assayed for
beta-galactosidase activity to ensure that the
library cDNA did not encode a protein specific
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for the His promoter. The pVP16 plasmid
containing the interactive gene was then iso-
lated from the yeast and the unknown cDNA
insert was sequenced.

Generation of In Vitro Transcribed/Translated
Proteins and GST Fusion Proteins

35S labeled in vitro translated MDMX protein
was generated by incubating 1 mg of pRc-CMV-
MDMX plasmid along with 35S radiolabeled
methionine in a T7 Quick (Promega; Madison,
WI) rabbit reticulocyte lysate system for 1 hour
at 308C. The GST-Rb expressing plasmid was a
kind gift of Antonio Giordano. GST-Dp-1, GST-
E2F-1, GST-E2F-1 (241–437), and GST-E2F-1
(117–437) were created by amplifying the
desired cDNAs by PCR then ligating the cDNA
in frame behind the GST sequence of the pGEX-
2TK plasmid.

GST fusion proteins were generated within
the HB101 strain of E. coli. Bacterial cultures
transformed with the appropriate pGEX
expression plasmid were cultured at 378C over-
night and then diluted 1:10 in selective media
and grown for 1 hour at 378C prior to induction
of GST expression with 0.5 mM IPTG. After 3 h
of induction, the cells were resuspended in
‘‘wash’’ buffer (10 mM Na2HPO4, pH 7; 30 mM
NaCl; 0.25% Tween-20; 10 mM b-mercaptoetha-
nol; 10 mM EDTA; 10 mM EGTA, 2 mg/ml
pepstatin; 1 mg/ml leupeptin, and 0.4 mM
PMSF) and sonicated. Cell debris was removed
by centrifugation and the GST fusion proteins
were affinity purified on mini-batch columns
(50 ml) of glutathione sepharose beads (Pharma-
cia) on ice for 30 min. The beads containing the
GST fusions were then rinsed three times with
1.0 ml of wash buffer. The GST fusions to be
used in the EMSA experiments were dissociated
from the sephadex beads by treatment with 5
mM reduced glutathione for 30 min at 48C.

In Vitro Protein:Protein Association Assay

GST and GST fusion proteins purified and
bound to sephadex beads were incubated with
equal quantities of 35S radiolabeled in vitro
translated proteins in a volume of 0.3 ml of wash
buffer for 2 h at 48C. The GST-fusion sephadex
beads were then washed five times with 1.0 ml of
wash buffer to eliminate loosely bound proteins
and they were then boiled in SDS sample buffer
to dissociate the bound factors. The dissociated
proteins were then electrophoresed by SDS–
PAGE and the bound radiolabeled protein was

then detected by an autoradiography of the
dried gels.

Tissue Culture, Transfections, and
the Generation of Extracts

Saos2 and phoenix cells (a derivative of 293
cells) were maintained at 378C under 4% CO2

and grown in DMEM (BioWhittaker) supple-
mented with 10% fetal calf serum (Atlanta
Biological; Norcross, GA). Cells were split 1:4
the day before transfection. Cells were then
transfected by the calcium phosphate method
using the Profection kit (Promega) and 20 mg
DNA/10 cm plate. Cells were washed twice at 18
h post addition of DNA precipitate and replen-
ished with 10% fetal calf serum.

Cells were harvested 48 h following transfec-
tion by scraping in cold PBS. ‘‘Cytosolic’’
extracts were generated by lysing the cells on
ice in 0.1% Nonidet P-40, 10 mM Tris (pH 7.9),
10 mM MgCl2, 15 mM NaCl plus the pro-
tease inhibitors phenylmethylsulfonyl fluoride
(0.5 mM), benzamidine (1 mg/ml), pepstatin
(2 mg/ml), and leupeptin (1 mg/ml). The nuclei
were pelleted by centrifugation at 800g for
10 min, and the soluble faction was termed
‘‘cytosolic.’’ The nuclei were resuspended in
extraction buffer consisting of 0.42 M NaCl,
20 mM HEPES (pH 7.9), 20% glycerol, phenyl-
methylsulfonyl fluoride (0.5 mM), benzamidine
(1 mg/ml), pepstatin (2 mg/ml), and leupeptin
(1 mg/ml) for 10 min on ice followed by centrifu-
gation at 14,000g for 8 min to pellet the residual
nuclear material. The supernatant fraction
from this centrifugation spin was termed
‘‘nuclear’’ extract.

