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ABSTRACT

Background: The cellular mdm2 gene has transforming
activity when overexpressed and is amplified in a variety
of human tumors. At least part of the transforming abil-
ity of the MDM2 protein is due to binding and inactivat-
ing the p53 tumor suppressor protein. Additionally, this
protein forms a complex in vivo with the L5 ribosomal
protein and its associated 5S ribosomal RNA and may be
part of a ribosomal complex.
Materials and Methods: A RNA homopolymer bind-
ing assay and a SELEX procedure have been used to
characterize the RNA-binding activity of MDM2.
Results: The MDM2 protein binds efficiently to the ho-
mopolyribonucleotide poly(G) but not to other ho-
mopolyribonucleotides. This binding is independent of
the interaction of MDM2 with the L5 protein, which
occurs through the central acidic domain of MDM2. An

RNA SELEX procedure was performed to identify spe-
cific RNA ligands that bind with high affinity to the
human MDM2 (HDM2) protein. After 10 rounds of se-
lection and amplification, a subset of RNA molecules that
bound efficiently to HDM2 was isolated from a random-
ized pool. Sequencing of these selected ligands revealed
that a small number of sequence motifs were selected.
The specific RNA binding occurs through the RING fin-
ger domain of the protein. Furthermore, a single amino
acid substitution in the RING finger domain, G446S,
completely abolishes the specific RNA binding.
Conclusions: These observations, showing that MDM2
binds the L5/5S ribosomal ribonucleoprotein particle and
can also bind to specific RNA sequences or structures,
suggest a role for MDM2 in translational regulation in a
cell.

INTRODUCTION
The mdm2 oncogene (murine double minute 2)
was originally discovered due to its gene ampli-
fication in a spontaneously transformed BALB/c
3T3 cell line (1). Overexpression of mdm2 is ca-
pable of immortalizing primary rat embryo fibro-
blasts and, in conjunction with an activated ras
oncogene, of transforming these cells (2). The
human mdm2 gene (hdm2) has been found to be
amplified in a significant number of soft tissue
sarcomas, osteosarcomas, and gliomas (3-7).
However, mdm2 overexpression may result from
mechanisms other than gene amplification.
Translocation of mdm2 with the immunoglobulin
C kappa gene results in mdm2 overexpression in
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the SP2 murine plasmacytoma cell line (8). In
addition, hdm2 is overexpressed at the RNA level
without gene amplification in a large percentage
of leukemias (9) and overexpressed due to en-
hanced translation in human choriocarcinoma
cells (10).

The MDM2 protein is believed to be onco-
genic by functioning as a negative regulator of
the p53 tumor suppressor protein. MDM2 forms
a tight complex with the N-terminal transactiva-
tion domain of p53 and blocks the ability of p53
to transcriptionally activate gene expression (11-
13). This negative regulation of p53 has been
shown to be essential in vivo from the analysis of
mdm2 null mice which exhibit embryonic lethal-
ity shortly after implantation. This phenotype is
rescued in a p53 null background, indicating that
the negative regulation of p53 by MDM2 is es-
sential during embryonic development (14,15).
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In addition to binding and regulating p53,
MDM2 has been shown to bind and regulate
other proteins which may contribute to the on-
cogenic potential of the protein. MDM2 has been
shown to bind the retinoblastoma protein pRB
and relieve its negative regulation of the tran-
scriptional activator E2F 1 (16). MDM2 has also
been reported to bind directly to the E2Fl/DPl
transcription factor and stimulate its transcrip-
tional activity (17). Additionally, MDM2 has
been shown to form a tight complex in vivo with
the L5 ribosomal protein, which in turn is asso-
ciated with the 5S ribosomal RNA (18). How-
ever, the function of this complex is currently
unclear.

The binding domain for p53 and E2F1 has
been mapped to the N-terminal domain of
MDM2, a domain which is sufficient for the neg-
ative regulation of p53 (11,17,19). However, the
MDM2 protein contains several additional highly
conserved domains at the amino acid sequence
level including a central acidic domain adjacent
to a C4 zinc finger domain, and a C-terminal
RING finger domain (20). The RING finger is a
C3HC4 domain that coordinates two molecules of
zinc and folds as a single domain (21-23). A
domain of analogous structure is found in over
40 proteins and has been speculated to function
as either a nucleic acid binding domain or a
protein-protein interaction domain (24).

This study investigates the biochemical func-
tions of the acidic, zinc finger, and RING finger
domains of MDM2. First, MDM2 was shown to
efficiently interact with the poly(G) homopoly-
mer of RNA. The interaction of MDM2 with the
L5 ribosomal protein occurred through the cen-
tral acidic domain of MDM2 and this domain was
not required for poly(G) binding. Specific RNA
molecules that could bind to the protein were
identified by in vitro selection from a random-
ized RNA pool, using a SELEX (systematic evo-
lution of ligands by exponential enrichment)
procedure. The specific RNA binding was shown
to occur through the RING finger domain of
MDM2 and was completely abolished by a single
point mutation in the RING finger.

