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Recombinant human MDMZ2 oncoprotein shows sequence
composition selectivity for binding to both RNA and DNA
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Abstract. MDM2 is a 90 kDa nucleo-phosphoprotein that binds
P53 and other proteins contributing to its oncogenic properties.
Its structure includes an amino proximal p53 binding site, a
central acidic domain and a carboxy region which incorpo-
rates Zinc and Ring Finger domains suggestive of nucleic acid
binding or transcription factor function. It has previously been
reported that a bacculovirus expressed MDM?2 protein binds
RNA in a sequence-specific manner through the Ring Finger
domain, however, its ability to bind DNA has yet to be exam-
ined. We report here that a bacterially expressed human MDM?2
protein binds both DNA as well as the previously defined
RNA consensus sequence. DNA binding appears selective and
involves the carboxy-terminal domain of the molecule. RNA
binding is inhibited by an MDM2 specific antibody, which
recognises an epitope within the carboxy region of the protein.
Selection cloning and sequence analysis of MDM2 DNA binding
sequences, unlike RNA binding sequences, revealed no obvious
DNA binding consensus sequence, but preferential binding to
oligopurine:pyrimidine-rich stretches. Our results suggest that
the observed preferential DNA binding may occur through the
Zinc Finger or in a charge-charge interaction through the Ring
Finger, thereby implying potentially different mechanisms for
DNA and RNA MDM?2 binding.

Introduction

The MDM?2 oncogene was originally cloned from a spontane-
ously transformed BALB/c 3T3 mouse cell line in which it was
found to be amplified and overexpressed (1,2). p53 can induce
the expression of MDM?2 via transactivation of a p53 binding
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site located in intron 1 of the MDM?2 gene, thereby activating
an auto-regulatory feed-back loop (3-5). Complex-formation
between these proteins targets p53 for ubiquitin-dependent
proteolysis (6). MDM2-p53 complex formation also inhibits the
ability of p53 to transcriptionally activate gene expression (7,8).
Since these early experiments, research has revealed multiple
binding activities, suggesting that MDM2 may be a molecule
capable of a variety of functions. Indeed studies have revealed
that the MDM?2 gene encodes a variety of alternatively spliced
mRNAs, some of which retain transforming activity despite
the loss of sequences from the 5' end of the MDM2 gene that
encodes the p53 binding site (9). Expression of alternatively
spliced forms of MDM2 has been associated with advanced
tumour stage and high histological grade in carcinoma of the
urinary bladder and ovary. In addition to binding and regulating
p53, MDM2 has been shown to bind other proteins which may
modulate or contribute to its transforming/oncogenic proper-
ties. MDM2 has been demonstrated to interact with the human
TATA binding protein (TBP) both in vitro and in vivo in the
absence of p53. This suggests that MDM?2 may have a role in the
regulation of gene expression independent of p53. In addition,
it has been reported that MDM?2 binds and complexes with the
retinoblastoma protein, inhibiting its growth regulatory function
by relieving its suppression of E2F-1 transactivation function
(10). MDM2 can also bind to the E2F1/DP1 transcription factors
and stimulate transcription required for S-phase cell cycle
progression (11). MDM2 has also been shown to interact with
the L5 ribosomal protein associated with 5S ribosomal RNA,
although the function of this complex is unknown (12). Recent
reports show that MDM?2 binds to p73, which has high structural
homologies with p53. This binding complex formation again
impairs the capacity of p73 to act as a transcriptional activator.
Unlike p53, however, p73 is not destabilised by MDM2 (13).
Deletion mapping and sequence analysis have shown that
the 90 kDa MDM?2 nuclear phosphoprotein contains a p53
binding site in the amino terminal region (codons 19-102), a
putative nuclear localisation signal (codons 181-185), an acidic
domain (codons 223-274), a central Zinc Finger motif (codons
305-322) and a carboxy-terminal RING Finger zinc binding
motif (codons 438-478) suggesting a nucleic acid binding and/
or transcription factor function (14,15). Bacculovirus expressed
MDM2 has been shown to bind RNA specifically through the
RING Finger domain of the protein. Furthermore, a single
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amino acid substitution in the RING Finger domain abrogates
the specific RNA binding (16). Although the function(s) of the
RING Finger are still being unravelled, it has been shown to
be required for the degradation of p53 and down-regulation of
intracellular MDM2 levels (13).

The RING Finger has been implicated in specific ubiquitina-
tion events (17), in particular the C-terminal RING Finger region
of MDM2 has been suggested to play a role in the ubiquitin-
proteosome dependent degradation of p53 and of MDM?2 itself
(18). Honda et al have demonstrated that MDM?2 functions as an
E3 ubiquitin ligase for p53 in vitro (6). Tanimura et al have also
shown that MDMX modulates ubiquitin-proteosome dependent
proteolysis of MDM2 by interacting with its C-terminal RING
Finger domain (19). In addition, the RING Finger may also
be involved in protein-protein interactions and DNA-protein
interactions that have as yet to be demonstrated. We have there-
fore examined both the DNA and RNA binding properties of
bacterially expressed full length and C-terminal fragments of
human MDM2. Gel mobility shift assays confirmed the ability
of human MDM2 to bind both DNA and RNA. From our results,
we propose, however, that DNA and RNA binding by MDM?2
are mediated through different mechanisms.