Immunoblotting and Antibodies

Equal quantities of protein extracts were
separated electrophorectically by SDS–PAGE
and then transferred onto nitrocellulose blots
(Biorad) which were then blocked for 30 min by
incubation in 5% dry milk resuspended in TBST
buffer [10 mM Tris (pH 8); 150 mM NaCl; 0.05%
Tween-20]. The nitrocellulose blots were then
incubated in primary antibody for 1 h followed
by three washes with TBST for 5 min, then
incubated in secondary antibody for 30 min at
room temperature. The blots were again
washed in TBST three times for 5 min followed
by development of the blot, using the Renais-
sance (NEN Life Sciences; Boston, MA) chemi-
luminescent kit and X-Omat Blue XB-1 film
(NEN Life Sciences).
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Primary antibodies for western blot analysis
were diluted in 3% dry milk/TBST at the
following ratios—1:2,000 for anti-E2F-1 Ab-1
(Calbiochem) and 1:5,000 for M2 anti-FLAG
(Kodak). HRP conjugated anti-rabbit IgG
(Amersham Life Science) and HRP conjugated
anti-mouse Ig (Amersham Life Science) second-
ary antibodies were diluted 1:10,000 in 3% dry
milk/TBST.

Electrophoretic Mobility Shift Assay (EMSA)

The probe for the EMSA experiments was
created by end labeling two complimentary
oligonucleotides, containing a region of the
DHFR promoter representing a consensus E2F
DNA binding site (50-GCGAATGCAATTTCGC-
GCCAAACTTGGGGG-30, where the under-
lined sequence represents the E2F binding
site) [Wade et al., 1995]. The radiolabeled,
double-stranded probe was then purified and
diluted to a concentration of 20,000 cpm. A
double stranded mutant competitor DNA se-
quence that contains a base change in the E2F
binding site, known to impede E2F binding, was
included in some binding assays where indi-
cated (50GCGAATGCAATTTC‘‘T’’CGCCAAAC-
TTGGGGG-30, where the ‘‘T’’ indicates the base
change) [Wade et al., 1995].

Equal quantities of either nuclear extract or
purified GST fusion protein were incubated
with 1 ml of DHFR labeled probe (20,000 cpm),
for 20 min at room temperature. Some samples
also included either 50 ng of cold double
stranded competitor oligonucleotide or 0.3 mg
of either anti-E2F-1 Ab-1 (Calbiochem) or anti-
SV40 T antigen (Santa Cruz) supershift anti-
body. Samples were then run on a nondenatur-
ing polyacrylamide gel for 2 h at 100 V. The gel
was then dried and the migration of the probe
was observed by an autoradiograph of the dried
gel.

RESULTS

Identification of MDMX as an E2F-1 Associated
Factor by a Two-Hybrid Yeast Screen

The cyclin A/cdk2 kinase is known to associ-
ate with the amino terminus of the E2F-1
protein, thereby negatively regulating E2F-1
function. Upon association, this kinase then
phosphorylates both the Dp-1 and E2F-1 pro-
teins, resulting in the dissociation of E2F-1 from
Dp-1 and from DNA. Through this interaction
the amino terminus of E2F-1, therefore plays an

important role in determining the rate of
progression of cells through S-phase and in the
regulation of an S-phase checkpoint [Logan
et al., 1994, 1995; Krek et al., 1994, 1995]. Since
the N-terminal domain of E2F-1 is a protein–
protein interaction domain, we hypothesized
that other proteins that regulate E2F-1 function
may associate with this region. In this regard,
we have previously used the two-hybrid screen
to identify two proteins that interact with the
very amino terminus of E2F-1 [Jordan et al.,
1996].

To further identify proteins that may specifi-
cally interact with the E2F-1 amino terminus
encompassing the cyclin A/cdk2 binding
domain, we performed a yeast-two hybrid
screen using amino acids 60–121 of E2F-1,
fused to the LexA DNA binding domain as bait
[Jordan et al., 1996]. We screened a partial
length cDNA library generated from an 8.5–
10.5 day mouse embryo, cloned adjacent to the
transactivation domain of the VP16 protein
from the Herpes virus. An interaction between
LexA-E2F-1 (60–121) and the protein produced
from the cDNA-VP16 expression plasmid will
driveexpressionoftheHis-3andLac-Zgenesthat
are integrated into the yeast genome (the promo-
ters ofHis-3 andLac-Z contain LexA sites).