MATERIALS AND METHODS
Baculovirus Protein Expression
and Purification
MDM2, HDM2, and HDM2 deletion mutants
(11) were expressed by cloning the cDNAs into

PVL1393 and cotransfection with baculogold vi-
ral DNA into Sf9 insect cells (Pharmingen, San
Diego, CA, U.S.A.). HA epitope-tagged proteins
(HA HDM2 and HA L5) were constructed by
cloning oligonucleotides encoding the nine
amino acid HA epitope into PVL 1393 so that
N-terminal fusion proteins could be generated.

MDM2 for use in RNA homopolymer bind-
ing assays was partially purified by single-step
immunoaffinity purification. Sf9 cells were in-
fected with a MDM2 baculovirus for 48 hr, har-
vested, and lysed for 30 min on ice with lysis
buffer: 50 mM Tris (pH 7.5), 150 mM NaCl, 0.5%
Nonidet P-40, 1 mM DTT, and protease inhibitors
(0.2 mM PMSF, 1 ,uM pepstatin A, and 1 ,uM
E-64). The lysate was centrifuged at 40,000 X g
for 20 min at 4°C, and the supernatant was peri-
staltically pumped through a Sepharose CL-4B
pre-column followed by a protein A-Sepharose
2A10 monoclonal antibody (mAb) immunoaf-
finity column at a flow rate of 0.4 ml/min. The
2A10 immunoaffinity column was constructed
by coupling of antibody to protein A with di-
methyl pimelimidate as described (25). The ly-
sate was passed over the column three times and
the immunoaffinity column washed with 50 col-
umn volumes of SNNT buffer (5% sucrose, 1%
Nonidet P-40, 0.5 M NaCl, 50 mM Tris [pH 7.5],
1 mM DFT, and protease inhibitors) followed by
50 volumes of RIPA buffer (50 mM Tris [pH 7.5],
150 mM NaCl, 1% Triton X-100, 1% sodium
deoxycholate, 1 mM DIT and protease inhibi-
tors) and finally 50 volumes of lysis buffer.

MDM2 was eluted from the column by first
washing the column in 10 mM sodium phos-
phate buffer (pH 6.8) and eluting the MDM2
with 100 mM Glycine (pH 2.5) into collection
tubes containing 1 M Tris (pH 8). Fractions con-
taining MDM2 were dialyzed in Final Storage
Buffer (20 mM Tris [pH 7.5], 150 mM NaCl,
0.1% Nonidet P-40, 20% Glycerol, 1 mM DTT
and protease inhibitors) and concentrated by ul-
trafiltration in a centricon-30 (Amicon, Beverly,
MA, U.S.A.).

HA HDM2 protein used in the SELEX proce-
dure was purified as described with a 12CA5 mAb
immunoaffinity column except that the protein
was eluted with the nine amino acid peptide cor-
responding to the HA epitope (n-YPYDVPDYA-c).
After the column was washed in lysis buffer, the
resin was transferred to a 15 -ml conical tube and
eluted with four volumes of lysis buffer contain-
ing 1 mg/ml HA peptide overnight at 40C with
rocking. The eluate was dialyzed against Final
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Storage Buffer using a membrane with a 12-kD
MWCO and concentrated in a centricon-30.

RNA-Binding Assays

Binding of purified MDM2 to the different nu-
cleic acid columns in Fig. 1 was done essentially
as described (26) by incubating 0.5 ,ug MDM2
with the columns for 1 hr at 4°C with rocking in
a total volume of 300 ,l RNA-binding buffer (20
mM Tris [pH 7.5], 150 mM NaCl, 5 mM MgCl2,
0.1% Nonidet P-40, 50 ,uM ZnCl2, 2% Glycerol,
1 mM DTT). MDM2 was incubated with about 20
,ug nucleic acid on the following columns after
each was washed in RNA-binding buffer: ds calf
thymus DNA cellulose (Sigma, Chemical Co., St.
Louis, MO, U.S.A.), denatured calf thymus DNA
agarose (Pharmacia, Piscataway, NJ, U.S.A.), and
the four RNA homopolymer columns (Sigma).
Columns were washed with 3 ml of RNA-bind-
ing buffer and boiled in SDS sample buffer, and
the protein was separated by SDS-PAGE. The gel
was transferred to nitrocellulose for western
blotting, followed by detection with the 2A10
mAb and ECL chemiluminescence (Amersham,
Arlington Heights, IL, U.S.A.).

The immunoprecipitation/RNA-binding as-
say (Figs. 2, 4, 6, and 7) was done by immuno-
precipitating about 1 mg Sf9 lysate with 200 Al of
mAb supernatant, 30 Al 50% protein A-Sepha-
rose beads, lysate, and lysis buffer to a final vol-
ume of 450 Al at 4°C for 2 hr. Immunoprecipi-
tates were washed with 2 x 1 ml of SNNT buffer
and 1 ml of RNA-binding buffer. RNA-binding
buffer (300 ,lI) containing 0.1 ,ug of 32P-labeled
RNA and 20 ,ug each of unlabeled poly(U) RNA
and Torula yeast RNA (Sigma) as nonspecific
competitors. Poly(G) RNA was end-labeled with
T4 polynucleotide kinase and [y_32P] ATP. The
RNA from the SELEX rounds was generated by
in vitro transcription with T7 RNA polymerase
(Ambion, Austin, TX, U.S.A.) in the presence of
[a-32P] UTP. RNA-binding reactions were carried
out at RT for 1 hr with rocking followed by 3 x
1 ml washes in RNA-binding buffer, after which
the beads were resuspended in 80 ,ul of buffer,
dissolved in scintillation fluid, and counted.