Materials and methods

Cloning of MDM?2 sequences from total cellular RNA and
generation of MDM?2 expression constructs. Methods for these
are described fully in Anderson et al (20). Briefly total cellular
RNA was extracted from sub-confluent mono-layers of CaCo2-
colonic carcinoma cells using the conventional manufacturer
defined RNAzol based extraction protocols (Biogenesis Ltd.,
UK). Full and partial cDNA clones of MDM2 were generated
by RT-PCR and the resulting constructs cloned, transformed
and the inserts sequenced.

Selected inserts were used to generate MDM?2 expression
constructs which were then subsequently employed to make either
a carboxy-terminal maltose binding protein (CT-MBP-MDM?2)
and/or polyhistidine tagged full length (MDM?2-FL) protein for
use in all binding reactions.

DNA binding studies: Selection of oligo-nucleotides corre-
sponding to the putative MDM?2 DNA binding site. A
modification of the method of Pollock and Treisman was
applied to amplify, enrich, select and identify sequence
preferential DNA:protein interactions (21). This involved
protein-DNA complex formation, column chromatography,
PCR and sequencing. Briefly, selection began by synthesising
a 26 base random oligonucleotide (A/G/C/T),s, flanked by
sequences incorporating EcoR1 and BamH]1 restriction sites
in regions corresponding or complementary to the primers
PF (5'-GCTGCAGTTGCACTGAATTCGCCTC-3") and PmR
(5'-GCTGTCGTACGCGACTTGACTGGAC-3"). This facili-
tated generation of a product corresponding to the R76 product
described by Pollock and Treisman (21). A *?P radiolabelled
source of this product was prepared by PCR utilising PF and
PmR primers in reactions in which an aliquot of the full R76
oligo-nucleotide served as the template. Reactions (10 ul) were
established incorporating 18 pmols of each primer, 200 pM
dATP, 5 ul of [a-**P]-dATP (3000 Ci/mmol), 500 uM each of
dCTP, dGTP and dTTP, 10X standard reaction buffer, 0.5 units
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of Thermoprime plus DNA Taq polymerase and 0.5 ng of the
template. PCR cycling conditions were defined as: i) denatur-
ation 93°C for 5 min in initial round, 1 min in all subsequent
rounds. ii) Primer annealing 72°C for 1 min iii) primer exten-
sion at 72°C for 5 min. Steps i) to iii) were repeated 14 further
times. The radio labelled product was then purified by PAGE
gel extraction and eluted in 400 pl of TE. This was then used as
the starting material in the first of further successive rounds of
DNA binding site selection and chromatographic purification.
Each round of selection involved amplification and labelling of
the enriched R76 sub-species selected by the binding process.
All binding reactions were performed in reaction volumes of
15 pl and comprised 2.5 ug of the CT-MBP-MDM?2 protein,
3.2 ul of D, buffer (5 mM HEPES pH 7.9, 20% glycerol, 2 mM
Mg Cl, 1 mM DTT, 0.1 uM ZnCl,, 0.2 mM EDTA), 500 mM
KCl, 250 ng Poly (dIdC) and 16 pug of BSA. These reactions
were first incubated on ice for 10 min prior to the addition of
2 pul of the labelled R76n DNA from successive rounds of selec-
tion (R76 plus n where n = the number of rounds of selection
after elution of nucleotides bound to MDM?2 using amylose
chromatography). These reactions were then incubated for a
further 10 min at room temperature.

Chromatographic purification of DNA: protein complexes.
Amylose column chromatography was used to purify DNA -
protein complexes at each round of selection. This was achieved
by first adding 88 ul of column buffer (10 mM phosphate, 0.5 M
NaCl, and 1 mM NaN,) supplemented with Tween 20 to a final
concentration of 0.25% v/v. This mixture was subsequently
loaded onto an equilibrated amylose resin purification column.
The DNA protein binding reaction mixture was collected and
re-loaded onto the column five times to ensure maximum
binding to the amylose. After this procedure the column was
washed with three column volumes of standard column buffer
plus Tween to limit non-specific binding. Prior to elution,
the bound complexes were further washed with five column
volumes of standard column buffer in the absence of Tween.
Complexes were eluted with a solution of standard column
buffer augmented by the addition of 10 mM maltose. Four
3 ml fractions were collected on elution. Each was then ethanol
precipitated, amplified by PCR and PAGE purified as described
above. The process of successive rounds of amplification and
selection of DNA:protein complexes by amylose column chro-
matography was repeated in all seven times to give 7th round
selected DNA.

Gel mobility shift analysis and further selection of DNA
sequences binding to MDM?2. DNA binding reactions were
performed using a modification of the method described above
using 7th round selected DNA and 10 mg of full length-poly
histidine tagged recombinant protein and incorporating excess
Poly (dIdC) (1000 ug) to restrict non-specific binding. Control
reactions were also constructed in which the protein was omitted
from the reaction mix. After completion of the reactions 2 ml
aliquots of loading buffer were added to test and control binding
reactions, which were then analysed in parallel on continuous
5% PAGE-TBE gel (30 V-4h at 4°C). Labelled DNA was then
visualised by Phosphor-imaging and the mobility of the selected
nucleotides compared in the presence and absence of recom-
binant MDM2 protein. The shifted band, corresponding to a
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DNA:MDM2 complex, was excised and eluted from a gel in
200 ml TE buffer. A sample of this extracted material was then
amplified by PCR, utilising RF and PmR primers. Nine addi-
tional successive rounds of gel purification from mobility shift
gels were performed to yield the final product (7+10 selected
DNA).