Yeast containing the LexA-E2F-1 (60–121)
expression plasmid was transformed with the
cDNA library-VP16 expressing plasmids. First,
His-3 expression was assessed by growth on His
(�) plates. Colonies were picked, the plasmids
containing the unknown cDNAs were isolated
and the yeast were retransformed and growth in
His (�) media was evaluated. Plasmids were
also screened for beta-galactosidase activity, by
assaying for blue colony formation in the
presence of X-gal (Fig. 1). cDNA’s that grew on
His (�) plates and had positive beta-galactosi-
dase activity were sequenced to identify the
gene. As seen in Figure 1A, VP16 alone or a beta-
catenin-VP16 fusion produced no growth on
His (�) plates and were white when cultured on
X-gal. However, one cDNA, identified as the
MDMX gene (an MDM2 related protein), was
able to interact with E2F-1.

The region of MDMX represented by the
cDNA pulled out of this two-hybrid yeast screen
corresponded to amino acids 129–285 (Fig. 1B)
and was expressed in frame with the VP16
transactivation domain. The full-length MDMX
cDNA, which encodes the complete MDMX
protein, was generated by RT-PCR of poly Aþ
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mRNA from confluent nontransformed NIH3T3
fibroblasts, which also yielded an abundant
alternatively spliced transcript encoding a
shortened MDMX protein, termed MDMX-S
[Rallapalli et al., 1999].

MDMX Protein Migrates as
Two Distinct Bands on SDS–PAGE

To examine the MDMX:E2F-1 interaction,
the MDMX cDNA was cloned into the pCDNA3
mammalian expression plasmid. An epitope tag
(FLAG) was cloned just 50 of the MDMX cDNA.
We generated radiolabeled MDMX protein by
coupled in vitro transcription/translation in
rabbit reticulocyte lysates. Electrophoresis of
the MDMX protein in a SDS–PAGE revealed
that MDMX migrates as two separate bands of
55 and 65 kDa in roughly equal amounts
(Fig. 2A). The predicted molecular weight of
MDMX is around 54 kDa, suggesting that the
larger protein is a post-translationally modified
form.

To determine whether the MDMX protein
expressed within cells migrated as two bands of
comparable sizes to the in vitro translated

protein, phoenix cells (a 293 derivative) were
transiently transfected with the MDMX expres-
sion plasmid. Extracts from these cells were
generated, separated by SDS–PAGE and trans-
ferred to nitrocellulose (Fig. 2A). The MDMX
protein was identified by western blot analysis
using a primary antibody specific for the
50FLAG epitope. The transfected extracts re-
vealed two MDMX bands of similar intensities
to each other (Fig. 2A). The in vitro translated
MDMX was electrophoresed next to the lanes

Fig. 1. MDMX interacts with E2F-1 in a two-hybrid yeast
screen. A: A plasmid expressing the MDMX-VP16 fusion protein
was isolated from a two-hybrid yeast screen. This plasmid was
retransformed into yeast containing the LexA-E2F-1(a.a. 60–121)
expressing plasmid. Growth on His (�) and His (þ) plates (upper)
and beta-galactosidase activity (lower) were evaluated (shown as
streaks) and compared to yeast containing plasmids expressing
either VP16 alone or a beta-catenin-VP16 fusion protein as
negative controls. B: Schematic diagram of the MDMX protein
highlighting the conserved p53-binding domain (black), the
amino acids isolated from the two-hybrid yeast screen (shaded)
and the Zinc and Ring finger domains.

Fig. 2. The MDMX protein migrates as two distinct bands on
SDS–PAGE. A: The 35S radiolabeled MDMX protein, generated
by coupled in vitro transcription/translation was electrophoresed
by SDS–PAGE along with a ‘‘no DNA’’ control (left two lanes,
labeled ‘‘IVT’’). Electrophoresed in adjacent lanes were extracts
from phoenix cells (25 mg/lane) transfected with either an MDMX
expression plasmid or control plasmid (pcDNA3) (right two lanes
labeled ‘‘ImmBlot’’). The gel was transferred to nitrocellulose
and the MDMX proteins from the transfected extracts were
detected by incubation of the blot using the anti-FLAG M2
primary antibody specific for the 50 epitope of MDMX. The bands
were detected by chemiluminescence (short exposure). The
radiolabeled in vitro translated MDMX was detected by placing
the blot on film (long exposure). Alignment of the exposed films is
shown. B: Saos2 cells were transfected with either MDMX
expression plasmid or a control plasmid (pcDNA3). ‘‘Cytosolic’’
and ‘‘Nuclear’’ extracts were generated and analyzed (25 mg/
lane) for MDMX protein by immunoblot analysis using the anti-
FLAG M2 primary antibody (Kodak) specific for the 50 epitope of
MDMX. The blots were then processed for chemiluminescence.
The MDMX bands are highlighted by the two arrows.
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containing cell extracts expressing ectopic
MDMX (Fig. 2A). Exposure of the blot to film
and alignment of the bands indicated that the
two forms of MDMX produced by in vitro trans-
lation migrate to the same positions as that
produced by expression in vivo and were there-
fore identical size to the in vitro translated
MDMX proteins. Additionally, since we were
able to detect both MDMX forms using an
antibody specific for the 50 FLAG epitope, and
since the epitope is immediately adjacent to the
ATG, the faster migrating MDMX protein is not
the result of translation initiation from an
internal ATG.

