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The 90-kDa cellular protein encoded by the mouse mdm-2 oncogene binds to the p53 protein in vivo and
inhibits its transactivation function (J. Momand, G. P. Zambetti, D. C. Olson, D. George, and A. J. Levine,
Cell 69:1237-1245, 1992). cDNA clones encoding the human homolog of the mdm-2 protein (also called hdm-2)
were isolated from a HeLa cell cDNA library. A series of monoclonal antibodies have been generated against
human mdm-2 protein, and the epitopes recognized by these antibodies have been mapped. By construction of
a series of deletion mutants, the region of the mdm-2 protein that is critical for complex formation with the p53
protein has been mapped to the N-terminal portion of the human mdm-2 protein. Interestingly, a monoclonal
antibody with an epitope located in this same region failed to immunoprecipitate the mdm-2-p53 complex and
appeared to recognize only free mdm-2 protein. The domain of the p53 protein that is sufficient for interaction
with human mdm-2 protein has been mapped to the N-terminal 52 amino acid residues of the p53 protein. This
region contains the transactivation domain of p53, suggesting that mdm-2 may inhibit p53 function by
disrupting its interaction with the general transcription machinery.

The p53 gene can function as a tumor suppressor in both
human and mouse cells. The wild-type p53 protein inhibits
oncogene-mediated transformation, while mutant forms of
this protein no longer act as tumor suppressors (5, 8).
Mutation at the p53 locus is the most frequent genetic change
documented in human neoplasms (13, 25, 34). Furthermore,
patients with Li-Fraumeni syndrome carry germ line muta-
tions in the p53 gene in a heterozygous state and develop a
variety of tumors at high frequencies and at young ages (28,
42). Similarly, mice homozygous for inactivated p53 alleles
are also predisposed to the development of multiple malig-
nancies (3). The p53 protein may also function as a regulator
of the cell cycle (29). It appears to play an important role in
inducing growth arrest at the G1-S border of the cell cycle in
the event of DNA damage (16, 21), therefore maintaining
genome stability and reducing the risk of mutations (27, 49).
p53 has been shown to be a DNA binding protein with the

ability to activate transcription through binding to specific
DNA sequences adjacent to promoters (7, 17, 19, 50). This
suggests that the p53 protein can interact directly or indi-
rectly with proteins of the transcriptional machinery in the
cell. p53 protein is also the target of several oncogene
products of DNA tumor viruses such as simian virus 40
(SV40) T antigen (23, 26), the adenovirus E1B 55 K protein
(37), and oncogenic human papillomavirus E6 proteins (46).
These viral oncoproteins have evolved to inactivate the
biochemical and biological activities of p53 through specific
protein-protein interactions. Each of the virus-encoded on-
cogene products inhibits the ability of p53 proteins to func-
tion as transcription factors (1, 30, 48).

Recently, the p53 protein has been shown to bind to a
90-kDa cellular protein (12). Amino acid sequence analysis
of this protein identified it as the product of the mdm-2
oncogene (33). The mdm-2 gene was originally isolated as an
oncogene amplified on a mouse double-minute chromosome
(2, 6). Overexpression of the mdm-2 gene in BALB/c 3T3
cells confers tumorigenicity in nude mice. Overexpression of
mdm-2 also resulted in the inhibition of p53-mediated tran-
scriptional activation (33). Amplification of the human
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mdm-2 gene has also been observed in several types of
sarcomas containing the wild-type p53 gene and protein (22,
35), suggesting that it is also involved in the development of
neoplasias in humans. To study the role of mdm-2 in human
oncogenesis and its involvement in the p53 pathway, cDNA
clones encoding the human homolog of the mdm-2 protein
were isolated from a HeLa cDNA library. This communica-
tion reports the mapping of the regions of the human mdm-2
and p53 proteins that are involved in the formation of a

protein-protein complex in vitro. A series of monoclonal
antibodies that recognize the mdm-2 protein have been
produced, and the epitopes that combine with these antibod-
ies have been mapped to the mdm-2 protein. One of these
monoclonal antibodies binds to the region where mdm-2
forms a complex with p53 protein, and this antibody will
only react with mdm-2 protein that is not bound to p53
protein.

MATERIALS AND METHODS

Isolation of cDNA clones. A Xgtll cDNA library prepared
from HeLa cells was screened with the mouse mdm-2 cDNA
as probe under reduced stringency. The cDNA inserts were
isolated from positive phages and were subcloned into the
Bluescript vector for further characterization. A full-length
cDNA containing the entire coding region was reconstructed
from two overlapping clones and was completely sequenced
by using the method of Sanger et al. (36).

In vitro translation and complex formation. Plasmids con-
taining cDNA coding sequences were linearized by using
restriction enzyme sites downstream of the coding regions,
and RNA was prepared with either T3 or T7 RNA poly-
merases. In vitro translation and radiolabeling with [35S]me-
thionine was carried out with rabbit reticulocyte lysates
obtained from Promega or Stratagene as directed by the
suppliers. Typically, 20 ,ul of freshly prepared hdm-2-pro-
grammed lysate and 10 ,ul of p53-programmed lysate were
mixed and were incubated at 30°C for 30 min to allow the
formation of a p53-hdm-2 complex. For the detection of
hdm-2 mutants binding to p53, p53 was translated by using
unlabeled amino acids, and 1 mM unlabeled methionine was
added before coincubation with labeled hdm-2 lysates. This
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treatment prevents synthesis of labeled p53, thus reducing
background and allowing detection of hdm-2 mutants with
mobilities similar to that of p53.