Prior to cloning and sequencing the final oligo-nucleotide
product, an additional series of experiments were performed to
further ensure the specificity of the DNA:MDM2 binding. In
these experiments micro-columns of Protein G were saturated
with anti-MDM?2 monoclonal antibodies (F4-14 and F2-2)
which were used to absorb MDM?2 protein from the full length-
MDM?2 preparation used routinely in mobility shift assays (20).
This absorption procedure was shown to successfully remove
MDM?2 protein from the preparation to a point where it proved
undetectable using a combination of PAGE and silver staining.
The absorbed material was then included as a control alongside
unabsorbed material in a series of mobility shift assays. In addi-
tion a final negative control for any effects of the histidine tag
was included in band shifts, which consisted of a preparation
of poly-histidine-tagged cyclin D1 as an arbitrary non-DNA
binding protein prepared in exactly the same manner as the full-
length MDM?2 protein.

Cloning and sequencing of putative MDM?2 DNA reactive sites.
The enriched MDM2 DNA binding sequences (7th or 7+10)
were PCR amplified using the PF and PmR primers as described
previously. The resulting PCR products were cloned into the
pCR3.1™ vector using the TA cloning system (Invitrogen)
following the manufacturers protocol. Constructs were then
transformed into E. coli-INVaF, and established transformants
subsequently grown on solid selective agar media incorporating,
ampicillin and x-gal. Ampicillin resistant transformants were
screened for inserts by PCR using SP6 and T7 primers (both
sites being present in the pCR 3.1 cloning vector). Clones
containing inserts of the appropriate size were PCR amplified
using PF and PmR primers in the presence of **P-dATP and the
MDM?2 binding activity of the products analysed in gel mobility
shift assays against the full length MDM?2 protein. The PCR
products showing MDM?2 binding activity were then directly
sequenced. All reactions were performed in accordance with
the manufacturers protocol (Amersham Sequenase 2.0) and
the sequences with detectable binding activity comparatively
aligned using Clustal W, Blast and DNAStar software.

RNA binding studies. Experiments were performed to establish
and confirm both the RNA and p53 binding capacity of the
bacterially expressed full length polyhistidine tagged MDM2
product employed in our binding studies.

Creation of an RNA probe corresponding to the reported
MDM?2 RNA binding site target sequence. A DNA oligo-nucleo-
tide termed T7EBSp6 containing a 30 nucleotide sequence
corresponding to the published RNA consensus sequence (16),
together with flanking sequences incorporating T7 and SP6
promotor sites, was synthesised on an ABI 392 RNA/DNA
synthesiser: (5"TGTAATACGACTCACTATAGGGCGAAC
CGCCGGAUCUUAAAUAAACUCCUGGUCUAGTTTCTA
TAGTGTCACCTAAAT-3") (20). This synthetic oligo-
nucleotide acted as the template to allow synthesis of a dSDNA
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intermediate which would facilitate in vitro transcription and
32P-UTP labelling of the desired RNA probe. The above-
purified dsDNA as well as a randomised control cassette of
50 nucleotides (N50) was used as a template to enable creation
of the desired RNA probes [Ampliscribe SP6 in vitro transcrip-
tion system, supplying a-**P-UTP (400 Cimmol") as well as
unlabelled CTP, GTP and ATP (Promega, USA, Ltd.)].

The resulting ribo-probes were treated with DNAse I for
30 min at 37°C, phenol extracted and the RNA precipitated with
5.2 M ammonium acetate pH 4.8 in ethanol (plus linear acryla-
mide as a carrier). Probes were pelleted at 14,000 g, washed
with 70% ethanol, re-pelleted and re-suspended in 10-20 ul
of DEPC treated water. Subsequently, the concentration and
specific activity of the probe was determined prior to use in
RNA:MDM2 binding assays as described below.

RNA:MDM?2 binding assays. Full-length recombinant
MDM?2 protein (5 mg) was incubated together with 0.2-0.5 ng
(100,000 cpm) of either of the above-labelled ribo-probes in a
reaction volume of 15 ml. Sequentially the probe was diluted in
the appropriate volume of binding buffer (0.2 mM EDTA, 2 mM
MgCl,, 0.5 mM DTT and 0.5 mM PMSF in PBS), heated to
70°C, and cooled to 30°C. After addition of the protein, binding
reactions were allowed to proceed for 15 min at 23°C, after which
20 U of RNAse T1 was added to digest unprotected RNA. After
5 min at room temperature, 50 mg (1 ml) of calcium heparin was
added to reduce non-specific binding. Following a further 5 min
period, reactions were chilled. The RNA moiety, was then cova-
lently linked to the protein by UV irradiating the RNA:MDM?2
complexes (720 sec in a standard Stratagene-Stratolinker).
Finally the reaction mixture was incubated at 37°C with 20 U
of RNAse for 10 min. At this point binding reactions were
taken up in dissociation buffer and resolved by PAGE alongside
probe treated in the same way, but in the absence of MDM2.
Labelled products and their relative mobilities were visualised
by Phosphorimaging. In a series of controls, the protein moiety
was digested, after binding, with Proteinase K confirming the
protein dependency of RNA binding. Controls lacking MDM?2
protein in the initial incubation and post UV digestion phases
were also included.