Immunoprecipitation of MDM2
and HA L5

Sf9 cells were co-infected with baculoviruses for
expression of HA L5 protein along with a virus
for expression of MDM2, HDM2, or a deletion
mutant of HDM2 for 44 hr in 10-cm plates. Sf9

cells were then transferred to a 15-ml conical
tube, pelleted by brief centrifugation, and resus-
pended in 4 ml of methionine-deficient insect
cell media (Ex-cell 401 deficient, JRH Bio-
sciences, Lenexa, KS, U.S.A.). Cells were then
returned to 10-cm plates followed by the addi-
tion of 75 ,uCi/ml [35S]methionine Express (Du-
Pont, Wilmington, DE, U.S.A.) and incubation
for 4 hr. Cells were washed in PBS and lysed in
lysis buffer. The lysate was centrifuged and sub-
jected to immunoprecipitation as described
above. Immunoprecipitates were washed with
2 x 1 ml of SNNT buffer and 1 ml of RIPA buffer,
boiled in sample buffer, and separated by SDS-
PAGE. Gels were subjected to fluorography,
dried, and exposed to film as described (11).

SELEX Procedure
The randomized RNA library was generated by in
vitro transcription of a 77-base template oligo-
nucleotide containing a central 30 nucleotide
randomized region. The sequence of the tem-
plate oligonucleotide and the primers for in vitro
transcription, reverse transcription, and poly-
merase chain reaction (PCR), along with the
conditions for these reactions was as previously
described (27,28). Baculovirus-produced, HA-
tagged HDM2 was purified by 12CA5 immuno-
affinity chromatography and peptide eluted as
described above. Purified HA HDM2 protein was
coupled to 12CA5 antibody that was immobi-
lized on protein A-Sepharose beads as described
above. RNA pools were incubated with the im-
mobilized HDM2 in SELEX buffer (20 mM Tris
[pH 7.5], 250 mM NaCl, 0.1 mM EDTA, 1 mM
MgCl2, 0.05% Nonidet P-40, 1 mM DTT) for 1 hr.
After five washes with the same buffer, the com-
plexes of HDM2 and RNA were eluted with the
HA peptide (1 mg/ml in SELEX buffer) for 30
min. The RNA was purified by phenol extraction
and ethanol precipitation, followed by reverse
transcription and PCR amplification as described
(27).

GST HDM2 RING Finger Expression
The fusion protein was constructed by PCR am-
plification of the RING finger domain with the
oligonucleotide 5'-CGGAATTCCAGCCATCAAC
TTCTAGTAGC - 3' and the T7 primer (5'-GTAAT
ACGACTCACTATAGGGC-3') from the pHDM
A1-1 52 plasmid which has this fragment of hdm2
cloned into the EcoRI site of pBluescript KS- (11).
The fragment was digested with EcoRI and cloned



442 Molecular Medicine, Volume 2, Number 4, July 1996

into pGEX-4T- 1 (Pharmacia). Upon induction
with 1 mM IPTG for 2 hr in BL21 cells, this
construct produced a fusion protein containing
amino acids 396-491 of HDM2. Purification of
the GST and GST HDM2 RING finger proteins
was performed by lysing induced cells in lysis
buffer with sonication, centrifugation, and isola-
tion with glutathione agarose beads (Pharmin-
gen) or protein A-Sepharose and mAbs as de-
scribed above.

RESULTS
MDM2 Binds Preferentially to the
Homopolyribonucleotide poly(G)
In order to investigate functions of MDM2 in
addition to the regulation of p53, experiments
were carried out to characterize the protein's
zinc finger domains. Zinc fingers have often been
found to mediate interactions with nucleic acids.
In addition, it was noticed that MDM2 binds to a
heparin-sepharose column which is characteris-
tic of many nucleic acid binding proteins. We
made use of a semispecific assay that has been
used extensively to study the RNA-binding prop-
erties of the hnRNP and other proteins (29-31).
In this assay, a protein is tested for its ability to
interact with DNA or RNA by using calf thymus
DNA or RNA homopolymers immobilized on
agarose beads.

Baculovirus-produced, purified MDM2 pro-
tein was incubated with six different columns
containing ds DNA or ss DNA from calf thymus,
or each of the four natural homopolyribonucleo-
tides. Bound MDM2 protein was visualized by
SDS-PAGE and western blotting with a mono-
clonal antibody (mAb) against MDM2 (Fig. 1).
MDM2 bound most efficiently (-5% of input
protein) to the poly(G) RNA column (Fig. 1,
Lane 5). Less efficient binding (-0.5% of input
protein) could be detected to ds DNA (Fig. 1,
Lane 1) and poly(U) RNA (Fig. 1, Lane 6). This
specificity for poly(G) RNA is very similar to that
of several recently characterized RNA-binding
proteins (26,32).

