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ABSTRACT: Mdm2 negatively regulates p53 by inhibiting its transcriptional activity and promoting its
degradation by functioning as an E3 ubiquitin ligase. The primary p53 binding site on mdm2 is located
in its N-terminal domain. Through binding to p53 at itsN-terminal transactivation domain, mdm2 directly
blocks the transcriptional activation function of p53. We discovered that truncated mdm2 protein constructs
without theN-terminal p53 binding domain are at least as active as full-length mdm2 in catalyzing p53
ubiquitination. Furthermore, the deletion of the central acidic domain significantly reduces the E3 ligase
activity of mdm2 toward p53. We have also performed GST pull-down experiments to probe the direct
binding of various mdm2 domain constructs toward full length p53 and found that mdm2 constructs
without theN-terminal p53 binding domain retain the ability to bind to p53. Our kinetic and binding data
localize the second p53 binding site between amino acids 211 and 361, including the acidic domain and
the zinc finger region. Our work, consistent with other reports, suggests that the p53 tetramer interacts
with at least two sites on mdm2. Although the interaction between theN-termini of mdm2 and p53 blocks
the transactivation activity of p53, the interaction between the central domain of mdm2 and the core
domain of p53 is critical for the ubiquitination and degradation of p53. This second mdm2-p53 interaction
site represents an alternative target for small molecule modulators of the mdm2-p53 pathway.

The tumor suppressor protein p53 functions as a transcrip-
tion factor that binds DNA and induces the expression of a
number of genes involved in cell growth arrest, DNA repair
and apoptosis. Under normal conditions, p53 is maintained
at a low steady-state level through proteasome-mediated
degradation. Various genotoxic stresses initiate signaling
pathways that stabilize p53 and activate its transcriptional
activity, leading to either cell cycle arrest or apoptosis (1-4).

Mdm2 is a critical regulator of p53 activity and stability.
By binding to theN-terminal transactivation domain of p53,
mdm2 blocks p53’s ability to activate transcription (5, 6).
Additionally, mdm2 serves as an E3 ubiquitin ligase to
promote p53 degradation through the ubiquitin-proteosome
pathway (7-12). The mdm2 gene is a direct target of p53
transcriptional activity, forming an auto feedback loop (13).
Mdm2 has also been proposed to regulate p53 function by
shuttling p53 from the nucleus to the cytoplasm, presumably
through the monoubiquitination of p53 (11, 14, 15).

The ubiquitin-proteosome pathway plays an important
role in controlling numerous biological events involving the
cell cycle, differentiation, immune responses, DNA repair,
and apoptosis (16, 17). The ubiquitin (Ub1) cascade is
initiated by the activation of Ub by the ubiquitin-activating

enzyme (E1) to form a thioester bond between the active
site Cys in E1 and theC-terminal Gly of Ub. The activated
Ub is transferred to the active site Cys of one of several
different ubiquitin-conjugating enzymes (Ubc or E2) in an
ATP-independent manner. The Ub-conjugated E2 then
functions in combination with an E3 ligase to transfer Ub to
the target protein on Lys residues.

Mdm2 is a member of the RING finger domain family of
E3 ubiquitin ligases. It contains at least four functionally
independent domains (13), including (1) an N-terminal
domain (a.a. 19-102) that recognizes theN-terminal Box-I
domain of p53 (5, 18, 19); (2) a central acidic domain (a.a.
223-274) that binds to a number of proteins, including
p14ARF, L5, L11, L23, p300, and YY1 (20-24); (3) a putative
zinc finger (a.a. 305-322) (25); and (4) a RING finger
domain (a.a. 438-478) critical for its E3 ubiquitin ligase
activity (10, 26). The interaction between theN-terminal
domains of mdm2 and p53 has been extensively studied (5,
18, 19, 27-29), and several compounds have been reported
to inhibit this interaction (30-33). A second mdm2 binding
site has been proposed in the core domain of p53, and the
mutation of this site increases the ubiquitination of p53 (34).
Most recently, peptides derived from the acidic domain and
part of the zinc finger domain of mdm2 were found to bind
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to the specific DNA binding site of the core domain of p53,
albeit with low affinity (35).