RNA:MDM? super-shift assays. Super-shift assays were carried
out to further test the MDM?2 specificity of the binding activity
inferred by the mobility shift assays. RNA binding assays were
performed with the following modification: prior to incubating
the protein with the radio-labelled oligo-nucleotide, a standard
concentration of protein (5 ug full length recombinant MDM?2)
was incubated with increasing concentrations (0.01 to 1.8 pug)
of one of the two immuno-affinity purified MDM?2 specific
monoclonal antibodies F4-14 and F2-2 (20). Controls were also
established in which the protein was reacted with PBS alone
or with an equivalent concentration of an antibody shown not
to cross-react with recombinant MDM?2. This antibody had
been raised in our laboratories against cyclin D1 (22). Antibody:
protein complexes were allowed to form over 2 h at 4°C.
Subsequently, binding reactions were analysed by non-dena-
turing Tris-Glycine (4-20% T 2.6% C) PAGE and discontinuous
denaturing PAGE (23% T plus 18% urea denaturant). Optimum
results were obtained with conventional reducing SDS loading
buffer supplemented with 54% urea.
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Figure 1. Coomassie stain of MBP-MDM?2 and His tagged FL-MDM?2 protein
and Western blotting using monoclonal anti-MDM?2 antibodies F2-2 and F4-14.
Features shown are: (A) Coomassie blue stain of MBP-MDM?2 and His-FL
MDM2: Track 1, molecular weight markers; 2, MBP-MDM?2; 3, His tagged
FL-MDM2. (B) Western blotting of MBP-MDM?2 and His-FL. MDM?2 probed
with MAb F2-2. Track 1, MBP-MDM2; 2, His tagged FL-MDM?2. (C) Western
blotting of MBP-MDM2 and His-FL. MDM2 probed with MAb F4-14. Track 1,
MBP-MDM?2; 2 His tagged FL-MDM?2.

Transcript-T7EBSP6  + F o= = =

Transcript T7N50SP6 - s = B Bood
Proteinase K = + - -+ -
FL-MDM2 O . W
Transcript- _
T7EBSP6-FL MDM2
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Figure 2. Demonstration of RNA binding of recombinant bacterial FL-MDM?2
and obligate dependence of binding upon the presence of the protein. Features
shown are: Track 1, transcribed and labelled RNA from the T7TEBSP6 construct
(Elenbaas consensus sequence) reacted with FL-MDM?2; 2, FL-MDM?2 protein
post digestion with proteinase K; 3, mock reacted with Tris/HCI; 4, randomised
RNA sequence reacted with FL-MDM?2 protein; 5, FL-MDM?2 protein post
digestion with proteinase K; 6, N50 random 50 mer transcript control.

Enzyme linked immunosorbent assay (ELISA). ELISAs were
performed in accordance with, or as modifications of our conven-
tional protocols (22). These various adaptations involved the use
of different ligands as capture antigens, or capture antibodies.
Thus variations were employed which allowed: i) determina-
tion of antibody concentrations with reference to standard
sub-type specific titration curves. ii) Assessment of interac-
tion of monoclonal antibodies with MDM2 or MDM2:nucleic
acid complexes. Although the nature of the capture antibody
immobilised on the solid phase of the plate varied in each of
these assays, the same alkaline phosphatase conjugated rabbit
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FL-MDM2 __
bound DNA -

Free __
unbound DNA
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Figure 3. Binding of MDM2 selected DNA sequences (7th round selected
sequences) to MDM2 in comparison to binding to control protein preparations.
Features shown are: Track 1, MDM2 selected binding sequences reacting with
FL-MDM?2 protein; 2, with protein from lysates of bacteria transfected with
pET 15b alone; 3, with protein from lysates of bacteria transfected with pET
15b-cyclin D1; 4, with Tris-HCI (no protein control).

anti-mouse immunoglobulin (KPL Laboratories) was employed
(1/10000) throughout. The chromagenic substrate employed in
all experiments was p-nitro-phenol-phosphate (PNP) in alka-
line phosphatase buffer. Reactions were halted with sodium
hydroxide and binding of the conjugate to each target complex
was visualised by cleavage of PNP, monitored by absorbance
measurement at 590 nm.

Results

Purification of MBP-MDM and FL-MDM?2 proteins. MBP-
MDM?2 and FL-MDM?2 recombinant protein products were
each successfully extracted using the described protocols. The
purity of the final samples was established by a combination of
PAGE and Western blotting using F2-2 and F4-14 antibodies
(Fig. 1) (20).