A second RNA-binding assay was performed
by first immunoprecipitating MDM2 or HDM2
from baculovirus-infected Sf9 insect cell lysates
with various mAbs. This was followed by incu-
bation of the immobilized protein with radiola-
beled poly(G) RNA, washing, and counting the
beads in a scintillation counter. As shown in
Fig. 2A, both MDM2 and HDM2 bound poly(G)
RNA in this assay when immunoprecipitations

43*~C
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MDM2
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FIG. 1. Western analysis of baculovirus-pro-
duced, purified MDM2 protein bound to six
columns containing ds DNA, ssDNA, or each of
the four homopolyribonucleotides as indicated
(Lanes 3-6)

were performed from insect cell lysates overex-
pressing MDM2 or HDM2 with mAbs to MDM2
(2A10, 4B11, and 4B2). These mAbs each recog-
nize distinct epitopes in different regions of
MDM2: 4B2, an N-terminal epitope (amino acids
1-58); 2A10, a central epitope (amino acids 295-
339); and 4BIl, a C-terminal epitope (amino
acids 396-444). Low, background levels of RNA
binding were seen with immunoprecipitations
from uninfected or wild-type virus infected Sf9
lysates or with negative control antibodies (419
and 421). The total cpm of radiolabeled RNA was
always 5- to 20-fold above the background levels
(i.e., immunoprecipitates of uninfected cells with
the same MDM2 mAbs). The poly(G) RNA bind-
ing efficiently decreases with increasing NaCl
concentrations in the RNA-binding buffer
(Fig. 2B), indicating that ionic interactions con-
tribute to the association. The poly(G) RNA bind-
ing is not competed by excess yeast Torula RNA
or poly(dI-dC) (Fig. 2B). Thus, both MDM2 and
HDM2 bind poly(G) RNA efficiently and specifi-
cally.

The RNA Binding Is Independent of the
Interaction of MDM2 with the L5
Ribosomal Protein
MDM2 has previously been shown to form a
complex in vivo with the L5 protein/5S rRNA
ribonucleoprotein particle, a component of the
large ribosomal subunit (18). Furthermore, a
complex of p53-MDM2-L5-5S RNA was shown
to exist since the 5S RNA could be detected in an
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immunoprecipitation of p53 from cells under
conditions when large amounts of p53-MDM2
complex are detectable (18). Since MDM2 forms
this complex with the L5 protein, a known RNA-
binding protein, it became necessary to deter-
mine whether the poly(G) RNA binding was di-
rect or mediated through the L5 protein. In other
words, it remained possible that the MDM2 pro-
tein, when overexpressed in Sf9 insect cells,
bound to the endogenous insect L5 which was
capable of binding poly(G).

In order to determine whether or not the
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FIG. 2. MDM2 and
HDM2 bind poly(G)
RNA when immuno-
precipitated from Sf9
insect cell lysates over-
expressing these pro-
teins (A) and binding
of MDM2 to poly(G)
RNA decreases with
increasing NaCl con-
centration and is not
competed with excess
yeast RNA or poly(dI-
dC) (B)
(A) Immunoprecipitations
were performed from Sf9
lysates that were unin-
fected, infected with a
wild-type AcMNPV bacu-
lovirus, or recombinant
baculoviruses which over-
express MDM2 or HDM2
as indicated. Each lysate
was immunoprecipitated
with 2 negative control
mAbs (419, 421) and 3
mAbs specific for MDM2
and HDM2 (2A1 O, 4B11
and 4B2). The beads were
washed and incubated
with [32p] end-labeled
poly(G) RNA in an RNA-
binding buffer. The beads
were then washed and
counted in a scintillation
counter. (B) Sf9 lysate
overexpressing MDM2
was immunoprecipitated
with 419, 421 (Columns 1
and 2) or 4B11 (Columns
3-16). RNA-binding reac-
tions were performed
with increasing NaCl con-
centration, with excess
yeast Torula RNA, and
excess poly(dI-dC) as indi-
cated.

RNA binding was mediated through the L5 pro-
tein, the domains of MDM2 responsible for the
interaction with L5 and poly(G) were deter-
mined. A panel of deletion mutants of HDM2
was generated in baculovirus expression vectors
along with a hemagglutinin (HA) epitope-tagged
mouse L5 protein. Sf9 cells were then co-infected
with baculoviruses for expression of each of the
HDM2 deletion mutants and HA L5, labeled with
[35S]methionine, and immunoprecipitated with
a negative control antibody (419), the HA anti-
body (12CA5), and antibodies to HDM2 (2A10
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FIG. 3. MDM2 forms a complex with HA-tagged
L5 protein when co-expressed in Sf9 cells (A);
summary of mapping data of nine deletion mu-
tants of HDM2 for binding to the L5 protein and
poly(G) RNA (B)
(A) Sf9 cells were infected with baculoviruses for ex-
pression of either HA L5, HA L5 + MDM2, or MDM2

-MDM2 for 44 hr and labeled with [35Slmethionine for 4 hr.
Each lysate was immunoprecipitated with a negative
control mAb (419), the mAb which recognizes the HA
epitope (12CA5), or 2 mAbs which recognize MDM2
(2A10, 4B 11) as indicated. Immunoprecipitates were
separated on an 8% SDS polyacrylamide gel which was
dried and exposed to autoradiography.
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and 4B 11). An example of this assay is shown in
Fig. 3A where the complex between MDM2 and
HA L5 was easily detectable when Sf9 cells were
co-infected and immunoprecipitated with
MDM2 mAbs (Fig. 3A, Lanes 7 and 8) even in
high salt (500 mM NaCl) washes. Immunopre-
cipitation with the 12CA5 mAb failed to detect
the MDM2-L5 complex, possibly because the HA
tag on L5 was masked by MDM2 complexed with
it or the 12CA5 mAb was not capable of quanti-
tatively precipitating the HA L5 protein. HDM2
bound as efficiently as MDM2 to L5 (data not
shown).