To understand how the binding interaction between mdm2
and p53 is related to the mdm2-catalyzed p53 ubiquitination,
we compared the ubiquitin ligase activity and binding
interaction of full length mdm2 (mdm2-FL) and various
N-terminally truncated mdm2 constructs toward p53. Our
results indicate that the interaction between theN-terminal
domains of mdm2 and p53 is not required for the mdm2-
catalyzed p53 ubiquitination. Our results further indicate a
second p53 binding site on mdm2 that is critical for its
ubiquitin ligase activity toward p53; this site is located
between amino acids 211 and 361, a region that includes
the acidic domain and the zinc finger region.

MATERIALS AND METHODS

Materials. Ulp1 protease was prepared in-house. Gluta-
thione Sepharose, Q-Sepharose, Mono-Q, Superdex 75,
Superdex 200, G-25, Cy5 maleimide, and Oregon Green
(OG) maleimide were obtained from GE Healthcare (Upp-
sala, Sweden). Streptactin Superflow and Ni-NTA agarose
were from IBA GmbH (Go¨ttingen, Germany) and Qiagen
GMbH (Hilden, Germany), resepectively. TCEP (tris(2-
carboxyehtyl)phosphine) and reduced glutathione were from
Calbiochem (San Diego, CA). AEBSF (4-(2-aminoethyl)-
benzenesulfonyl fluoride hydrochloride) was from BP Bio-
medical (Irvine, CA).

Protein Expression and Purification of p53, mdm2, and
E1. The human p53, mdm2, and E1 cDNA clones matched
Genbank accession numbers M60950, Z12020, and M58028,
respectively. Wild type p53 was modified by PCR to generate
a Strep-Tev-p53 fusion, which was subcloned by Gate-
way recombination into the baculovirus expression vector,
pDEST8. The Tev cleavage sequence was incorporated
precisely to the 5′ end of E1, mdm2, and various mdm2
mutants (Figure 1) by PCR and subsequently cloned into
pENTR/D. Mdm2 containing a single mutation of C464A
was generated using the Quickchange site-directed mutagen-
esis kit (Stratagene #200518). The coding sequences were
separately transferred into pDEST20 to generate anN-
terminal GST fusion. Baculovirus expression was carried out
using the bac-to-bac baculovirus expression system (Invitro-
gen, Carlsbad, CA). The baculovirus infection of exponen-
tially growing Sf9 culture was carried out for 48 h at 28°C.
The infected Sf9 cell culture was harvested by centrifugation.

The cell pellets were frozen and stored at-80 °C until they
were processed for subsequent protein purification.

Sf9 cells expressing GST-E1, GST-mdm2, and GST-
mdm2 mutants were lysed in buffer A (50 mM Tris-HCl at
pH 8.0, 0.15 M NaCl, 5-10% Glycerol, 2-5 mM DTT)
plus a protease inhibitor cocktail (1µg/mL of leupeptin,
1 µg/mL of pepstatin A, 0.4 mM AEBSF) with 1% Triton
X-100 and centrifuged to remove cellular debris and insol-
uble proteins. The soluble fraction was captured with
glutathione sepharose, and the column was washed with
buffer A. GST-E1 was eluted with 10 mM reduced glu-
tathione in buffer A. GST-mdm2 and its mutants were eluted
with 10 mM reduced glutathione in buffer A containing 0.1%
Triton-X-100, and subsequently purified by Superdex200 or
Superdex75 in buffer A with 0.1% octylglucoside.

Sf9 cells expressing His-Strep-tagged p53 were lysed by
sonication in buffer A plus the protease inhibitor cocktail
and 2 mM EDTA with 1% Triton X-100. After centrifuga-
tion, the soluble fraction was captured on Streptactin-
superflow. The protein bound in the column was washed
with buffer A and eluted with 3 mM desthiobiotin in buffer
A. Affinity purified p53 was diluted 1:1 with water and
purified on MonoQ IEX chromatography with a NaCl
gradient in 25 mM Tris, 5% glycerol,and 0.2 mM TCEP.
His-Strep-p53 was eluted at 250 mM NaCl.