The MDMX protein was also transiently
expressed within Saos2 cells to determine if
there was any cell type specificity of expression
of the two MDMX isoforms. While ‘‘cytoplasmic’’
extracts generated from transfected Saos2 cells
contained the slower migrating MDMX form,
the ‘‘nuclear’’ extracts contained nearly equal
quantities of the two migrating MDMX proteins
(Fig. 2B). The difference in levels of the two
MDMX protein forms between the nuclear and
cytosolic extracts suggests that there may be a
difference in subcellular localization or solubi-
lity of the MDMX proteins.

MDMX Independently Interacts With
Both The zE2F-1 and pRb Proteins

Since only a portion of the MDMX protein was
pulled out of a two-hybrid yeast screen, we
wanted to determine whether a full-length
MDMX protein could interact with a full-length
E2F-1 protein in an in vitro binding assay. We
therefore incubated an equal quantity of 35S-
radiolabeled in vitro translated MDMX protein
with either GST or a GST-E2F-1 fusion protein
bound to glutathione-sephadex beads. The
beads were then extensively washed and the
remaining bound protein was eluted by boiling
the beads in SDS sample buffer followed by
electrophoresis of the eluate on a SDS–PAGE.
The amount of bound MDMX was determined
by exposure of the dried gel to X-ray film, as
shown in Figure 3. A significant proportion of
the MDMX protein remained bound to GST-
E2F-1, yet MDMX did not bind to the GST
control. Interestingly, the faster migrating
MDMX protein bound to GST-E2F-1 with an
apparent higher affinity than the slower
migrating MDMX form.

The MDMX homologue, MDM2, has pre-
viously been shown to interact with the carboxy

terminus of E2F-1 as well as with the pRb and
Dp-1 proteins [Martin et al., 1995a; Xiao et al.,
1995]. Since MDMX and E2F-1 were able to
interact in an in vitro binding assay, we wanted
to determine whether MDMX could indepen-
dently associate with Dp-1 and pRb in the same
assay. As shown in Figure 3, MDMX appears to
bind with a higher affinity to pRb than to E2F-1.
Again, the faster migrating MDMX protein
bound to pRb more efficiently than the slower
migrating form, as was the case with E2F-1. The
data also show that the MDMX protein did not
associate well with the Dp-1 protein. Thus,
MDMX is able to interact with both E2F-1 and
the pRb tumor suppressor protein.

It has been previously shown that the MDM2
protein interacts via its N-terminal p53-binding
domain with E2F-1 [Martin et al., 1995b], which
is homologous both structurally and function-
ally to the N-terminus of MDMX [Bottger

Fig. 3. The MDMX protein independently associates with
E2F-1 and pRb in vitro. Equal quantities of 35S-radiolabeled
in vitro translated MDMX protein, were incubated with either
GST, GST-E2F-1, GST-Dp-1 or GST-Rb bound to sephadex beads
as minibatch columns (50 ml). The beads were washed five times
with buffer and the bound protein was eluted by boiling the beads
in SDS sample buffer. The eluted protein was electrophoresed by
SDS–PAGE, the gels were dried and placed on X-ray film. The
MDMX bands are highlighted by the two arrows. As a control, the
input MDMX protein was electrophoresed in an adjacent lane. As
additional controls, the GST fusion proteins were detected by
Coomassie blue staining of the gel and are highlighted at the
bottom by arrows.
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et al., 1999]. To further characterize the E2F-
1:MDMX interaction, we created a MDMX
mutant protein, termed MDMXd114, which
does not contain the conserved p53-binding
domain, but should contain the E2F-1 interac-
tion region (Fig. 4A). Additionally, we also used
the MDMX-S protein in this same assay.
MDMX-S is an alternatively spliced form of
MDMX that contains only the N-terminal p53-
binding domain (Fig. 4A) [Rallapalli et al.,
1999]. Unlike the full-length MDMX protein,
the in vitro translated MDMX-S and
MDMXd114 proteins migrated primarily as
single bands on SDS–PAGE (Fig. 4B). This
suggests that any modification to MDMX is

dependent upon either a complete protein (i.e.,
it may require both amino and carboxy termini)
or that a domain essential for producing the two
bands is disrupted in both mutants (i.e., is
located near amino acid residue 114).