Next, the ability of HDM2 deletion mutants
to bind L5 was tested. The results are summa-

rized in Fig. 3B. Deletion of the N-terminal do-

main (A1-152) or the C terminus (A295-491)
does not affect L5 binding, but deletion of the
central domain (A222-294, A205-491) com-

pletely eliminates binding. The Al155-230 dele-
tion partially interferes with the interaction with
L5 indicating that these amino acids contribute
to L5 binding. Furthermore, the central 102-383
fragment of HDM2 was shown to bind L5 dem-
onstrating that the central acidic domain is
sufficient for binding the L5 protein. Thus, the
central acidic domain of HDM2 (amino acids
153-294) is responsible for the interaction with
L5.

In order to map the region responsible for
the poly(G) RNA binding, each of the HDM2
deletion mutants was tested in the RNA-binding

+ +

- +

- +

+++ +

+++ +

+++ +

+++ +

I _I_......



B. Elenbaas et al.: RNA-Binding Activity of MDM2 445

assay used in Fig. 2, and a summary of the results
is shown in Fig. 3B. Two mutants, A222-294 and
A222-437, which fail to bind L5, are able to bind
poly(G) RNA, indicating that the RNA binding is
not mediated through the L5 protein. Surpris-
ingly, only the N-terminal fragment of HDM2
consisting of amino acids 1-204 failed to recog-
nize poly(G) RNA. Differences in the relative
affinity of the remaining mutants for poly(G)
was not observed. When a C-terminal portion of
the protein is attached to the N-terminal frag-
ment, RNA binding was restored. These mapping
data indicate that there are two regions on
HDM2 that are capable of binding poly(G) RNA.
One of them resides in the central region because
A295-491 binds but not A205-491. A second
RNA-binding region is located at the C terminus
because deletions of the central domain (A222-
294 and A222-437) retain the ability to recog-
nize RNA.

HDM2 Binds Specifically to RNA

In order to determine whether HDM2 is capable
of binding to a specific RNA sequence or struc-
tural motif, a SELEX procedure was utilized as
described previously (28). A 77-base oligonucle-
otide containing a central 30 nucleotide random-
ized region was transcribed using T7 RNA poly-
merase to create a randomized pool of RNA
molecules. This pool, containing approximately
1012 different RNA molecules, was incubated
with baculovirus-produced, purified HA-tagged
HDM2 protein, and protein A-Sepharose beads
coupled with the 12CA5 mAb. The beads were
washed and the HDM2-RNA complexes eluted
from the beads with the nine amino acid HA
peptide. The RNA was subjected to reverse tran-
scription followed by PCR amplification, and the
DNA used to transcribe another pool of RNA.
This process was repeated 10 times in order to
selectively enrich for a population of RNA mol-
ecules that bound with high affinity to the
HDM2 protein. A pool of RNA molecules (Round
10) was isolated that bound efficiently to HDM2
while no binding was detected with the initial
pool (Round 0). By using the same RNA-binding
assay as in Fig. 2, RNA binding was only detected
with Round 10 RNA when immunoprecipita-
tions were performed from insect cell lysates ex-
pressing HDM2 with mAbs to HDM2 (4B2 and
2A10) (Fig. 4).

The PCR-amplified 77-nt DNA that was used
as the template to transcribe the Round 10 RNA
was cloned into the pUC 19 plasmid. Sequencing
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FIG. 4. HDM2 binds specifically to Round 10
RNA generated from the SELEX procedure
The RNA-binding assay was performed as in Fig. 2
with two pools of radiolabeled RNA from the SELEX
procedure; either the initial pool (Round 0) or the
final pool (Round 10). Uninfected and HDM2 ex-
pressing Sf9 lysates were immunoprecipitated with
the 419 negative control mAb and the HDM2 mAbs
(4B2, 2A10) as indicated.

of 36 individual clones revealed that one pre-
dominant RNA molecule had been selected, rep-
resenting 16 of 36 clones. This molecule was
designated clone A. Several other clones selected
(designated I, B, E, and L) differed from clone A
in their central 30 nucleotides by only 1 or 2
nucleotides. Another clone was found in 2/36
clones and differed at 5 nucleotides (clone K)
(Fig. 5A). Together, clone A and similar clones
accounted for 28/36 (78%) of the clones, and the
remaining eight clones each appeared once and
were unrelated to clone A. Importantly, when
individual clones were transcribed and tested for
binding, HDM2 bound to the clone A and K
RNAs, but not to RNA from two of the unrelated
clones, D and F (data not shown).