Immunoprecipitation assays. For the immunoprecipitation
assays, the in vitro translation lysates were diluted in 300 ,ul
of lysis buffer (50 mM Tris-Cl [pH 8.0], 5 mM EDTA, 150
mM NaCl, 0.5% Nonidet P-40); 100 ,ul of PAb421 or 300 ,ul
of anti-hdm-2 monoclonal hybridoma supernatants was
added with 5 mg of protein A-Sepharose 4B (Sigma). The
samples were incubated at 4°C for 2 to 4 h with head-to-head
tumbling. The protein A beads were washed with SNNTE
(5% sucrose, 5.0 mM Tris-Cl [pH 7.4], 5 mM EDTA, 0.5 M
NaCl, 1% Nonidet P-40), and the bound proteins were boiled
in sample buffer (10% glycerol, 2% sodium dodecyl sulfate
[SDS], 0.02% bromophenol blue, 10% P-mercaptoethanol,
125 mM Tris-Cl [pH 6.8]) and then were fractionated by
SDS-polyacrylamide gel electrophoresis (PAGE). After elec-
trophoresis, the gels were treated with 10% acetic acid and
30% methanol, and then the gels were treated with a solution
containing 1 M sodium salicylate and 5% glycerol. The gels
were dried and exposed against Kodak X-Omat film at
-70°C for 16 h.
Binding of hdm-2 to GST-p53 fusion proteins. Binding of

hdm-2 to glutathione S-transferase-p53 (GST-p53) fusion
proteins was performed as follows. Escherichia coli trans-
formed with GST-p53 fusion protein expression plasmids
was grown to an optical density at 595 nm of 0.8, 0.2 mM
IPTG (isopropyl-3-D-thiogalactopyranoside) was added, and
the cells were grown for 3 h. The cells were then pelleted,
resuspended in 10 ml of phosphate-buffered saline (PBS),
and lysed by sonication, and the cellular debris was removed
by centrifugation.

Glutathione-Sepharose 4B beads (Pharmacia) were
washed with NETN buffer (20 mM Tris-Cl [pH 7.5], 100 mM
NaCl, 2 mM EDTA, 0.5% Nonidet P-40) containing 0.5%
nonfat milk. Twenty microliters (packed volume) of beads
was incubated with 0.2 to 1.5 ml (dependent upon the yield
of fusion proteins) of E. coli lysates for 30 min at 4°C. The
beads were then washed with BII buffer (20 mM Tris-Cl [pH
7.5], 100 mM NaCl, 2 mM EDTA, 0.1% Nonidet P-40, 2 mM
dithiothreitol, 0.05% bovine serum albumin, 5% glycerol)
and were incubated with 20 ,ul of in vitro-translated, 35S5
labeled hdm-2 lysate for 1 h at 4°C. The beads were washed
with 1/2 SNNTE (2.5% sucrose, 2.5 mM Tris-Cl [pH 7.4], 2.5
mM EDTA, 0.25 M NaCl, 1% Nonidet P-40), boiled in
sample buffer, and analyzed by SDS-PAGE.

Generation of monoclonal antibodies against hdm-2. A
cDNA clone obtained from the library screening contained
the N-terminal region of the hdm-2 coding region truncated
at the first methionine initiation codon. This cDNA was
recombined with the full-length hdm-2 cDNA to obtain a
coding region without leader sequence and the first methio-
nine. This coding sequence was then inserted into the pQE11
vector (Qiagen) to obtain a complete open reading frame
with six histidine residues fused to the N terminus of hdm-2.
The expression plasmid was then introduced into E. coli, and
the histidine-hdm-2 fusion protein was purified by Ni2+-
nitrilotriacetic acid-agarose (Qiagen) column chromatogra-
phy. The major protein species in the purified preparation
has a mobility similar to that of in vitro-translated hdm-2.
BALB/c mice were immunized with the E. coli-produced

hdm-2 protein. Hybridomas were prepared with standard
procedures and were screened by enzyme-linked immu-
nosorbent assay and immunoprecipitation of in vitro-trans-
lated hdm-2 protein. Stable clones were established by three
rounds of cloning. The epitopes of these monoclonal anti-

bodies were determined by their ability to precipitate the
panel of in vitro-translated hdm-2 deletion mutants used for
p53 binding domain mapping.

Construction of hdm-2 deletion mutants. For hdm-2 mu-
tants 50-491, 62-491, 102-491, 102-383, and 102-339, restric-
tion sites were used to delete upstream coding sequences,
causing translation initiation from the first downstream in-
frame methionine codon. Mutants 6-204, 6-339, and 102-339
were derived from partial cDNA clones obtained from the
library screening. Mutants 6-383, 1-294, and 1-222 were
obtained by truncation of the transcription template by using
restriction sites, thus causing termination of transcription
and translation at or before the terminus. Mutants 19-491, 34-
491, 123-491, and 153491 were generated by polymerase chain
reaction (PCR) amplification with primers HDM-AA19
(GGGAA'ITCACCATGATTCCAGC'ITCGGA), HDM-AA34
(GGGAATTCACCATGCTI'lTGAAGTTATT), HDM-AA
123 (GGGAATTCACCATGAGTGAGAACAGGTG), and
HDM-AA153 (GGGAATTCACCATGGTTTCTAGACCATC)
in combination with T3 or T7 primers. Mutants A222-294,
A155-230, A155-160, A135-294, A90-153, A90-122, A59-89,
and A43-58 were generated by using restriction sites in
combination with the N-terminal truncation clones created
as described above. Mutants A116-294 and A102-294 were
produced by PCR amplification with primers HDM-AA116
(CGCCGATATCGATGATTCCTGCTGATT) and HDM-A
A102 (CGCCGATATCATGGTATATATITC) in combination
with T3 or T7 primers and then were reconstructed with
existing deletion clones described above.