To determine whether the conserved p53-
binding domain of MDMX or the C-terminus of
MDMX plays a role in the interaction with E2F-
1, we assessed the affinities of MDMXd114 and
MDMX-S for E2F-1 in an in vitro binding assay.
A much greater proportion of MDMXd114
bound to GST-E2F-1 than to GST alone while
only a slightly greater proportion of MDMX-S
remained bound to GST-E2F-1 compared to the
GST control (Fig. 4C). This suggests that the
part of MDMX involved in the MDMX:E2F-1
interaction lies predominantly outside the N-
terminal p53-binding domain, which is consis-
tent with the results of the two-hybrid yeast
screen. By performing the same type of in vitro
binding assay described above, we found that
the MDMXd114 mutant also retained its ability
to associate with pRb, as shown in Figure 5.

It was next important to perform the converse
of the above experiments; to determine whether
MDMX could interact with domains within the
E2F-1 protein. We performed similar in vitro
binding assays as just described, between
radiolabeled full-length MDMX protein and
GST fusion proteins containing either amino
acids 117–241 or amino acids 241–437 of E2F-1
(Fig. 6A,B). The MDMX protein was capable of
interacting with amino acids 117–241 of E2F-1,
but not amino acids 241–437. Interestingly,

Fig. 4. E2F-1 associates with the C-terminal half of MDMX. A:
Schematic diagram of MDMX, MDMX-S and the mutant
MDMXd114. The diagram highlights the p53-binding domain
(black), the region of MDMX isolated from the two-hybrid yeast
screen (grey) and the unique region of MDMX-S that is the result
of a shift in reading frame (white). B: 35S radiolabeled in vitro
translated MDMX, MDMX-S and MDMXd114 proteins were
generated, electrophoresed by SDS–PAGE followed and
detected by exposure of the dried gel to X-ray film. The arrows
indicate the positions of the proteins. C: The in vitro translated
MDMXd114 and MDMX-S proteins were incubated with either
GST alone or GST-E2F-1 bound to sephadex beads as minibatch
columns (50 ml). The beads were washed five times and the
bound protein was eluted by boiling the beads in SDS sample
buffer. The bound MDMXd114 and MDMX-S proteins were
detected by electrophoresis on SDS–PAGE and exposure of
the dried gel to X-ray film. As a control, the GST fusion proteins
were detected by Coomassie blue staining of the gel (stained gel).

Fig. 5. MDMXd114 binds to E2F-1 and pRb. Equal quantities of
35S radiolabeled in vitro transcribed and translated MDMXd114
protein were incubated with either GST alone, GST-E2F-1 or
GST-pRb that were bound to sephadex beads as minibatch
columns (50 ml). The beads were washed five times and then the
remaining bound protein was eluted by boiling the beads in SDS
sample buffer. The MDMXd114 protein was detected by
electrophoresis of the eluate on SDS–PAGE and exposure of
the dried gel to X-ray film. As a control, the input MDMXd114
protein was electrophoresed in an adjacent lane. The arrow
shows the position of MDMXd114.
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amino acids 117–241 of E2F-1 span the DNA
binding domain. Therefore, at least part of the
MDMX:E2F-1 interaction appears coincident
with, or at least in close proximity to, the E2F-1
DNA binding domain.