The in vitro-selected RNAs were folded ac-
cording to the method described by Zuker (33),
and the predicted structure of clone A RNA is
shown in Fig. 5B. The clones similar to clone A in
Fig. 5A are all predicted to form this structure.
The nucleotides that differ from clone A in the
similar clones are indicated. This structure con-
sists of a 5' stem-loop and a 3' region containing
a large single-stranded region of 13 nt and a loop
of 7 nt. The 30-nt randomized region forms a
stem with the 3' primer-binding sequences.
Stems that contain primer-binding sequences
commonly occur in RNA aptamers and are often
found to buttress functional domains (34). The
incorporation of defined sequences into struc-
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HDM2 RNA Consensus Sequences

30 nt randomized region

5' GGG AGC UCA GAA UAA ACG CUC AA ACC GCC GGA UCU UAA AUA MC UCC UGG UCU UUC GAC AUG AGG CCC GGA UCC GGC 3'

7 \
A) ACC GCC GGA UCU UAA AUA AAC UCC UGG UCU 16/36

I) ACC GCC GGA UCU UfA AUA AAC UCC UGG UCU 5/36
B) IUCC GCC GGA UCU UfA AUA AAC UCC UGG UCU 3/36
E) CC GCC GGA UCU UfA AUA AAC UCC UGG UCU 1/36
L) 1UCC GCC GGA UCU UAA AUA AAC UCC UGG UCU 1/36
K) .MA GCC GGA UCU fAA AUU AAC UCC UGG CC. 2/36

B. *AAA
U C

Clone A RNA A U
A C

AA AAC.*A C
u AA A C U U*.4I UCG

A GCUC GCCGGAUCUGGUCUU
I I Il l lIII IIlI llI A

A CGAG CGGCCUAGG CCGGAG

AG CG 3 C UA0
5,

FIG. 5. Sequence of the clone A 77 nt RNA isolated from the SELEX procedure containing the central
30 nt randomized region flanked by the 5' and 3' defined sequences used for reverse transcription, in
vitro transcription, and PCR amplification of the pool (A) and predicted secondary structure of clone
A RNA (B)
(A) The PCR-amplified DNA used to transcribe the Round 10 RNA was cloned into pUC19 for DNA sequencing.
Thirty-six clones were sequenced and the most common sequence, designated A, along with related sequences
(I, B, E, L, and K) are shown followed by the number of occurrences of each. Bold, underlined nucleotides in
(I, B, E, L, and K) indicate differences with the A sequence. Eight unrelated sequences that occurred once are not
shown. (B) Arrows, the 30-nt sequence from the previously randomized region. The nucleotides in clones I, B, E,
L, and K that differ from clone A are indicated by an adjacent point.

tural supports is expected since only one rather
than both strands of the stem must be derived
from randomized sequence regions during the
course of selection.

Two observations support the notion that
this structure is important for recognition by
HDM2. First, the RNA molecules unrelated in
sequence to clone A are not predicted to form
this structure and, as far as examined (D and F),
did not detectably bind to HDM2. Second, an
RNA molecule was generated that contains 13
additional nucleotides derived from a polylinker
sequence on the 3' end of the clone A RNA. This
90-nt RNA is predicted to form an entirely dif-
ferent structure from clone A and fails to bind
HDM2 (data not shown). Thus, it appears that
the formation of this structure is critical for rec-
ognition by HDM2.

The RING Finger Domain of HDM2 Is
Sufficient for Specific RNA Binding
The domain on HDM2 responsible for the specific
RNA binding was first mapped using three of the

deletion mutants shown in Fig. 3B and the
Round 10 RNA (Fig. 6A). Immunoprecipitation
of the full-length HDM2 or an N-terminal dele-
tion (Al-152) with HDM2 mAbs followed by
incubation with Round 10 RNA revealed that
each of these proteins bound efficiently to RNA.
The difference in the RNA-binding ability of full-
length HDM2 and Al-152 as seen with 2A10 is
likely due to the lower expression levels of the
two proteins in Sf9 cells (data not shown). Sig-
nificantly, deletion of the RING finger domain
(A445-491) or a larger portion of the C terminus
(A340-491) resulted in a complete loss of RNA-
binding ability.

To determine whether the RING finger was
sufficient for RNA binding and to rule out the
possibility that the RNA binding was mediated
through an insect cell protein that bound to the
RING finger, a fusion protein of glutathione S-
transferase (GST) and the HDM2 RING finger
domain was expressed in Escherichia coli and
tested for RNA binding. The GST RING finger
fusion protein was composed of the 96 C-termi-
nal amino acids of HDM2 (396-491). This fusion

A.
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FIG. 6. The RING finger domain of HDM2 is
sufficient for specific RNA binding
(A) Three HDM2 deletion mutants (Fig. 3B) were
tested for their ability to bind Round 10 RNA as in
Fig. 4 with the negative control mAb 419 or the
HDM2 mAbs 4B2 and 2A10 as indicated. Immuno-
precipitation of the Al--152 mutant with 4B2 failed
to show RNA binding as expected because 4B2 maps
to the N terminus and fails to bind this protein. (B)
The GST protein and a GST HDM2 RING finger fu-
sion protein were tested for their ability to bind
Round 10 RNA using the same RNA-binding assay.
Immunoprecipitations were performed from E. coli
lysates overexpressing GST or the GST HDM2 RING
finger protein with the 419 mAb and the HDM2
mAb 4B 11 or glutathione beads (GLUT) as indicated.