RNA binding of the poly-histidine tagged full length MDM?2
protein. Previous studies have shown that bacculovirus
expressed MDM?2 binds both L5/5S ribosomal ribo-nucleo-
protein particles and specific RNA sequences or structures via
the RING Finger domain. This subsequently led to the identi-
fication of an MDM2 RNA binding consensus sequence (16).
To confirm our bacterial FL-MDM?2 displayed similar RNA
binding activity, an oligo-nucleotide containing the 30 mer RNA
consensus sequence flanked by Sp6 and T7 promoter sequences
(T7EBSp6) was synthesised and labelled alongside the control
population of random N50 RNA (16). Binding and gel retarda-
tion assays show that the bacterial FL-MDM?2 protein bound
the T7TEBSp6 consensus sequence (Fig. 2; lane 1). RNA binding
was dependent upon the presence of the protein. Omission of
protein or pre-digestion of protein with Proteinase K prior to
binding completely abrogated specific RNA mobility shifts
(Fig. 2,lanes 2 and 3). Furthermore, binding was correlated with
protein concentration (data not included).
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anti-poly-histidine MAb
- - - Mock Immuno-absorbtion (beads alone) - - - -
220 kDa —
(A) (B)
97.4kDa — gy FL-MDM2 — . |
bound DNA band
66 kDa — -
46 kDa —
30 kDa— b —
21.5kDa —
14.3kDa — =

1 2 3 4

Silver stained polyacrylamide gel demonstrating
immuno-absorbtion of MDM2 recombinant protein
preparations

1 2 3 4

Mobility shift assay demonstrating the effect of
immuno-absorbtion of MDM2 protein upon DNA
binding

Figure 4. Depletion of specific MDM?2 DNA binding capacity, with different immunoabsorbants. Features shown are (A) Track 1, molecular weight markers; 2,
recombinant poly-His tagged FL-MDM?2 protein; 3, Poly-His tagged FL-MDM?2 protein post immuno-absorption with immobilized anti-MDM?2 monoclonal
antibodies F2-2 and F4-14; Track 4, Poly-his tagged FL-MDM?2 protein post immuno-absorption with immobilized anti-poly-histidine monoclonal antibody. (B)
Track 1, DNA binding clone 7B3 reacted with Tris/HCI; 2, with FL-MDM?2 protein; 3, with FL-MDM?2 protein post-absorption with immuno-absorbent beads
coated with anti-poly histidine monoclonal antibody; 4, with Tris/HCl itself mock absorbed with anti-MDM?2 (F2-2 and F4-14) coated immuno-absorbent beads.

Antibody (mg) pre-incubated with protein prior to binding

0 0 134 1.34 0.1340.013413.4 1.34 0.134 0.0134
Ab-F4-14
T7EBSP6
FLMDM2 + - + + + &+ - . .

MDM2 MAb - - + + + + + + + +

Ab-F2-2 E 2

0 0 180

1.8 0.18 0.018

1.80 0.18 0.018 18.0

Figure 5. Inhibition of MDM2 RNA binding, by serial dilutions of anti-MDM2
monoclonal antibodies F4-14 and F2-2. Features shown are in vitro transcribed
and *?P-UTP labelled RNA from the T7TEBSP6 construct, reacted with 0.5 ug
FL-MDM2 protein following pre-incubation with serial dilutions of anti MDM2
antibodies F4-14 (upper gel) or F2-2 (lower gel).

A degree of protein binding was evident when FL-MDM?2
protein was reacted with the random 50 mer (Fig. 2, lane 4).
However, this protein dependent binding (lanes 5 and 6), was
quite distinct from the specific binding between FL-MDM?2 and
the T7EBSp6 consensus sequence and may reflect a degree of
non-specific RNA:protein interaction.

DNA binding of the maltose binding protein (MBP)-MDM?2
chimera. While the C-terminal region of MDM?2 with its Ring
Finger regions has been shown to bind RNA (16), its potential
DNA binding properties have not been established. We found
that the MBP-MDM2-(aa 708-1473) chimera bound a subset of
the random radiolabelled DNA sequences from the primary R76

R76

Shifted
band —

Labelled
DNA

Figure 6. Cloned DNA sequences showing differential binding to recombinant
FL-MDM2 protein, after A, initial selection (7th rounds); B, secondary selec-
tion (7+10); R76, random pool.

preparation. Sequences from the original random R76 sequences
were enriched for MDM2 binding by successive rounds of
MBP-MDM?2 binding amylose column chromatography and
PCR amplification. This process yielded a subpopulation of
DNA sequences enriched on the basis of their MDM2 binding
capacity (7th round selected). The increased specificity of the
observed oligonucleotide/MDM?2 binding was indicated by
the reduced ability of progressively higher concentrations of
poly-dIdC to inhibit binding of the unselected R76 sequences
compared to little or no effect with the same concentrations
on the selected sequences (data not shown). The DNA binding
to the MBP chimera was protein dependent and not due to the
MBP component.
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Table I. Comparative alignment of DNA binding sequences.
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Sequence 5'-Nucleotide-3' u/y Binding affinity
Consensus sequence ATAAAGAACCAAGATTAGTAAAGGGGX 21/26

Empirical sequence UYUUUUUUYYUUUUYYUUYUUUUUUU 21/26

3BCON GAAAAGAACCAAGAGGTGTATGTGGG 19/26 Strong
19A GGTAAATACAAGAGTAACTAGAGGTG 19/26 Strong
7B3 TTCAATTATTGTACTCAAGGAGAGAG 15/26 Strong
29BF AGACGAAACAAAACGTAACCAGTTGG 19/26 Strong
28BF ATAAAGGCTGAAGTACTGGAGAGGGGG 21/27 Strong
20A1 AGAAAGAGCGGTATAGAGCTAGGCAA 20/26 Weak
9BF ACTGTGGTTCTTGTATACGTTACGAT 11/26 Weak
6BF GTTTGAAGACTGTACAGGAGACTGGA 17/26 Weak
IBF GCAGGTGCGAAAGAGTTGTATAGGTG 18/26 Weak
17BF ACAATACCATTAGATGGACAGAGCAA 17/26 Weak