Expression, Purification and Modification of UbcH5b and
Ub. Smt3 DNA was cloned fromSaccharomyces cereVisiae
genomic DNA based on the genomic sequence of Chromo-
some IV (1469390-1469695) to generate a His-tagged Smt3
open reading frame (ending with Glycine 98, cleavable by
Ulp1 protease), which was precisely fused in frame with the
start of UbcH5b coding sequence in theE.coli expression
vector pDEST14 (36). Cys-ubiquitin (Cys-Ub) cDNA was
subcloned in pET22b. An amino terminal cysteine codon was
precisely incorporated as a specific site for protein labeling
with maleimide chemistry. Smt3-UbcH5b, Ulp1, and Cys-
Ub were separately expressed inE. coli BL21 (DE3)* at
37 °C for 3 h in LB media containing 1 mM IPTG.

The E. coli-expressing His-Smt3-UbcH5b cell paste was
lysed by pressure drop through a MicroFluidizer in a lysis
buffer (buffer A plus inhibitor cocktail with 1% Triton X-100).
After centrifugation, the soluble fraction was captured on
Ni-NTA agarose. The column was washed with buffer A,
and bound fractions were eluted with 300 mM imidazole in
buffer A. After concentration, imidazole was removed by

FIGURE 1: mdm2 constructs used for ubiquitin ligase assays and GST pull-down with p53. Regions of mdm2 corresponding to p53 binding,
the acidic, the zinc finger and the RING finger domains, are labeled with different shading. The constructs were prepared as GST-tagged
proteins. The numbers correspond to the amino acid residues of mdm2. The star indicates the Cysf Ala point mutation at a.a. 464 of
mdm2.
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desalting with a G-25 SEC column equilibrated with buffer
A. The His-Smt3 tag was removed by enzymatic cleavage
using His-tagged Ulp1 (made in-house) at a 25:1 substrate
to enzyme molar ratio at 4°C while progress of the enzy-
matic reaction was monitored by SDS-PAGE. Liberated
His-Smt3, His-tagged Ulp1, and incompletely cleaved sub-
strate were captured on Ni-NTA agarose. The resulting
unbound fractions from Ni-NTA agarose were passed
through Q-sepharose. The unbound proteins (untagged
UbcH5b) were collected, concentrated, and desalted into a
storage buffer of 50 mM Tris (pH 7.4), 150 mM NaCl, 10%
Glycerol, and 1 mM DTT.

The E. coli-expressing Cys-Ub cell paste was lysed by
pressure drop in lysis buffer A with 2 mM DTT. After
centrifugation, the ice-bath-chilled soluble cell lysate was
gradually acidified to pH 2 with acetic acid to precipitate
most of the contaminating proteins. Soluble Cys-Ub was
purified by C18 RP-HPLC with an acetonitrile gradient in
0.1% TFA. The fractions were analyzed by RP-HPLC and
LC/MS. The Cys-Ub fractions were pooled, diluted with
water, frozen, and lyophilized. Lyophilization was stopped
prior to dryness and neutralized with 1 M Tris to pH 7. TCEP
was added to a final concentration of 0.1 mM.

A 1.5 molar excess of Cy5-maleimide was added to
specifically label the free sulfhydryl of Cys-Ub. The incor-
poration of Cy5 was monitored by LC/MS. The reaction was
quenched by the addition of excess DTT. Cy5-maleimide
Cys-Ub (Cy5-Ub) was separated from the crude reaction
mixture by a G-25 sizing column and further purified by
RP-HPLC. OG-Ub was prepared using a similar procedure.