protein, but not GST alone, is sufficient for bind-
ing the Round 10 RNA as shown by selection
with either the 4B 1 1 HDM2 mAb or glutathione
beads (Fig. 6B). The difference in RNA binding
between 4B 11 and the glutathione beads is pos-
sibly due to the fact that the 4B 11 mAb recog-
nizes an epitope adjacent to the RING finger
(amino acids 396-444) and might therefore par-
tially interfere with the ability of the protein to
bind RNA. In fact, this monoclonal antibody al-
ways detected less RNA binding to full-length
HDM2 than N-terminal HDM2 antibodies (data
not shown). The GST RING finger protein was
incubated with 5S rRNA, but all attempts have
failed to detect any binding (data not shown).

The fact that an HDM2 protein domain from two
different sources, baculovirus-infected cells and
E. coli, bound specifically to Round 10 RNA
strongly argues that the RNA binding is direct.

A G446S Point Mutation in the MDM2
RING Finger Completely Abolishes
Specific RNA Binding
There is a high degree of amino acid conserva-
tion between HDM2 and MDM2 across the RING
finger region (only four amino acid differences
across a 68-amino acid region shown in Fig. 7B).
Because of this, MDM2 (the murine protein) was
tested to determine if it was capable of binding
Round 10 RNA. MDM2 produced from the P2
cDNA clone (35) bound Round 10 RNA as well
as full-length HDM2 (Fig. 7A). In contrast, an-
other mdm2 clone which was originally gener-
ated by reverse transcription and PCR failed to
bind specifically to Round 10 RNA (Fig. 7A).
DNA sequence analysis of the RING finger do-
main of the PCR clone and the P2 clone revealed
a single point mutation in the PCR clone which
produced a glycine-to-serine change at amino
acid 446 (GGC to AGC) (Fig. 7B). This mutant
MDM2 protein failed to bind to Round 10 RNA.

DISCUSSION
The MDM2 protein was initially tested to deter-
mine if it was capable of binding to RNA because
of the presence of the central zinc finger and
C-terminal RING finger domains in the protein,
the ability of the protein to bind to a heparin-
sepharose column, and the association of MDM2
with the L5 protein/5S rRNA ribonucleoprotein.
An RNA homopolymer binding assay was used
as an initial assay to test whether this protein had
the ability to bind RNA as was the case for several
other RNA-binding proteins (29-31). The speci-
ficity of MDM2 for poly(G) and its binding in
relatively high salt concentrations is very similar
to that of the FMR1 RNA-binding protein (26). A
mutation in the FMR1 gene causes fragile X syn-
drome. The pattern of poly(G) binding is also
similar to that of the yeast protein Nup145p, a
nucleoporin involved in nucleocytoplasmic
transport (32). The possibility that the poly(G)
RNA binding by MDM2 was mediated through
the L5 protein was eliminated by mapping the
regions on MDM2 responsible for binding to the
L5 protein and poly(G) RNA. These data demon-
strate that mutations in the central region which
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FIG. 7. A point muta-
tion in the RING finger
domain of MDM2 abol-
ishes specific RNA
binding
(A) MDM2 expressed
from either the PCR
clone, which contains the
point mutation, or the P2
clone were tested for
RNA-binding activity with
the Round 10 RNA. Im-
munoprecipitations were
performed from the indi-
cated Sf9 cell lysates with
the 419 negative control
mnAb or the 4B2 and
2A10 MDM2 mAbs. (B)
Amino acid sequence
comparison of the C-ter-
minal 68 amino acids of
HDM2 and MDM2. Iden-
tical amino acids are indi-
cated by an asterix and
conservative amino acid
differences by a period.
Numbers indicate amino
acid positions of HDM2
and MDM2. A G446S mu-
tation in MDM2 abolishes
its ability to bind specifi-
cally to Round 10 RNA.

A* 8000

7000

6000
E

!'5o000
< 4000z

3000

1000

0

et~~ ~ ~ c t- W-
elw v-B co v-

<:F__ _. -I IT -.1

Uninfected HDM2 MDM2 MDM2
(PCR Clone) (P2 Clone)

B.
RING Finger

424 X 1 491
Human ESVESSLPLN AIEPCVICQG RPKNGCIVHG KTGHLMACFT CAKKLKKRNK PCPVCRQPIQMIVLTYFP
Mouse ESVESSFSLN AIEPCVICQG RPKNGCIVHG KTGHLMSCFT CAKKLKKRNK PCPVCRQPIQMIVLTYFN

.****** ** ********** ********** ****** *** ********** ********** *******

422 t 489

446

eliminate L5 protein binding retain the ability to
bind poly(G) RNA.