Construction of GST-p53 fusions. GST-p53 fusions con-
taining residues 1 to 160, 160 to 393, 160 to 320, 320 to 393,
and 1 to 393 were kindly provided by Thomas Shenk.
Fusions containing residues 1 to 145, 1 to 82, 1 to 52, 18 to
52, 18 to 82, and 45 to 145 were created by PCR amplification
with the following primers: SN-AA1 (CGGGATCCCCATG
GAGGAGCCGCAG), SN-AA145 (CCGAATTCCACAGC
TGCACAGGGC), SN-AA18 (CGGGATCCCATITTCAGA
CCTATGG), SN-AA45 (CGGGATCCCGGACGATATTGA
ACA), SN-AA52 (CCGAA1TCCATTGTTCAATATCGT),
and SN-AA82 (CCGAA1TCCAGGAGGGGGCTGGTG). The
fragments were inserted into the pGEX3X vectors (40).

RESULTS

Isolation of human mdm-2 cDNA. A Xgtll cDNA library
constructed from HeLa cells was screened by using the
mouse mdm-2 cDNA (35a) under conditions of reduced
stringency. A total of 14 positive clones were isolated, and
the cDNA inserts were subcloned into the Bluescript vector
for further analysis. Preliminary restriction mapping and
partial sequencing showed that they represent partial clones
for the human mdm-2 cDNA (6). A full-length coding region
was constructed from two overlapping cDNA clones and
was sequenced. The DNA sequence of this cDNA clone,
designated hdm-2, is similar to the published hdm-2 se-
quence (35), with complete identity within the coding region
and a few differences in the noncoding regions. The fact that
these two cDNA clones were obtained from two very
different sources (HeLa cells versus colon carcinoma) yet
have identical coding sequences suggests that they may
represent the wild-type hdm-2 coding sequence or that a
systematic mutation is present in different cancer cells.
hdm-2 protein binds specifically to p53. The full-length

cDNA was cloned into a Bluescript vector and used for in
vitro transcription with T7 RNA polymerase. In vitro trans-
lation of the RNA in rabbit reticulocyte lysate generated a
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FIG. 1. Specific binding of hdm-2 top53 in vitro. hdm-2, p53, and
N-myc were translated and labeled individually with [35S]methion-
ine in rabbit reticulocyte lysates. They were mixed and incubated
for 30 min, followed by immunoprecipitations with monoclonal
antibodies against p53 (PAb421) or hdm-2 (2A10). hdm-2 and p53
can be coprecipitated with each other. N-myc does not coprecipitate
with either hdm-2 or p53. The slower mobility of hdm-2 in some of
the experiments is caused by the use of different batches of
polyacrylamide solutions. M, molecular mass markers.

major protein product that is approximately 110 kDa in
molecular mass by SDS-PAGE, as well as several minor
species of lower molecular masses (97, 90, and 68 kDa) (Fig.
1). These minor products most likely represent initiation
from internal methionines at residues 50 and 62 or premature
termination of translation. The abnormally high apparent
molecular weight of the hdm-2 protein was almost certainly
caused by the acidic nature of the major part of the polypep-
tide. The full-length hdm-2 coding region should produce a

491-amino-acid polypeptide with a calculated molecular
mass of 54 kDa. It appears that the central acidic domain of
hdm-2 may be a major contributor to the abnormal mobility,
because deletion of this region caused a significant decrease
in the apparent molecular weight in SDS-PAGE analysis.
The rat mdm-2 protein was originally identified by its

copurification with p53 in immunoprecipitation assays (12).
To demonstrate the p53 binding activity of the hdm-2 pro-

tein, hdm-2 and p53 were each synthesized by in vitro
translation and then were mixed and incubated at 30°C.
Immunoprecipitations were then performed with either
PAb421, an anti-p53 monoclonal antibody (10), or monoclo-
nal antibodies against hdm-2. As shown in Fig. 1, hdm-2 can

be coprecipitated or found in a complex with either human or

mouse wild-type p53 protein. The human p53 mutant with an

Arg-to-His mutation at codon 175 also bound to hdm-2
protein, consistent with the observation that several mutant
human p53 proteins can bind to the rat p90 protein in vivo
(12). As a negative control in the same assay, the mouse

N-myc protein failed to bind to either hdm-2 or p53.
Deletion mapping of the p53 binding domain on the hdm-2

protein. A peptide sequence comparison between hdm-2 and
other known p53 binding proteins, such as SV40 T antigen,
human papillomavirus E6 protein, and adenovirus E1B
protein, did not reveal any significant homology. To further
characterize the interaction between the hdm-2 and p53
proteins, a deletion analysis of the hdm-2 protein was

employed in order to determine the region of hdm-2 that
interacts with p53. Three types of mutations were introduced
into the hdm-2 cDNA: N-terminal deletions, C-terminal
deletions, and internal in-frame deletions. These mutants
were constructed either with convenient restriction sites to

drop out a DNA fragment, employing PCR products to
produce deletions, or with partial cDNA clones obtained
from the library or combinations of these methods. Mutant
cDNAs were then transcribed and translated in vitro. The
[35S]methionine-labeled hdm-2 proteins were then incubated
with unlabeled p53 proteins made by in vitro translation and
then were immunoprecipitated by using PAb421 antibodies
directed against the p53. A panel of 24 hdm-2 protein
deletion mutants were constructed and tested (see Fig. 3).
The autoradiographs of the immunoprecipitates analyzed on
SDS-polyacrylamide gels from one experiment are presented
in Fig. 2. The results for the entire panel of mutants
employed are presented in Fig. 3. Together, these hdm-2
mutants revealed that the region between amino acid resi-
dues 19 and 102 was critical for stable interaction with p53
protein in vitro. N-terminal deletions or internal deletions
affecting part or all of this entire region result in significantly
reduced binding to p53 protein (<5% of wild-type binding or
undetectable). Clearly, three internal deletions affecting dif-
ferent portions of the protein between amino acids 19 and
102 all resulted in a loss of p53 binding. However, the
smallest mutant that could bind to the p53 protein in this
assay contained amino acids 1 to 294, which is significantly
larger than the hdm-2-p53 binding region mapped by these
internal deletions. In addition, the first 150 residues of
hdm-2, when translated in vitro or synthesized in E. coli as
a GST fusion protein, did not bind to p53 proteins in vitro
(data not shown). All of these results then suggest that amino
acid sequences outside of the region between residues 19 and
102 contribute structural elements that are required to form
a functional p53 binding domain. Thus, the region from 19 to
102 appears to contain the site for p53 binding, but additional
mdm-2 protein sequences which may be supplied by either
region 102 to 294 or region 294 to 491 (Fig. 3) help to stabilize
these p53-mdm-2 interactions. The regions 102 to 294 and
294 to 491 can each be deleted when the other is present.
Both the rat p90 protein and the hdm-2 protein are able to