Conjugation of UbcH5b with Labeled Ubiquitin.The
preparation of Cy5 or OG-labeled Ub-UbcH5b (Cy5-Ub-
UbcH5b or OG-Ub-UbcH5b) was similar to published
procedures (37, 38) except for the modification using 50 mM
HEPES at pH 7.3, 50 mM NaCl, 0.1 mM TCEP for S-75
SEC column and storage.

All purified proteins were confirmed by LC-MS or peptide
mapping. The purity of p53 and Cy5-Ub-UbcH5b was
estimated to be>90% and 96%, respectively. The purity of
mdm2, its mutants, and E1 was estimated to be at least
>80%.

Analysis of mdm2-Catalyzed p53 and Autoubiquitination.
Reactions were carried out in buffer B containing 15 mM
HEPES (pH 7.5), 5 mM NaCl, and 10 mM octylglucoside
in a 20µL reaction volume at room temperature. The reaction
mixtures contained Cy5-Ub-UbcH5b (70 nM or varied), p53
(700 nM or varied), and mdm2 at various concentrations.
For the mdm2 autoubiquitination assay, p53 was not present
in the reaction. The reactions were stopped with 4X SDS-
reducing sample buffer, separated using 4-12% NuPAGE
bis-Tris SDS-PAGE (Invitrogen), and the fluorescence
intensity of the p53-Ubn or mdm2-Ubn bands were quantified
on a Storm 860 PhosphoImager (Molecular Dynamics).
Fluorescence intensity was converted to molar units of Cy-
Ub-UbcH5b by referencing to a Cy5-Ub-UbcH5b calibra-
tion curve and assuming that the quantum yield for Cy5-
Ub-UbcH5b fluorescence was not significantly affected by
the formation of the Cy5-Ub-p53 or the Cy5-Ub-mdm2
complex.

Western blot analysis was carried out to confirm that the
fluorescent bands assigned as Cy5-Ub-p53 products are
indeed ubiquitinated p53. OG-Ub-UbcH5B was used instead

of Cy5-Ub-UbcH5B to avoid fluorescent interference in the
Odyssey Infrared Image system. After incubation at room
temperature for 30 min, the ubiquitination reactions were
terminated with 2X SDS-reducing sample buffer, separated
on 4-20% TrisGlycine polyacrylamide gels, transferred onto
a nitrocellulose membrane (Invitrogen), and analyzed by
western blot using a monoclonal anti-p53 primary antibody
(DO-1) (0.5µg/mL) (BD PharMingen, Cat. 554293) and an
Alexa Fluor 680 conjugated goat anti-mouse secondary
antibody (0.8µg/mL) (Molecular Probes, Cat. A-21057).
Immunodetection was carried out using the Odyssey Infrared
Image system (Li-Cor Bioscience).

Steady-State Analysis of mdm2-Mediated p53 Ubiquiti-
nation. The steady-state experiments were run at a single
time point of 2 or 5 min in buffer B, using mdm2 (2 nM) or
mdm2-S211 (0.4 nM) and various p53 and Cy5-Ub-UbcH5b
concentrations. Prior to the steady-state analysis, we per-
formed experiments to ensure that end-point analysis was
within the linear range of the reaction (i.e., under initial
velocity conditions). Data were globally fit to one of the
following equations using the software program Grafit
(Erithacus Software, Ltd.): eq 1, a Ping Pong Bi Bi steady-
state mechanism; eq 2, a Rapid Equilibrium Random Bi Bi
ternary complex steady-state mechanism (11, 39).

In these equations,Vmax is the maximal velocity obtained
at infinite concentration of all substrates, [AX] and [B] are
the concentrations of the group transfer donor and acceptor
substrates (in our system [AX]) [Cy5-Ub-UbcH5b] and
[B] ) [p53]), KAX andKB are either Michaelis constants (in
eq 1, Ping Pong mechanism) or equilibrium dissociation
constants (in eq 2, Rapid Equilibrium Random Bi Bi
mechanism) for substrates AX and B, respectively;R is the
substrate cooperativity factor (e.g., the Michaelis constant
is equal toR times the equilibrium dissociation constants
when all other substrates are saturated).