Next, a SELEX procedure was employed to
determine whether the MDM2 protein was ca-
pable of binding specific RNA sequences or struc-
tures and, if so, to identify a pool of such specific
RNA molecules. The SELEX procedure has been
used successfully to identify high-affinity RNA
ligands for a variety of proteins (27,28,36). The
pool of high-affinity RNA molecules that bound
to HDM2 (Round 10) binds entirely to the RING
finger domain of the protein. This domain is very
well conserved during evolution (V. Marechal et
al., in preparation) and therefore likely has an
important biological function. The data pre-
sented suggest that this function may involve
interaction with RNA. In this context, it is of
interest that a single point mutation in this do-
main, G446S, completely abolishes the specific
RNA binding. This mdm2 mutant will be useful in
identifying possible functions for this activity.

One possible function for the specific RNA
binding of the RING finger is that it interacts with
the 5S rRNA since MDM2 is known to form a
complex with the L5 protein and 5S rRNA ribo-

nucleoprotein. This is unlikely for several rea-
sons. First, RNA sequences similar to those iso-
lated from the SELEX procedure are not seen in
the 5S rRNA. Second, MDM2 produced from the
PCR clone containing the point mutation binds
as efficiently to L5 as wild-type MDM2 or HDM2.
Lastly, when labeled 5S rRNA was incubated
with MDM2 protein in the RNA-binding assay,
no binding was detected (data not shown).

Previously published results suggest that the
p53 tumor suppressor protein can be found as
part of a multimeric complex consisting of
MDM2, L5, 5S rRNA, and possibly 5.8S rRNA
(18). Since p53 has the ability to interact with
RNA (37,38), whether p53 could contribute to
the RNA-binding specificity of a complex con-
taining both MDM2 and p53 was of interest. To
determine whether the RNA-binding activity of
p53 was specific for certain RNA species, a SELEX
experiment was performed with p53 as a target.
After 10 rounds of selection and amplification,
the overall affinity of the pools had increased
only slightly (one order of magnitude) when
compared with the initial SELEX library. The
final pool of RNA ligands did not display any
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recognizable common feature with respect to se-
quence or structure (M. Dobbelstein, unpub-
lished observations). We therefore assume that
p53 may contribute to the RNA-binding activity
of a complex containing both p53 and MDM2,
but probably does not significantly affect its spec-
ificity for certain RNA motifs.

While the RING finger is sufficient for the
specific binding to small structured RNAs isolated
from the SELEX procedure, HDM2 may have a
second RNA-binding region since the HDM2 de-
letion mutant lacking the RING finger retains
poly(G) binding activity. The second domain
maps to the central region as shown by the fact
that the A295-491 mutant binds poly(G) but not
the A205-491 mutant. However, it cannot be
ruled out that, in this case, HDM2 may bind
indirectly to poly(G) through traces of insect cell
L5 protein, a known RNA-binding protein, that
could be present in the HDM2 preparation.

The RING finger domain is a newly charac-
terized C3HC4 zinc-binding domain initially
identified in the human ringl gene (23). The
tertiary structures of two RING finger domains
from the IE 1 0 protein of equine herpes simplex
virus and the PML proto-oncoprotein have been
solved in solution by 'H-NMR (21,22). In both
structures, four pairs of metal binding residues
coordinate two molecules of zinc, with the first
and third pairs binding one molecule of zinc and
the second and fourth pairs binding a second.
Interestingly, the IE110 protein adopts a /3/3af3
fold, and the region comprising the first two ,B
strands and the a-helix has remarkable similarity
with a TFIIIA type of zinc finger (21). Xenopus
TFIIIA has nine zinc fingers which are involved
in sequence-specific DNA binding to the 5S ribo-
somal gene and specific RNA binding to the 5S
rRNA (39,40). This similarity is in agreement
with the finding described here that a RING fin-
ger domain can mediate interaction with RNA.

RING finger domains have been found in a
growing number of proteins in a variety of spe-
cies and they have a wide range of functions
(24). Examples of RING finger proteins include
the BRCA1 tumor suppressor protein (41), the
PML proto-oncoprotein (42), the baculovirus in-
hibitor of apoptosis LAP (43), Msl-2 which is
required for X chromosome dosage compensa-
tion in Drosophila males (44), and the yeast
RAD5 protein involved in DNA repair (45). In
some cases, such as Msl-2 and RAD5, the RING
finger has been proposed to play a role in pro-
tein-DNA interaction, but so far no RING finger
protein has been shown to possess sequence-

specific DNA-binding activity. Although the
function of this domain is still unclear, the RING
finger may constitute a multifunctional domain
involved in either protein-protein interaction or
protein-nucleic acid interaction (22,24). Based
upon the experiments reported here, the RING
finger of MDM2 is clearly capable of binding
specifically to RNA. This may define the RING
finger as a novel RNA-binding motif (46).

Both the L5 binding and specific RNA-bind-
ing functions are conserved between mouse and
human forms of MDM2. However, it is not
known how these functions may contribute to
the oncogenic potential of the protein. The com-
plex formation with the L5/5S ribosomal ribonu-
cleoprotein and the ability to bind specifically to
RNA present the intriguing possibility that
MDM2 may be localized at the ribosome and
function in regulating the translation of specific
mRNAs involved in the control of cell growth.
Further experiments are needed to address the
possibility that MDM2 is localized to the ribo-
some and can affect gene expression or transla-
tion as well as the contribution of this activity to
its ability to regulate cell growth.
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