bind to p53 mutant proteins. To investigate whether there is
any difference between the interaction of hdm-2 with mutant
or wild-type p53 proteins, the binding between the hdm-2
mutants and a human p53 mutant protein (with mutation at
codon 175) was examined. No differences between the
binding patterns of hdm-2 mutants to wild-type p53 and the
codon 175 mutant p53 protein were found (data not shown),
indicating that mutant and wild-type p53 interact with the
same region on hdm-2 and require a similar degree of
integrity of this region.
An epitope map for hdm-2 monoclonal antibodies. A series

of murine monoclonal antibodies were prepared by using the
hdm-2 protein as an antigen. The hdm-2 cDNA clone was
inserted into a bacterial expression vector which fused six
histidine residues to the N terminus of the full-length hdm-2
protein. The hdm-2 protein was then produced in bacteria
and purified by a Ni-chelating column chromatography step.
Antibodies made by a large number of monoclonal antibody
cell lines were screened for their ability to react with hdm-2
and mdm-2 and the stable, high-titer, and specific antibody-
producing cell lines were selected.
The availability of the mutant hdm-2 cDNA clones (Fig. 3)

permitted the mapping of epitopes on the hdm-2 protein by
these hdm-2 monoclonal antibodies. The epitope map was
constructed by noting the ability or failure of an antibody to
immunoprecipitate wild-type or mutant hdm-2 protein. The
map of these epitopes is presented in Fig. 4.

Monoclonal antibodies that recognize the epitopes in the
hdm-2-p53 binding site. When these monoclonal antibodies
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FIG. 2. (A) In vitro translation products of the hdm-2 deletion mutants. One microliter of the 35S-labeled in vitro translation products was
run on the SDS-polyacrylamide gel to verify the synthesis of mutant proteins. (B) Coprecipitation of hdm-2 mutants with p53. The labeled
hdm-2 mutant proteins were incubated with in vitro-translated, unlabeled human p53, followed by immunoprecipitation with PAb421. The
coprecipitated hdm-2 proteins were detected by SDS-PAGE and autofluorography. Mutants 6-491 (similar to the wild type) and A155-160 are
not included in Fig. 3 in order to reduce redundancy. Four additional mutants, 19-491, 34-491, A116-294, and A102-294, were analyzed in
separate experiments and the results are presented in Fig. 3 without these data being presented in Fig. 2. M (A and B), molecular mass
markers.

were employed to immunoprecipitate the mixtures of hdm-2
and p53 proteins synthesized by in vitro translation, most of
these antibodies were able to coimmunoprecipitate the hdm-
2-bound p53 protein (data not presented). However, anti-
body 3G5, with an epitope located between amino acid
residues 59 and 89 in the p53-hdm-2 binding site, could only
immunoprecipitate free hdm-2 and failed to react with hdm-
2-p53 complexes (see Fig. 5A). Furthermore, an immuno-
precipitation with both 4B2 and 3G5 efficiently coprecipi-
tated p53, suggesting that 3G5 was not able to dissociate
preformed hdm-2-p53 complex. This same observation was
made when the p53-mdm-2 protein complexes from cells in
culture were used instead of in vitro translation products.
The rat A-1 cell line contains the rat p53-mdm-2 protein
complex and free rat mdm-2 protein (33). The monoclonal
antibody 3G5 only immunoprecipitates the free rat mdm-2
protein and fails to detect the p53-bound rat mdm-2 protein
(Fig. 5B). Other hdm-2 monoclonal antibodies can immuno-
precipitate both free mdm-2 protein and mdm-2 protein
bound to p53 protein (Fig. 5B and data not shown). This
observation suggests that the in vitro association of p53 and
hdm-2 proteins accurately reflects what is happening in a cell
extract and a cell in vivo.

It is possible that the monoclonal antibody 3G5 that
recognizes an epitope on the hdm-2 protein between amino
acid residues 59 and 89 is physically blocked from binding to
this epitope by the p53 protein that is bound to hdm-2.
However, it remains possible that the region between resi-
dues 59 and 89 of this protein exists in two states (confor-
mational or due to modifications): one that can bind to p53
and one that cannot bind to p53 protein. In this case, this
monoclonal antibody would be specific for the non-binding
epitope on hdm-2.
Mapping of hdm-2 binding domain on the p53 protein. It