In our current system, Cy5 or OG is linked to Ub though
a Cys residue added to theN-terminus of Ub, rather than
through the Lys 6 side chain. Using a competition assay,
we have evidence that the Cy5 or OG labeling of Ub on the
addedN-terminal Cys residue does not alter theKm for Ub-
UbcH5b (data not shown), unlike our previous version of
Og-Ub-UbcH5b with the Og modification on the side chain
of Lys6 of Ub (11, 38).

Binding Interaction of p53 to mdm2 by GST Pull-Down.
The buffer conditions were based on ref 18 (18) with some
modifications. Glutathione-Sepharose 4B beads (Pharmacia)
were washed three times with the equilibrium buffer (20 mM
Tris-HCl (pH 7.5), 2 mM EDTA, 100 mM NaCl, and 0.5%
Nonidet P-40) and incubated in the equilibrium buffer
containing 0.5% nonfat milk for 30 min with shaking. The
beads were washed three times again with the equilibrium
buffer and stored in the same buffer at a concentration of
50% v/v. We used GST-E1 as a negative control for the pull-
down.

V )
Vmax[AX][B]

KB[AX] + KAX[B] + [AX][B]
(1)

V )
Vmax[AX][B]

RKAXKB + RKB[AX] + RKAX[B] + [AX][B]
(2)
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Ten microliters of p53 were incubated with 10µL of GST-
mdm2 (or GST-mdm2 mutants or GST-E1) (0.1µM,
respectively) in buffer B at room temperature for 20 min.
The p53/mdm2 mixtures were diluted by 10-fold to 200µL
with the equilibrium buffer and then incubated with 20µL
of 50% pre-equilibrated beads for 1 h at 4°C with shaking.
The beads were washed three times with 1 mL of washing
buffer (20 mM Tris-HCl (pH 7.5), 2 mM EDTA, 250 mM
NaCl, 1% Nonidet P-40), heated for 5 min at 95°C in 40
µL of sample loading buffer and analyzed by western blot
for bound p53 as described. The fluorescence intensity of
the bound p53 was quantified using the Odyssey application
software.

RESULTS

Deletion Mapping of mdm2 for p53 Ubiquitination ActiV-
ity. To understand the domain requirements for the E3 ligase
activity of mdm2 toward p53, we have expressed and purified
a series of truncated mdm2 constructs asN-terminal GST-
tagged fusion proteins (Figure 1), including: (1) mdm2-S116
(a.a. 116-491) with theN-terminal p53 binding domain
deleted and all other domains intact; (2) mdm2-S211 (a.a.
211-491) retaining the central region (acidic domain and
zinc finger) and the RING finger domain of mdm2; (3)
mdm2-E285 containing the zinc finger and the RING finger
domains; and (4) mdm2-D361 (a.a. 361-491) with only the
RING finger domain. We have also prepared a full length
mdm2 with a single Cys to Ala mutation C464A that has
been shown to disrupt the RING finger and the ubiquitin
ligase activity of mdm2 as a negative control (10).

The truncated mdm2 constructs were compared with full
length mdm2 using an SDS-PAGE assay, monitoring the
incorporation of Cy5-Ub onto p53. Instead of using the E1,
E2, E3 cascade, we carried out the E1-mediated Ub transfer
to the active site Cys of UbcH5b separately and used Cy5-
Ub-UbcH5b to simplify our E3 reaction as described
previously (11, 38). Mdm2-mediated p53-Ubn formation was
further confirmed by western blot using an anti-p53 antibody
(Figure 2). Our results show that mdm2-S116 and mdm2-
S211, both lacking theN-terminal p53 binding domain, are
as active or slightly more active than mdm2-FL in catalyzing
p53 ubiquitination (Table 1). Mdm2-E285, containing the
zinc finger and RING finger domains, can still catalyze Ub
transfer to p53 with only a 3-fold reduction in activity relative

to that of mdm2-FL (Table 1). Mdm2-D361, containing only
the RING finger domain, does not catalyze Ub transfer to
p53. As expected, the Mdm2-C464A mutant with a disrupted
RING finger has essentially no activity in catalyzing Ub
transfer to p53, consistent with the requirement of the intact
RING finger for the ubiquitination activity of mdm2.