DNA binding of the poly-histidine tagged full length MDM?2
protein. In the mobility shift assays with the MBP-MDM?2
chimera it was observed that the bound complexes displayed
very low mobility, being retarded in the extreme upper (well)
portion of the gel. This very low mobility appeared to be related
to the high molecular weight of the MBP chimera. A full-length
poly-histidine tagged MDM?2 protein was therefore used instead
of this chimera. This protein, like the MBP-MDM?2 chimera,
showed significant DNA binding. Further rounds of extraction
and amplification, as described, led to the isolation of sequences
exhibiting even greater binding efficiency to FL MDM2 protein
(7+10 selected DNA). This binding again was protein dependent
and unrelated to the presence of the poly-histidine tag. Control
protein preparations including protein extracts from lysates of
IPTG induced broth cultures of E. coli BL21-DE3 transformed
with (a) the pET 15b vector alone or (b) pET15b vector containing
the coding sequence of a protein unrelated to MDM?2, in this
instance cyclin DI1. In DNA binding/mobility shift assays, in
contrast to the FL-MDM?2 protein, both control lysates failed to
bind the selected DNA (Fig. 3).

Finally, immuno-absorption was used to further confirm
that the observed DNA binding was MDM?2 specific. Initially
both absorbed and pre-absorbed protein samples were resolved
by SDS-PAGE and silver staining confirmed the efficacy of
immune-absorption (Fig. 4A). These fractions were then used
in corresponding DNA binding reactions. Specific immuno-
absorption of MDM2 (Fig. 4A, tracks 3 and 4) corresponded
with failure to bind selected DNA (Fig. 4B, tracks 3 and 4).

Comparison of DNA and RNA binding. The bacterially expressed
FL-MDM?2 protein displayed both DNA and RNA binding
activities. A series of blocking experiments were performed
employing monoclonal antibodies in order to further affirm
the protein specificity of each of the protein:nucleic acid inter-
actions observed.

Cloning and sequencing of the DNA oligonucleotide binding
MDM?2. To determine if there was a DNA binding consensus
sequence or any defined regular sequence patterns were present

in the population of enriched MDM?2 DNA binding sequences,
these as well as control unselected random pool R76 sequences
were amplified and cloned into pCR3.1 as described. The
sequences corresponding to the inserts within these clones
were subsequently amplified radiolabelled and their binding to
FL-MDM2 was evaluated in mobility shift assays. Comparison
of the results of these binding assays showed that these cloned
sequences possessed a range of different binding affinities
for MDM2 (Fig. 6). Selected DNA clones, with inserts which
when amplified by PCR exhibited a range of MDM2 binding
activities, were sequenced and the results comparatively
aligned using Clustal W, Blast and DNASTAR software.
Among the high affinity sequences analysed regular runs of
polypurines:polypyrimidines were evident throughout (21/26
purines), although complete sequence concordance was not
observed (Table I). While no classic DNA binding consensus
sequence was observed, polypurine runs (polypyrimidine on
the complementary strands) appeared to be generally selected
for and particularly characteristic of clones with high binding
affinity.

Discussion

Although attention has mainly focused on the function of
MDM2 as a negative regulator of the pS3 tumour suppressor,
the structure of the C-terminus of MDM?2, which includes
acidic, Zinc Finger and Zinc RING Finger domains, suggests
that the human onco-protein MDM2 may possess nucleic acid
binding or transcription factor function. It has been found
that bacculovirus expressed MDM?2 protein ‘binds the L5/5S
ribosomal ribo-nucleotide particle and can also bind specific
RNA sequences and structures’. These interactions appear to be
mediated through the RING Finger Domain of the protein, and
has led to the identification of a consensus RNA sequence (16).

To date DNA binding properties of the MDM?2 protein
have not been described. The present study investigated and
compared the ability of bacterially expressed MDM?2 protein to
bind both the reported consensus RNA sequence and explored
its capacity to bind DNA. Cloning and expression of partial
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(MBP-MDM?2) and full length MDM2 (FL-MDM?2) cDNAs,
together with the subsequent purification procedures, provided
proteins for these binding studies.

Purified FL-MDM?2 protein bound avidly in a sequence,
and protein-dependent manner to the previously reported
T7EBSp6 RNA consensus sequence (16). Although a degree
of RNA binding was evident when this protein was reacted
with the random 50 mer, this appeared distinct in character,
more consistent with a non-specific RNA:protein interac-
tion. RNA binding inferred conformational integrity of the
FL-MDM2 preparation, which in other studies we have also
shown to bind p53. DNA binding studies employed both an
MBP-MDM2-C-Terminal chimera as well as the poly-histidine
tagged FL-MDM2 protein to select reactive DNA sequences.
Binding of both the MBP-MDM2 and MBP-MDM?2/
FL-MDM?2 selected sequences proved robust and specific, as
complex formation was observed in the presence of high levels
of poly-dIdC competitor. The dependence on protein integrity
and conformation for both MDM2:DNA and MDM2:RNA
complex formation was demonstrated by its sensitivity to
Proteinase K digestion and heat denaturation. DNA binding
was also shown to be independent of either the MBP or poly-
histidine tags or PCR reaction components. No binding was
evident in control reactions, which included: MBP alone,
or proteins prepared from lysates of cells transfected with
pET15b alone or a pET15b-cyclin D1 expression construct (a
protein known not to possess significant DNA binding activity).
Additionally, immunoabsorption of FL-MDM?2 with MDM?2
specific monoclonal antibodies linked to Sepharose was found
to eliminate the DNA and RNA binding activity of MDM?2
protein preparations.