MDMX Inhibits E2F-1 DNA Binding

Since MDMX associates with the E2F-1
protein near its DNA binding domain, it is likely
that the MDMX protein could affect the affinity
of E2F-1 protein for DNA. We therefore mixed
in vitro translated MDMX protein with the
GST-E2F-1 fusion protein and then performed
gel shift assays to assess any affects of MDMX
on E2F-1 DNA binding. As seen in Figure 7A,
purified GST-E2F-1 is capable of binding a 32P-
radiolabeled DHFR probe containing a consen-
sus E2F binding site; purified GST protein alone
is not able to bind the probe. Incubation of an
E2F-1 specific antibody with the binding reac-
tion resulted in a supershift of the probe
(Fig. 7A), demonstrating that the protein:DNA
complex contains the E2F-1 protein, whereas

addition of a control antibody (against SV40 T
antigen) had no effect on the protein:DNA
complex. To test whether MDMX could affect
E2F binding to DNA, additional gel shift assays
were performed. The addition of in vitro trans-
lated MDMX protein to the binding reaction
greatly reduces the ability of GST-E2F-1 to shift
probe, as shown in Figure 7B, suggesting that
the MDMX protein is capable of inhibiting the
E2F-1:DNA interaction. As a control, reticulo-
cyte lysate alone did not affect the GST-E2F-1:
DNA interaction (Fig. 7B). These data indicate

Fig. 6. MDMX binds an interior region of E2F-1, adjacent to the
DNA binding domain. A: Schematic diagram of E2F-1 depicting
the cyclin A/cdk2 binding, DNA binding, heterodimerization
and the retinoblastoma binding/transactivation domains. The
two regions of E2F-1 that are fused to GST (i.e. residues 117-241
and 241-437) and used in the in vitro association assays are
shown. B: Equal quantities of 35S-radiolabeled in vitro translat-
ed MDMX protein were incubated with either GST alone, GST-
E2F-1(241-437) or GST-E2F-1(117-241), bound to sephadex
beads as minibatch columns (50 ml). The beads were washed five
times, then the remaining bound protein was eluated by boiling
the beads in SDS sample buffer. The eluted MDMX protein was
detected by electrophoresis on SDS–PAGE then placing the dried
gel on X-ray film and is indicated by the horizontal arrows (top
portion). As controls, the GST and GST fusion proteins were
detected by coomasie blue staining of the gel (bottom portion,
diagonal arrows).

Fig. 7. In vitro translated MDMX inhibits E2F-1 DNA binding.
A: Equal quantities of purified GST or GST-E2F-1 proteins were
incubated with a 32P-radiolabeled region of the DHFR promoter
containing a known E2F-1 site. The reactions were electrophor-
esed on a nondenaturing gel and the dried gel exposed to X-ray
film (as shown). GST-E2F-1: Probe complexes (highlighted by
arrows) were confirmed by addition of 1ml of anti-E2F-1 antibody
(Ab-1, Calbiochem), where indicated. The arrows highlight
the band corresponding to the GST-E2F-1:DNA complex, the
position of the supershift and probe alone. A control anti-SV40
antibody (Santa Cruz) was also used in the binding reactions
where indicated. B: Equal quantities of purified GST or GST-
E2F-1 were mixed in a gel-shift binding reaction with 32P-
radiolabelled DHFR probe and either in vitro translated MDMX
protein or control in vitro translated extract (5 ml, where
indicated), then the reactions were electrophoresed on a
nondenaturing gel and the dried gel exposed to X-ray film (as
shown). The arrows highlight the band corresponding to the GST-
E2F-1: DNA complex and probe alone.
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that MDMX has an inhibitory effect on the
binding of E2F-1 to DNA in vitro.

Since MDMX could inhibit the GST-E2F-1
protein from binding to DNA in an in vitro
mixing experiment, we wanted to determine
whether MDMX had the same effect on the DNA
binding ability of E2F-1 when both are
expressed in cells. We therefore transiently
expressed the MDMX, E2F-1, and Dp-1 proteins
in Saos2 cells (Dp1 was coexpressed to get
optimal binding in vivo). The cells were har-
vested, and ‘‘nuclear’’ extracts were generated
which were used in gel-shift assays with the
DHFR probe. Saos2 cells that were transfected
with an E2F-1 expression plasmid alone did not
show any increase in the amount of binding to
probe compared to a control pCDNA3 plasmid
(Fig. 8A). However, the coexpression of E2F-1
with its heterodimer partner Dp-1 enhanced the

amount of binding to the probe (Fig. 8A).
Importantly, the expression of MDMX along
with E2F-1 and Dp-1 reduced the amount of
protein:DNA complex formed, to levels compar-
able to that of the pCDNA3 control extracts.
Coexpression of MDMX with E2F-1 alone did
not alter the level of bound probe from that of
E2F-1 alone. This data indicates the MDMX
inhibits the binding of E2F-1 to DNA in vivo.