The truncated mdm2 constructs were also compared with
mdm2-FL using the SDS-PAGE assay for mdm2 auto-
ubiquitination (Table 1). Mdm2-S116, S211, E285, and D361
are at least as active as mdm2-FL in catalyzing autoubiqui-
tination. The mdm2-C464A mutant is essentially inactive in
autoubiquitination compared to mdm2-FL. In contrast with
the requirement for the acidic domain and the zinc finger
domain for catalyzing p53 ubiquitination, mdm2 containing
the RING finger domain alone is sufficient to catalyze
autoubiquitination.

Comparison of p53 Ubiquitination Kinetics for mdm2-FL
and mdm2-S211.Mdm2-S211, a truncated form of mdm2
lacking theN-terminal p53 binding domain, is 2-3-fold more
active than mdm2-FL in catalyzing p53 ubiquitination (Table
1). To further understand this result, we have compared the
kinetic constants for this construct to that of mdm2-FL. The
velocity of p53-Ubn formation was determined by varying
Cy5-Ub-UbcH5b concentration with several fixed concen-
trations of p53. A series of parallel lines were obtained when
the data are presented in a double-reciprocal format for both
mdm2-FL and mdm2-S211 (Figure 3). The kinetic pattern
of the substrate double titration is consistent with published
reports (11), indicating either a hybrid Ping-Pong or a Rapid
Equilibrium Random Bi Bi mechanism for both mdm2-FL
and mdm2-S211. From the kinetic data alone, we were not
able to uniquely assign a kinetic mechanism to mdm2-
catalyzed p53 ubiquitination. Regardless of whether the
kinetic mechanism is the hybrid Ping-Pong or the Rapid
Equilibrium Random Bi Bi, theKm values of Cy5-Ub-
UbcH5b and p53 are similar for both full-length mdm2 and
mdm2-S211 (40-100 and 700-800 nM, respectively; Table
2). Thekcat value of the reaction using mdm2-S211 is slightly
higher than that of mdm2-FL.

These results suggest that the kinetic mechanism and con-
stants are quite comparable between mdm2-FL and mdm2-
S211, indicating that truncated mdm2, lacking theN-terminal
p53 binding pocket, appears to be functionally equivalent
to mdm2-FL in catalyzing p53 ubiquitination.

Binding of mdm2 Constructs to Full Length p53.To further
test our hypothesis that mdm2 contains a second p53 binding

FIGURE 2: Western blot analysis of mdm2-mediated p53 ubiquiti-
nation. The ubiquitination reactions were carried out in the presence
and absence of 100 nM p53 with 1µM OG-Ub-UbcH5B and
mdm2 at various concentrations. The ubiquitinated p53 products
were analyzed by western blotting using an anti-p53 antibody (DO-
1) as described in the Materials and Methods.

Table 1: Comparison of Specific Activity of Full Length mdm2 and
Its Mutants in Catalyzing P53 and Autoubiquitination Using the
SDS-PAGE Assaya

mdm2-catalyzed
p53 ubiquitination

mdm2
autoubiquitination

enzyme specific activityb specific activity

mdm2-FL 0.98( 0.05 0.49( 0.04
mdm2-S116 1.44( 0.09 0.73( 0.11
mdm2-S211 3.18( 0.12 0.66( 0.08
mdm2-E285 0.33( 0.08 1.59( 0.21
mdm2-D361 <0.01 2.79( 0.38
mdm2-C464A <0.01 <0.01
a Each specific activity is the mean of two to three replicates( SD.