RNA and DNA binding, respectively, may involve different
domains of the protein. Antibodies F2-2 and F4-14 (N-terminal
reactive) inhibited RNA binding, although to different degrees.
Epitope mapping using short random fragments of MDM?2
(40-50 nucleotides), expressed utilising the pScreen vector/E. coli
system, indicated that antibody F2-2 recognised what appeared
to be a discrete amino acid sequence between amino acids 210
and 235 (core comprising amino acids 220 to 229). In contrast,
antibody F4-14 appeared to recognise a discontinuous epitope
with clusters of contact residues present between amino acids
146 and 160 as well as 212 and 224. Thus no contact residues
of either antibody Complementary Determining Region (CDR)
lie within the RING Finger Domain mapping between amino
acids 238 and 278. Inhibition is most likely to be a result of steric
hindrance rather than direct competition between antibody and
RNA consensus sequence for contact residues. In contrast to
the effect upon RNA binding, additional ELISA experiments
suggested that neither antibody interfered with DNA binding,
and both antibodies retained their ability to bind to MDM2 when
it was complexed to DNA. Together these observations suggest
that MDM2:DNA interaction occurs at site(s) away from the
NLSs, N terminal portion of the Acidic Activation Domain and
the RING Finger Motif.

On cloning and sequencing the selected DNA PCR prod-
ucts that bound MDM2, a heterogeneous series of sequences
were identified, which displayed varying binding affinities
for FL-MDM2. All cloned sequences, including high and low
affinity clones, were comparatively aligned using BLAST and
Clustal W software. All clones possessed high proportions of
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polypurine/polypyrimidine tracts. However, while polypurine
runs were particularly characteristic of clones with high binding
affinity, no complete sequence concordance or consensus
binding sequence was evident amongst them. These findings
contrast starkly to those obtained in reported studies of RNA
binding where high sequence homology was apparent among
MDM2 binding RNA clones with differences being observed
in only 2-5 nucleotides (16).

Protein:nucleic acid and protein:protein interactions are
known to be involved in many cellular processes including:
transcription, regulation of cellular differentiation, transfor-
mation and ubiquitination in protein degradative pathways.
These protein interactions are facilitated by a number of
specialised structures including classic Zinc Finger motifs as
well as the more recently characterised C;HC, zinc binding
domain or RING Finger motif which takes its name from
the gene in which it was first identified namely the human
RING 1 gene (23). Classic Zinc Fingers were first described
in the Xenopus TFIITA transcription factor, in which nine
such motifs were observed in tandem (24). These motifs were
subsequently found to function both as specific RNA and
DNA binding modules with recognition occurring by means
of distinct mechanisms. This is particularly intriguing, as we
demonstrate RNA binding through the RING Finger motif and
cannot exclude the possibility of the involvement of the classic
Zinc Finger or the RING Finger in MDM2:DNA binding.
RING Finger Domains have been identified in a number of
proteins with oncogenic potential (25,26). These proteins
include the PML onco-protein, the bacculovirus inhibitor of
apoptosis IAP proteins (27), Mel 18 associated with murine
melanoma (8) and finally the breast cancer susceptibility gene
BRCA-1 (28). While it has been shown that RING Finger
domains can bind to synthetic DNA oligonucleotides and/or
DNA cellulose in a zinc dependent manner (23,29) sequence
specific examples have not been described. Thus if the DNA
binding observed in our studies does involve Zinc or RING
Finger Domains, the absence of a specific consensus DNA
binding sequence is consistent with the above observations. It
is possible that binding may occur as a result of charge interac-
tions through the positively charged RING Finger.

As mentioned previously, the RING Finger domain of
the Mel 18 protein has been found to bind oligonucleotides
in a sequence-independent manner. However, studies have
also shown that the Mel 18 protein can also bind DNA in a
sequence dependent manner, although the RING Finger
appears not to be implicated (26). Although we found no
highly specific DNA consensus recognition sequence, the
occurrence of a high proportion of regular runs of purine/
pyrimidine was apparent in the MDM2 binding clones. This
suggests that binding involves a degree of selective binding
to polypurine/pyrimidine tracts of DNA, perhaps reflecting a
specific functional role. This observation complements that
made previously, which demonstrated that MDM?2 would bind
and co-precipitate homo-ribopolymer-G, i.e. a homo-ribo-
pyrimidine (16). Direct comparison of the results of previous
research and the present study must be performed with caution,
as much previous work has relied upon immuno-precipitation
studies, rather than direct binding assays such as the mobility
shift assays and selection used in the present study. The results
of immuno-precipitations rely on the reactivity of the antibody
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with the protein:nucleic acid complex as well as the native
protein.

Homopurine/pyrimidine tracts have been identified in the
promoter regions of a number of distinct genes that are often
associated with growth control functions. One such region has
been identified in the promoter of the PDGF a chain (30). Other
examples include Myc, and Myc-N. Thus it is conceivable that
motifs similar to that observed in the present study may exist
in promoters of other genes. MDM?2 binding to such promoter
sequences may allow modulation of downstream gene expres-
sion.