has been demonstrated that overexpression of mdm-2 results
in the inhibition of p53-mediated transcription activation.
Because this modulation of p53 activity is likely mediated by
the binding of mdm-2 to p53, identifying the region of p53
that interacts with mdm-2 should provide information about
the possible mechanism of this regulatory activity. The
functions and tertiary structure of p53 are known to be
sensitive to point mutations and deletions (4, 9, 17, 18).
However, the ability of different p53 missense mutants to
bind to mdm-2 (12) indicates that this protein-protein inter-
action is less sensitive to these conformational changes of
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FIG. 3. Diagrams of hdm-2 deletion mutants and summary of p53
binding activity. The top open bar represents the full-length hdm-2
protein and the locations of the possible functional motifs recogniz-
able by sequence analysis. The thick solid bars represent the region
of hdm-2 polypeptide encoded by each mutant. The bent thin lines
indicate the regions deleted in the internal deletion mutants. The
numbers representing each mutant also indicate the amino acid
residue numbers at the boundaries of the deletions. Mutants with
undetectable binding or <5% of binding efficiency compared with
full-length hdm-2, as measured by the amount of bound versus input
protein, are considered negative. The region critical for p53 binding
can be located between residues 19 and 102. During sequence
examination, an additional C2H2 type zinc finger motif was noticed
between residues 438 and 457, in tandem with the previously
identified C-terminal zinc finger. NLS, nuclear localization signal;
Acidic, acidic region; Zn, zinc finger.
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FIG. 5. (A) An antibody with epitopes between residues 59 and
89 could not precipitate the hdm-2-p53 complex. hdm-2 pro-
grammed lysate or the preincubated mixture of hdm-2 and p53
lysates was precipitated with 4B2 and 3G5 antibodies. 4B2 but not
3G5 coprecipitated p53 when it was complexed with hdm-2. The
presence of hdm-2-p53 complexes in the 3G5 reaction can be
demonstrated by including 4B2 in the immunoprecipitation. (B)
Immunoprecipitation of Al cell lysates by using 3G5 and 3F3. Al
cells were metabolically labeled with [35S]methionine. The cellular
proteins were immunoprecipitated with the 3G5 and 3F3 antibodies.
3F3 precipitates both p90 (rat mdm-2) and p53; 3G5 only precipitates
p90. M (A and B), molecular mass markers.

p53. Therefore, GST-p53 fusions were employed to locate
the hdm-2 binding region on the p53 protein.

Different portions of human p53 were fused to the car-
boxyl terminus of the GST protein and were used to test for

Amino acids
N u7 t

00) 0 N U) 0

0)CN

p53 binding NLS
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FIG. 4. Epitope map of the anti-hdm-2 monoclonal antibodies.
The open bar represents the hdm-2 polypeptide, and the structural
motifs are indicated. The double-arrowed lines indicate the regions
that contain the epitopes for each antibody. The amino acid residue
numbers for the boundaries of each region are shown above the bar.
It has not been determined whether the antibodies which mapped to
the same regions recognize identical epitopes.

hdm-2 binding. Glutathione-Sepharose beads were incu-
bated with E. coli lysates expressing the GST fusion pro-
teins. hdm-2 was translated and labeled with [35S]methionine
in rabbit reticulocyte lysates as described previously. The in
vitro translation mixture was then incubated with the gluta-
thione beads loaded with GST-p53 fusion proteins. The
beads were washed, and the bound labeled hdm-2 protein
was detected by boiling followed by SDS-PAGE. hdm-2
deletion mutants defective for p53 binding in coimmunopre-
cipitation assays (Fig. 3) were employed as negative controls
for these experiments. The results, shown in Fig. 6 and
summarized in Fig. 7, demonstrated that the first 52 amino
acid residues of the p53 protein are sufficient for this
interaction with hdm-2 protein in vitro. Other portions of the
p53 protein, when fused to GST, either did not bind to hdm-2
protein or showed only weak and nonspecific binding. The
hdm-2 mutants defective for p53 binding did not bind signif-
icantly to p53-GST fusions. Therefore, hdm-2 binds to the
N-terminal domain of the p53 protein, which contains the
acidic residues shown previously to transactivate a test gene
and to promote transcription (45).

I
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FIG. 6. Binding of hdm-2 to GST-p53 fusion proteins. Glutathione-Sepharose 4B beads loaded with GST-p53 fusion proteins were
incubated with in vitro-translated hdm-2 proteins. The binding of hdm-2 proteins to the beads was detected by SDS-PAGE and fluorography.
hdm-2 mutant 50-491, which is negative for binding to in vitro-translated p53 was used as a control. The weak binding of hdm-2 to GST-p53
fusion protein 45-145 is likely to be nonspecific binding, because this mutant also binds to the hdm-2 deletion mutant at a similar affinity. M,
molecular mass markers.

DISCUSSION

The mdm-2 protein has been shown to inhil
ated transcriptional activation (33). A physica
between mdm-2 and p53 appears to be impo:
functional interaction. Characterization of the
the mdm-2 and p53 molecules involved in thi

1 100 2Q0 3Q0 39

I

HDM2 binding

Activation

E1B 55K binding T-antigen binding TBP bindir

FIG. 7. Summary of hdm-2 binding domain mapj
bar represents the p53 polypeptide, and the portions
fused to GST are represented by the solid bars, a]
hdm-2 binding activities as assayed in the experimen
6. The region of p53 that is sufficient for specific bind
located between residues 1 and 52 (represented by t
below the p53 diagram). Other known p53 function
also shown by shaded boxes. They include the
domain AA1-42 (45), adenovirus E1B 55K binding d(
(15), SV40 T-antigen binding region AA123-285 (1
localization signal (NLS) AA316 (39), oligomerizatioi
AA344-393 (31, 43), the evolutionarily conserved regi
and the region for interaction with the TATA-bindinl
AA320-393 (39a).

should therefore provide useful information about the bio-
logical consequences of these protein complexes.

bit p53-medi- This report identifies the regions of the p53 and hdm-2

ri association proteins involved in specific complex formation. Amino acid
rtant forthis residues 19 to 102 of hdm-2 and 1 to 52 of p53 appear to
e portionsc of interact to form a heterodimer complex. Additional regions
iS interaction of the hdm-2 protein are likely required to stabilize this

interaction. This N-terminal region of hdm-2 shares no
significant homology to the viral oncogene products that