b Unit of specific activity: moles of ubiquitin transfer per min catalyzed
by 1 mole of enzyme.
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site that is required for Ub transfer to p53, we carried out
GST pull-down experiments to probe the direct interaction
between mdm2-FL or deletion mutants and p53. Our results
show that mdm2-S211 can bind p53 in a similar manner or
in a manner only slightly weaker than that of mdm2-FL
(Figure 4A and B). Similar to our kinetic result, mdm2-E285
can also bind p53 but with much reduced affinity. Mdm2-
D361 does not bind to p53 because the amount of the p53
pull-down is no higher than the GST-E1 negative control
used in these studies. Therefore, we conclude that the central
region of mdm2 (acidic region and zinc finger; a.a. 211-
361) appears to contain the second p53 binding site that is
required for Ub transfer to p53. Although our GST pull-
down experiments did not directly measure the binding
affinity of the N-terminally truncated mdm2 constructs for
p53, we estimate that theKd value for this interaction is likely
to bee1 µM, on the basis of the fact that it was maintained
during a GST pull-down and multiple washing steps at sub-
µM concentrations of both proteins.

Effect of Nutlin on mdm2-Mediated Ubiquitination of p53.
On the basis of the crystal structure of mdm2 bound to a
peptide from the transactivation domain of p53 (5), small
molecule antagonists called Nutlins have been reported to
inhibit the mdm2-p53 interaction leading to p53 stabilization
(32). We tested Nutlin-3 for its effects on mdm2-mediated
p53 ubiquitination and found it to be a weak inhibitor of the
ubiquitin ligase activity of mdm2 (IC50 ∼6-10 µM) in
contrast to its effect on blocking theN-terminal mdm2-
p53 interaction (IC50 reported to be 0.09µM (32)). To further

investigate the effects of Nutlin-3 on mdm2-catalyzed p53
and autoubiquitination, we compared the IC50 values of this
inhibitor using various truncated mdm2 mutants as the
enzyme source. Our results show that Nutlin-3 inhibits
mdm2-catalyzed p53 ubiquitination and autoubiquitination
with IC50 values around 10µM regardless of whether full
length or various truncated mdm2 constructs were used as
the enzyme source. Therefore, it is likely that the inhibitory
activity of Nutlin-3 in the ubiquitination assay is nonspecific.
As we have demonstrated that theN-terminal p53 binding
domain of mdm2 is not critical for mdm2-catalyzed p53
ubiquitination, it is not surprising that Nutlin-3 is not very
active as an inhibitor of mdm2-catalyzed p53 ubiquitination.

DISCUSSION

We have shown that theN-terminal domain of mdm2 is
not required for its ubiquitination activity toward p53. Using
GST pull-down, we have further demonstrated that there is
a second p53 binding site on mdm2, which includes the
acidic domain and the zinc finger domain. This second
interaction is critical for the mdm2-mediated ubiquitination
of p53. We have also confirmed that the intact RING finger
domain alone of mdm2 is sufficient for its autoubiquitination
activity.

The region of mdm2 critical for complex formation with
p53 was originally mapped to theN-terminal domain by
genetic and biochemical methods (18, 19). The interaction
between peptides derived from the p53N-terminus and the
N-terminal domain of mdm2 has been extensively studied
(5, 27-29). TheKd values for this interaction were reported
to be 60-700 nM depending on the length of the p53
peptides (5, 27-29). However, there have also been reports
of secondary binding sites on mdm2 for the p53 core domain
that affect p53 ubiquitination (34, 40). By using domain
swapping between mdm2 and mdmX, Meulmeester et al.
described that the central domain of mdm2 (202-302) is
essential for p53 ubiquitination (41). Similar findings on the
contribution of mdm2’s central acidic domain to p53
ubiquitination were also reported by Kawai and co-workers
(42). Recently, Yu et al. reported that the p53 core domain
binds to peptides derived from mdm2’s acidic domain and
a part of its zinc finger domain, albeit with relatively weak
affinity (100-300µM) (35). Our results are consistent with
the presence of a second p53 binding site on mdm2, located
within a region spanning its acidic and zinc finger domains.
However, theKd value estimated from our GST pull-down
experiment as well as theKm value of p53 measured from
the ubiquitination kinetic analysis are consistent with rela-
tively high affinity (<1 µM) for this second binding site. It
is possible that although the individual peptides derived from
the acidic domain and zinc finger of mdm2 have weak
affinity toward p53 (35), there may be multiple contacts to
form a specific site with higher affinity in binding to p53
within the central domain of mdm2. We have further shown
that this second interaction is critical for the p53 ubiquiti-
nation activity of mdm2, whereas the interaction between
the N-terminal domains of mdm2 and p53 is dispensable.
Taken together, the data suggest that the p53 tetramer
interacts with at least two sites on mdm2sthe N-terminal
domain of p53 binds to theN-terminal domain of mdm2,
whereas the core domain of p53 binds to the central acidic
domain of mdm2. Each of these interactions has a different