The research presented in the present report did not seek
to define the amino acids on MDM?2 that binds to nucleic acid.
However, previous research shows RNA binding to occur
through the RING Finger and our present research shows that
antibodies F4-14 and F2-2 may sterically inhibit this binding
to RNA. These same antibodies did not interfere with DNA
binding, implying that this binding does not involve the RING
Finger, although this possibility cannot be completely excluded.
Evidence in the literature indicates Zinc Finger motifs to be
associated with DNA binding. Thus, MDM2 may show some
similarities to binding of DNA by the Xenopus TFIIIa protein
where classic Zinc Fingers are involved in DNA binding as well
as RNA binding. The MDM?2 protein contains tandem carboxy
proximal Zinc Fingers of the C2H2 and C4 classes and the
possibility remains that these sequences may be involved in
the observed DNA binding. This hypothesis and the mapping
of the MDM?2 protein:DNA binding sequences would be of
interest to investigate further. Increasing numbers of research
papers suggest that RING Finger motifs, in contrast to the
classic Zinc Fingers, are more often involved in protein:protein
interactions. Examples include the BRCA-1 gene that possesses
a RING Finger domain, which binds the BARD-1 and BAP1
proteins (31,32). Such proteins are known to exhibit a number
of ubiquitin-dependent regulatory activities in their own right
including: transcription, chromatin re-modelling, cell cycle
control and DNA repair. The MDM2 protein has been shown
to fulfil a role in ubiquitin-dependent regulatory processes
and acts as a zinc-dependent E3 protein ligase involved in p53
degradation (33), but it is also regulated through the RING
Finger Domain (19,34). p14**F and MDMX both bind to the
MDM2 RING Finger. While p14**F inhibits MDM?2 ubiquitin-
dependent ligase activity so inhibiting p53 degradation, MDMX
inhibits ubiquitin-dependent proteosome-dependent degrada-
tion of MDM2 itself. In a mutational analysis of the Ring finger
domain of MDM2 Singh et al have found that MDMX can effi-
ciently rescue both ubiquitin and Nedd8 ligase activity of these
ring finger mutants (35). Since the interaction between MDM?2
and MDMX is more stable than MDM?2 homo-dimerisation this
suggests that MDM2-MDMX complexes play a prominent role
in p53 ubiquitination in vivo. Additional studies by Giglio et al
have shown that the oncogenic isoform of MDMX, MDMX11
binds and stabilises MDM2 (36). Although MDMX11 lacks the
p53-binding site it stabilises pS3 by counteracting its degrada-
tion by MDM?2. These observations confirm the importance of
the role of both the homomeric MDM2-MDM?2 complexes as
well as the heteromeric MDM2-MDMX, and the interactions
with MDM?2 and isoforms of MDMX, in the ubiquitination
mediated p53 degradation pathways. In addition, Linares et al
have found that the presence of nucleic acids (homo-polymeric
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poly-riboncleotides and poly-deoxyriboncleotides) inhibits both
the E3 activity of MDM2 and the ability to form homodimeric
complexes, providing a novel mechanism by which MDM2
mediated ubiquitination processes can be regulated (37). While
they found no difference between efficiency of DNA and
RNA homo-polymers in their ability to inhibit E3 activity, the
consensus RNA binding sequence may well be more physi-
ologically significant than initially thought. Our identification
of clones of DNA sequences with differential binding to MDM2
begs the question as to their possible role in the modulation of
ubiquitination, along with the Elenbaas consensus RNA binding
sequence. Future research into modulation of ubiquitination
by these nucleic acids may provide useful information for the
design and use of therapeutic approaches directed against the
function of MDM2.

MDM2 is also regulated by ribosomal proteins, which bind
to the central acidic domain and inhibit its E3 ubiquitin ligase
activity. Lindstrom et al have recently shown that cancer asso-
ciated mutations in the central zinc finger domain disrupt the
interaction of MDM2 with the ribosomal proteins L5 and L11
and attenuate MDM?2 induced p53 degradation, illustrating the
importance of both the Zinc and Ring finger structures in the
ubiquitination, MDM?2/p53 degradation pathways (38).

The bacterially expressed human MDM?2 protein investi-
gated in this study showed selective binding to DNA sequences
rich in polypurine/pyrimidine tracts. Research on a wide range
of DNA binding proteins has shown that DNA binding may
be regulated/modulated by phosphorylation (39,40). MDM2
possesses a number of consensus phosphorylation sites, the
majority of which are serine-containing sites, although threo-
nine and tyrosine sites are also present. A number of these sites
reside in the Classic Zinc Finger as well as the RING Finger
regions. It would therefore be of interest to explore the potential
effect that phosphorylation/dephosphorylation of these sites
within different sub-cellular compartments may exert upon
MDM?2 binding of both DNA and RNA.

In summary, we have shown that a bacterially expressed
MDM?2 protein binds both RNA and DNA. This result supports
the finding that MDM2 binds RNA and that this interaction
occurs in a sequence-dependent manner involving the RING
Finger Domain. Furthermore, we have demonstrated the
ability of MDM2 to bind DNA. However, the mechanism of
DNA binding appears to be distinct from that of RNA binding.
Although we may speculate upon the potential sites upon the
protein that may be involved in this binding, the present report
does not definitively identify this/these region(s). Further
research will be required to define the precise protein residues
involved.
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