Next we wanted to determine whether the
decrease in binding to the DHFR probe, by
MDMX protein coexpression, was the result of a
specific loss of E2F-1 binding to the probe.
We first performed a supershift assay using an
E2F-1 specific antibody added to the binding
reaction, to demonstrate that the increase in
protein binding to the DHFR probe by the coex-
pression of E2F-1 and Dp-1 was due to an in-
crease in formation of an E2F-1:DNA complex.

Fig. 8. MDMX expression inhibits the DNA biding ability of
E2F-1 in Saos2 cell extracts. A: Equal quantities of ‘‘nuclear’’
extracts (5 mg) generated from transfected saos2 cells were
incubated with DHFR probe in a gel shift experiment. Transfec-
tions contained combinations of E2F-1 (5 mg), Dp-1 (5 mg),
MDMX (15 mg) expression plasmids and enough control
pCDNA3 to bring the amount of DNA/sample to 25 mg. The
arrow indicates the position of the E2F-1:DNA complex. B: Equal
quantities of nuclear extracts (5 mg) from control transfected
(pCDNA3) and E2F-1þDp-1 transected saos2 cells were

incubated in a gel shift experiment with and without an anti-
E2F-1 antibody (1 ml, Santa Cruz). The arrow indicates the
position of the supershifted E2F-1:DNA complex. C: Equal
quantities of ‘‘nuclear’’ extracts generated form transfected saos2
cells (5 mg) were incubated with DHFR probe and 50 ng of either
wildtype or mutant unlabeled DHFR competitor DNA. Transfec-
tions contained the expression plasmids that are indicated above
each lane, the total amount of DNA/transfection was 25 mg. The
arrow indicates the position of the E2F specific complex.
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The addition of an E2F-1 specific antibody to the
binding reaction caused a supershift of the
probe in the extracts expressing E2F-1 and
Dp-1, compared to control Saos2 extracts
(Fig. 8B), demonstrating that the increase in
binding is due to an increase in formation of an
E2F-1:DNA complex.

As an additional test, competitor DNA’s were
added to the binding reactions. When a wild-
type competitor (Fig. 8C, top) was added to the
reactions, binding was signficicantlly reduced
in the control, the E2F1/Dp1 and the E2F1/Dp1/
MDMX transfected extracts (Fig. 8C, bottom).
In contrast, addition of a mutant competitor
(Fig. 8C, top) did not affect the relative levels of
E2F binding. In the presence of the mutant
competitor, the E2F1/Dp1 extracts showed
significantly higher protein binding to DNA
than the E2F1/Dp1/MDMX extracts (Fig. 8C,
bottom). These data again demonstrate that the
increase in binding is due to an increase in
formation of an E2F-1:DNA complex.

MDMX Expression Does Not Affect the
Steady-State Cellular Levels of E2F-1 Protein

It has previously been shown that the MDMX
homolog, MDM2, is capable of targeting the
E2F-1 protein for degradation in Saos2 cells
[Loughran and La, 2000]. In order to determine
whether the MDMX-mediated reduction of
E2F-1 DNA binding was the result of a reduc-
tion in E2F-1 protein levels, we performed a
western blot analysis of Saos2 ‘‘nuclear’’ and
‘‘cytoplasmic’’ extracts to measure the relative
E2F-1 protein levels (Fig. 9A). Unlike what
has been reported for MDM2, coexpression of
MDMX with E2F-1 does not reduce the amount
of E2F-1 protein in the Saos2 cell line. In fact if
anything, it appears that MDMX may slightly
increase the steady-state level of E2F-1. There-
fore, the reduction in E2F-1 binding to the
DHFR probe is likely not due to a reduction in
E2F-1 protein levels. In contrast to the above
findings, the expression of E2F-1 did reduce the
amount of steady-state levels of the MDMX
protein, as shown in the immunoblot in
Figure 9B. This indicates that the E2F-1 protein
targets MDMX for degradation as has been
recently shown [Strachan et al., 2001].