HDM2 bind to p53 protein or to known functional motifs. The region
Mutant Binding between residues 19 and 102 of hdm-2 is highly conserved
11-393 + between humans and mice, having 93% identity compared
160-393 - with an average of 82% identity for the entire protein,
160-320 - suggesting that this region is critical for the function or
'318-393 - regulation of hdm-2. The role of this region in complexing
13160+ with p53 is further supported by the observation that mono-

1-160 + clonal antibody 3G5, with an epitope located within this
1-145 + region, failed to immunoprecipitate hdm-2 protein in com-
1-82 + plex with p53. The inability of this antibody to dissociate
1-52 + preformed hdm-2-p53 complexes suggests that either its
18-52 - affinity to hdm-2 is significantly lower than p53, or it recog-
18-82 - nizes a subset of hdm-2 proteins which do not bind to p53.

This could be due to a conformational change or even a
345145 different posttranslational modification in this region of the

protein. This is consistent with the results of the deletion
mapping of the mdm-2-p53 association site.
The amino acid sequences of hdm-2 and mdm-2 suggest

that they contain putative metal binding domains (zinc
fingers) characteristic of many DNA binding proteins (11,

ng 20), and highly acidic regions similar to that of transcrip-
ping. The open tional activators (32). It is intriguing that the p53 binding
of p53 that are domain in hdm-2 is distinct from the regions thought to be
long with their essential for transcriptional function. The organization of the
It shown in Fig. domains of hdm-2 would suggest that it is a transcription
ling to hdm-2 is factor regulated by or regulating the p53 protein. It is also
the shaded box possible that hdm-2 uses p53 as a functional partner. The
al domains are deletion mutants generated in this study should be valuable
transactivation for further analysis of the function of hdm-2 and the role of
omain AAl-123 its interaction with p53.
i (Oligo) region It has been demonstrated that overexpression of mdm-2
ions Igto V (41) can abrogate the transcriptional activation by p53. By com-
g protein (TBP) plexing with p53, mdm-2 may do so in two ways; it may alter

or inhibit the DNA binding activity of p53, thereby inhibiting
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its transactivation function. It is known that direct sequence-
specific DNA binding near promoters is critical for p53-
mediated transactivation (7, 17, 19, 50). Alternatively,
mdm-2 may complex with p53 and interfere with its ability to
interact with other proteins that mediate transcriptional
activation. The mapping of the hdm-2 binding domain to the
N-terminal acidic transcription activation region of p53
suggests that it is possible that the binding of hdm-2 to p53
would interfere with its ability to interact with the proteins
that constitute the transcription machinery on the DNA.
The frequent mutation of p53 in human neoplasms sug-

gests that the activities of wild-type p53 are inhibitory to
malignant growth. Inactivation of p53 either by mutation or
binding to other proteins is a common step in the develop-
ment of many human tumors. p53 is the target of oncogenes
encoded by DNA tumor viruses (reviewed by Levine [24]).
The SV40 T antigen binds to the evolutionarily conserved
central region of p53 (14, 44) and inhibits its sequence-
specific DNA binding, resulting in the loss of transcription
activation (1, 30) (Fig. 6). Human papillomavirus E6 proteins
bound to p53 and caused its degradation through the ubi-
quitin-dependent pathway (38). The adenovirus E1B 55-kDa
protein binds to the N-terminal region of p53 and inhibits
transactivation (48). hdm-2 may modulate p53 function by
binding to its transactivation domain. Therefore, it appears

that cells do use mechanisms similar to those employed by
the tumor viruses to regulate p53 function.
The presence of multiple structural motifs in the mdm-2

protein leaves open the possibility that mdm-2 may be more

than just a regulator of p53. It is possible that mdm-2 itself
can function as a transcription factor, controlling a set of
target genes. Its p53 binding domain also provides the ability
to regulate p53 function, thereby extending its effect to the
set of p53 target genes that may be involved in growth arrest
and differentiation. These ideas suggest that p53 and mdm-2
are likely to regulate each other and that they form a key
element in a signal pathway for growth regulation. This is
indeed the case. Recent experiments have shown that the
mdm-2 gene contains a p53 responsive element which can be
positively regulated by wild-type p53 (47). Thus, the expres-
sion of mdm-2 is normally controlled by the levels of p53
protein, and when overexpression of mdm-2 inhibits the
activation function of p53, it results in the downregulation of
the mdm-2 gene itself. In this way, the levels of mdm-2 are

autoregulated.

ACKNOWLEDGMENTS

We are grateful to N. Horikoshi and T. Shenk for providing the
GST-p53 fusion proteins and M. Cole for providing the N-myc
plasmid. We thank D. Olson, D. Dittmer, J. Momand, and G.
Zambetti for helpful discussion and advice. We are indebted to M.
Marlow of the Monoclonal Facility for generating anti-hdm-2 hybri-
domas and are grateful to K. James for help in preparing the
manuscript.

This work was supported by a grant from the National Cancer
Institute, CA41086, to A. J. Levine. J. Chen is supported by a

postdoctoral fellowship from Pfizer. V. Marechal is supported by a

fellowship from Rh6ne-Poulenc Rorer.

REFERENCES
1. Bargonetti, J., I. Reynisdottir, P. N. Friedman, and C. Prives.

1992. Site-specific binding of wild-type p53 to cellular DNA is
inhibited by SV40 T antigen and mutant p53. Genes Dev.
6:1886-1898.

2. Cahilly-Snyder, L., T. Yang-Feng, U. Francke, and D. L.
George. 1987. Molecular analysis and chromosomal mapping of

amplified genes isolated from a transformed mouse 3T3 cell line.
Somatic Cell Mol. Genet. 13:235-244.