DISCUSSION

Here, we have isolated a portion of the MDMX
gene product in a screen for proteins that

associate with the E2F-1 transcription factor.
We have shown that the full-length MDMX and
E2F-1 proteins are able to interact with each
other in an in vitro binding assay. Partial
mapping of the MDMX-binding domain within
E2F-1 revealed an importance for the interior
portion of E2F-1, in close proximity to the E2F-1
DNA binding domain. By an in vitro assay,
residues 117–241 of E2F-1 were identified as
being required for the association. No affinity of
MDMX for the C-terminus of E2F-1 (i.e., amino
acid residues 241–437) was detected. This is in
contrast to MDM2, an MDMX homologue,
which has previously been shown to interact
with the pocket protein-binding domain near

Fig. 9. MDMX expression does not affect E2F-1 protein levels.
A: Saos2 cells were transfected with 5 mg of the expression
plasmids that indicated above each lane (total DNA was 25 mg).
E2F-1 protein was detected in ‘‘cytoplasmic’’ and ‘‘nuclear’’
extracts (25 mg /lane) by immunoblot analysis using an anti-E2F-1
primary antibody (Calbiochem). The arrows indicate the position
of the E2F-1 protein. B: The same saos2 extracts were analyzed
for MDMX expression by western blot analysis using the anti-
FLAG antibody (M2, Kodak) specific for the 50 epitopeon MDMX.
The arrows indicate the position of the MDMX protein.
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the C-terminus of E2F-1. The close proximity of
the MDMX interaction domain to the DNA
binding domain within E2F-1 suggests that the
interaction between the MDMX:E2F-1 proteins
may explain the ability of MDMX to inhibit the
ability of E2F-1 to bind DNA, by both an in vitro
and in vivo assay. It is possible that MDMX
sterically hinders the interaction of E2F-1 with
DNA.

While E2F-1 associates with the conserved
p53-binding domain on MDM2 [Martin et al.,
1995b], we found that the region of MDMX with
highest affinity for E2F-1 is C-terminal to this
p53-binding domain. In this regard, MDMX-S,
an MDMX isoform that contains only the
conserved p53-binding domain, does not associ-
ate well with E2F-1. Yet MDMXd114, which
spans residues 114–489, interacts moderately
well with E2F-1. These data suggest that the
interior part of MDMX is needed for optimal
association with E2F-1. Since the regions
within MDMX and MDM2 that are needed for
association with E2F-1 are distinct, it is likely
that MDMX and MDM2 have different effects
on E2F-1 function, which appears to be the case.

In this regard, we find that the MDMX
protein is capable of inhibiting the binding of
the E2F-1 protein to DNA. The results of in vitro
mixing experiment indicate that inhibition of
E2F-1 DNA binding is a direct effect of MDMX
and not the result of an indirect biological event
such as a change in gene expression or pro-
liferation for example. We also demonstrated
that coexpression of MDMX with E2F-1 in
Saos2 cells is sufficient to reduce the DNA
binding ability of E2F-1, demonstrating that
this characteristic of MDMX is retained in an
in vivo setting.

In terms of the biochemistry of MDMX, the
protein migrates as two distinct bands on a
SDS–PAGE. Interestingly, it was found that
the faster migrating form has higher affinity for
both the E2F-1 and pRb proteins. The two forms
of MDMX were observed when it was expressed
in cells and when it was generated by coupled
in vitro transcription/translation. While we
were unable to identify the cause of the two
forms, we were able to rule out a conserved
alternate translation initiation site, since both
forms were detectable by immunoblot, using an
antibody specific for the amino-terminal FLAG
epitope tag. Further, acid phosphatase treat-
ment of the extracts did not alter the migration
pattern of these two MDMX forms, suggesting

that they are not due to phosphorylation (data
not shown). Additional work will be required to
determine the nature of the modifications that
result in the generation of these two forms of
MDMX and to answer the question as to why
one form of MDMX has a higher affinity for
E2F-1 (and pRb), since it is likely that it is this
form that exerts the negative effect on E2F-1
function.

An additional characteristic of MDMX that
makes it distinct from that of MDM2 is with
regard to its targeted degradation of E2F-1. It is
known for example that MDM2 is capable of
decreasing E2F-1 protein levels in Saos2 cells in
the presence of Dp-1 protein [Loughran and
LaThangue, 2000]. This is likely due to the fact
that the MDM2 protein has been shown to be an
E3 ubiquitin ligase that specifically targets the
destruction of the p53 tumor suppressor. This
function is not conserved in the MDMX protein,
in fact MDMX may block the E3 ubiquitin ligase
function of MDM2 [Sharp et al., 1999]. In this
regard, we show here that coexpression of E2F-1
and MDMX did not lead to a drop in E2F-1
protein levels. In fact, the converse was true,
E2F-1 appears to target MDMX for breakdown
[Fig. 9 and Strachan et al., 2001]. From the data
presented here it appears that E2F-1 and
MDMX negatively affect each other. MDMX
inhibits the ability of E2F-1 to bind DNA and
E2F-1 targets MDMX for degradation.
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