3. Donehower, L. A., M. Harvey, B. L. Slagle, M. J. McArthur,
C. A. Montgomery, Jr., J. S. Butel, and A. Bradley. 1992. Mice
deficient for p53 are developmentally normal but susceptible to
spontaneous tumours. Nature (London) 356:215-221.

4. Eliyahu, D., N. Goldfinger, 0. Pinhasi-Kimhi, G. Shaulsky, Y.
Skurnik, N. Arai, V. Rotter, and M. Oren. 1988. Meth A
fibrosarcoma cells express two transforming mutant p53 spe-
cies. Oncogene 3:313-321.

5. Eliyahu, D., D. Michalovitz, S. Eliyahu, 0. Pinhasi-Kimhi, and
M. Oren. 1989. Wild-type p53 can inhibit oncogene-mediated
focus formation. Proc. Natl. Acad. Sci. USA 86:8763-8767.

6. Fakharzadeh, S. S., S. P. Trusko, and D. L. George. 1991.
Tumorigenic potential associated with enhanced expression of a
gene that is amplified in a mouse tumor cell line. EMBO J.
10:1565-1569.

7. Farmer, G. E., J. Bargonetti, H. Zhu, P. Friedman, R. Prywes,
and C. Prives. 1992. Wild-type p53 activates transcription in
vitro. Nature (London) 358:83-86.

8. Finlay, C. A., P. W. Hinds, and A. J. Levine. 1989. The p53
proto-oncogene can act as a suppressor of transformation. Cell
57:1083-1093.

9. Finlay, C. A., P. W. Hinds, T.-H. Tan, D. Eliyahu, M. Oren, and
A. J. Levine. 1988. Activating mutations for transformation by
p53 produce a gene product that forms an hsc70-p53 complex
with an altered half-life. Mol. Cell. Biol. 8:531-539.

10. Harlow, E., L. V. Crawford, D. C. Pim, and N. M. Williamson.
1981. Monoclonal antibodies specific for simian virus 40 tumor
antigen. J. Virol. 39:861-869.

11. Harrison, S. C. 1991. A structural taxonomy of DNA-binding
domains. Nature (London) 353:715-719.

12. Hinds, P. W., C. A. Finlay, R. S. Quartin, S. J. Baker, E. R.
Fearon, B. Vogelstein, and A. J. Levine. 1990. Mutant p53
cDNAs from human colorectal carcinomas can cooperate with
ras in transformation of primary rat cells: a comparison of the
"hot spot" mutant phenotypes. Cell Growth Differ. 1:571-580.

13. Hollstein, M., D. Sidransky, B. Vogelstein, and C. C. Harris.
1991. p53 mutations in human cancers. Science 253:49-53.

14. Jenkins, J. R., P. Chumakov, C. Addison, H.-W. Stiirzbecher,
and A. Wade-Evans. 1988. Two distinct regions of the murine
p53 primary amino acid sequence are implicated in stable
complex formation with simian virus 40 T antigen. J. Virol.
62:3903-3906.

15. Kao, C. C., P. R. Yew, and A. J. BerL 1990. Domains required
for in vitro association between the cellular p53 and the adeno-
virus 2 E1B 55K proteins. Virology 179:806-814.

16. Kastan, M. B., 0. Onyekwere, D. Sidransky, B. Vogelstein, and
R. W. Craig. 1991. Participation of p53 protein in the cellular
response to DNA damage. Cancer Res. 51:6304-6311.

17. Kern, S., J. A. Pietenpol, S. Thiagalingam, A. Seymour, K.
Kinsler, and B. Vogelstein. 1992. Oncogenic forms of p53 inhibit
p53-regulated gene expression. Science 256:827-832.

18. Kern, S. E., K. W. Kinzler, S. J. Baker, J. M. Nigro, V. Rotter,
A. J. Levine, P. Friedman, C. Prives, and B. Vogelstein. 1991.
Mutant p53 proteins bind DNA abnormally in vitro. Oncogene
6:131-136.

19. Kern, S. E., K. W. Kinzler, A. Bruskin, D. Jarosz, P. Friedman,
C. Prives, and B. Vogelstein. 1991. Identification of p53 as a
sequence-specific DNA-binding protein. Science 252:1708-
1711.

20. Klug, A., and D. Rhodes. 1987. 'Zinc fingers': a novel protein
motif for nucleic acid recognition. Science 12:464 469.

21. Kuerbitz, S. J., B. S. Plunkett, W. V. Walsh, and M. B. Kastan.
1992. Wild-type p53 is a cell cycle checkpoint determinant
following irradiation. Proc. Natl. Acad. Sci. USA 89:7491-7495.

22. Ladanyi, M., C. Cha, R. Lewis, S. C. Jhanwar, A. G. Huvos, and
J. H. Healey. 1993. MDM2 gene amplification in metastatic
osteosarcoma. Cancer Res. 53:16-18.

23. Lane, D. P., and L. V. Crawford. 1979. T antigen is bound to a
host protein in SV40-transformed cells. Nature (London) 278:
261-263.

24. Levine, A. J. 1990. The p53 protein and its interactions with the

VOL. 13, 1993



4114 CHEN ET AL.

oncogene products of the small DNA tumor viruses. Virology
177:419-426.

25. Levine, A. J., J. Momand, and C. A. Finlay. 1991. The p53
tumor suppressor gene. Nature (London) 351:453-456.

26. Linzer, D. I. H., and A. J. Levine. 1979. Characterization of a
54K dalton cellular SV40 tumor antigen in SV40 transformed
cells. Cell 17:43-52.

27. Livingstone, L. R., A. White, J. Sprouse, E. Livanos, T. Jacks,
and T. Tlsty. 1992. Altered cell cycle arrest and gene amplifica-
tion potential accompany loss of wild-type p53. Cell 70:923-935.

28. Malldn, D., F. P. Li, L. C. Strong, J. F. Fraumeni, Jr., C. E.
Nelson, D. Kim, J. Kassel, M. A. Gryka, F. Z. Bischoff, M. A.
Tainsky, and S. H. Friend. 1990. Germ line p53 mutations in a
familial syndrome of breast cancer, sarcomas, and other neo-
plasms. Science 250:1233-1238.

29. Martinez, J., I. Georgoff, J. Martinez, and A. J. Levine. 1991.
Cellular localization and cell cycle regulation by a temperature
sensitive p53 protein. Genes Dev. 5:151-159.

30. Mietz, J. A., T. Unger, J. M. Huibregtse, and P. M. Howley.
1992. The transcriptional transactivation function of wild-type
p53 is inhibited by SV40 large T-antigen and by HPV-16 E6
oncoprotein. EMBO J. 11:5013-5020.

31. Milner, J., and E. A. Medcalf. 1991. Cotranslation of activated
mutant p53 with wild-type drives the wild-type p53 protein into
the mutant conformation. Cell 65:765-774.

32. Mitchell, P. J., and R. Tjian. 1989. Transcriptional regulation in
mammalian cells by sequence-specific DNA binding proteins.
Science 245:371-378.

33. Momand, J., G. P. Zambetti, D. C. Olson, D. George, and A. J.
Levine. 1992. The mdm-2 oncogene product forms a complex
with the p53 protein and inhibits p53 mediated transactivation.
Cell 69:1237-1245.

34. Nigro, J. M., S. J. Baker, A. C. Preisinger, J. M. Jessup, R.
Hostetter, K. Cleary, S. H. Bigner, N. Davidson, S. Baylin, P.
Devilee, T. Glover, F. S. Collins, A. Weston, R. Modali, C. C.
Harris, and B. Vogelstein. 1989. Mutations in the p53 gene occur
in diverse human tumour types. Nature (London) 342:705-708.

35. Oliner, J. D., K. W. Kinzier, P. S. Meltzer, D. George, and B.
Vogelstein. 1992. Amplification of a gene encoding a p53-
associated protein in human sarcomas. Nature (London) 358:
80-83.

35a.Olson, D. Unpublished results.
36. Sanger, F., S. Nicklen, and A. R. Coulson. 1977. DNA sequenc-

ing with chain-terminating inhibitors. Proc. Natl. Acad. Sci.
USA 14:5463-5467.

37. Sarnow, P., Y. S. Ho, J. Williams, and A. J. Levine. 1982.
Adenovirus ElB-58Kd tumor antigen and SV40 large tumor
antigen are physically associated with the same 54Kd cellular

protein in transformed cells. Cell 28:387-394.
38. Scheffner, M., B. A. Werness, J. M. Huibregtse, A. J. Levine,

and P. M. Howley. 1990. The E6 oncoprotein encoded by human
papillomavirus 16 or 18 promotes the degradation of p53. Cell
63:1129-1136.

39. Shaulsky, G., N. Goldfinger, A. Ben-Ze'ev, and V. Rotter. 1990.
Nuclear accumulation of p53 protein is mediated by several
nuclear localization sigpals and plays a role in tumorigenesis.
Mol. Cell. Biol. 10:6565-6577.

39a.Shenk, T. Personal communication.
40. Smith, D. B., and K. S. Johnson. 1988. Single-step purification of

polypeptides expressed in Escherichia coli as fusions with
glutathione S-transferase. Gene 67:3140.

41. Soussi, T., C. Caron de Fromental, and P. May. 1990. Structural
aspects of the p53 protein in relation to gene evolution. Onco-
gene 5:945-952.

42. Srivastava, S., Z. Zou, K. Pirollo, W. Blattner, and E. H. Chang.
1990. Germ-line transmission of a mutated p53 gene in a
cancer-prone family with Li-Fraumeni syndrome. Nature (Lon-
don) 348:747-749.

43. Stiirzbecher, H. W., R. Brain, C. Addison, K. Rudge, M. Remm,
M. Grimaldi, E. Keenan, and J. R. Jenkins. 1992. A C-terminal
alpha helix plus basic motif is the major structural determinant
of p53 tetramerization. Oncogene 7:1513-1523.

44. Tan, T.-H., J. Wallis, and A. J. Levine. 1986. Identification of
the p53 protein domain involved in formation of the simian virus
40 large T antigen-p53 protein complex. J. Virol. 59:574-583.

45. Unger, T., M. M. Nau, S. Segal, and J. D. Minna. 1992. p53: a
transdominant regulator of transcription whose function is ab-
lated by mutations occurring in human cancer. EMBO J.
11:1383-1390.

46. Werness, B. A., A. J. Levine, and P. M. Howley. 1990. Associ-
ation of human papillomavirus types 16 and 18 E6 proteins with
p53. Science 248:76-79.

47. Wu, X., J. H. Bayle, D. Olson, and A. J. Levine. The p53-mdm-2
autoregulatory feedback loop. Genes Dev., in press.

48. Yew, P. R., and A. J. Berk 1992. Inhibition of p53 transactiva-
tion required for transformation by adenovirus E1B 55 Kd
protein. Nature (London) 357:82-85.

49. Yin, Y., M. A. Tainsky, F. Z. Bischoff, L. C. Strong, and G. M.
Wahl. 1992. Wild-type p53 restores cell cycle control and
inhibits gene amplification in cells with mutant p53 alleles. Cell
70:937-948.

50. Zambetti, G. P., J. Bargonetti, K. Walker, C. Prives, and A. J.
Levine. 1992. Wild-type p53 mediates positive regulation of gene
expression through a specific DNA sequence element. Genes
Dev. 6:1143-1152.

MOL. CELL. BIOL.