FIGURE 3: Kinetic analysis of Ub transfer to p53. The velocities
of p53-Ubn formation were determined as a function of Cy5-Ub-
UbcH5b at several fixed concentrations of p53 catalyzed by mdm2-
FL (A) or mdm2-S211 (B). The lines represent the global fitting
of the entire data set to eq 1 using Grafit (p53 concentrations:O,
2 µM; b, 0.8 µM; 0, 0.4 µM; 9, 0.2 µM).
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functional consequence. Although the interaction between
theN-termini blocks the transactivation of p53, the interaction
between the central domain of mdm2 and the core domain of
p53 is critical for the ubiquitination and degradation of p53.

The central domain of mdm2, including the acidic domain
and the zinc finger region, provides the binding site for many
interaction partners of mdm2, including p14Arf (20, 43), L5
(22, 44), L11 (24, 45), L23 (21, 46), TBP (47), and Rb (48).
These interactions have been reported to inhibit mdm2-
mediated p53 ubiquitination and degradation. One possible
mechanism for the inhibitory action of these molecules is
the direct blocking of the interaction of p53 with the central
domain of mdm2 and, thus, interfering with mdm2-mediated
p53 degradation. As Fersht and co-workers have pointed out
(35), the central domain of mdm2 can also be phosphorylated

at multiple sites, which may also affect the interaction
between mdm2 and p53 and mdm2-mediated p53 ubiquin-
tation and degradation.

Although the solution structure of the C4 zinc finger of
mdm2 has recently been solved (25), the structure of the
acidic domain remains unknown. Structural information on
how the second p53 binding site on mdm2 interacts with
the core domain of p53 will be extremely helpful toward an
increased understanding of the molecular interactions be-
tween mdm2 and p53 as well as toward the design of inhib-
itors to regulate this interaction. It will be even more useful
to gain structural insights on how full length p53 interacts
with full length mdm2, how the primary and secondary
binding sites are spatially arranged, and how they contribute
to the binding energy of the mdm2-p53 interaction.

In the past few years, there have been intense efforts
toward identifying small molecule modulators of the mdm2-
p53 pathway by targeting the E3 ligase activity of mdm2
(49, 50) or by inhibiting the interaction between the
N-terminal domain of mdm2 and theN-terminal domain of
p53 (30-33, 40). Vassilev et al. reported the discovery of
small molecule inhibitors, referred to as Nutlins, which bind
to theN-terminal domain of mdm2 in a small hydrophobic
cleft and block the interaction with p53 (32). In tumor cells
with wild type p53, Nutlins activate p53, leading to cell cycle
arrest, apoptosis, and growth inhibition of human tumor
xenografts in nude mice. We have tested Nutlin-3 for its
ability to inhibit mdm2-mediated p53 ubiquitination and
found that the compound is a relatively poor inhibitor of
this activity. This result is consistent with our demonstration
that the interaction between theN-terminal domains of mdm2
and p53 is not required for the E3 ligase activity of mdm2.
We thus postulate that Nutlins are likely to only disrupt the
interaction between theN-terminal domain of mdm2 and p53
and may not dissociate fully the mdm2-p53 complex.
However, because Nutlins can activate p53 in cells, it
suggests that the interaction between mdm2 and p53 may
be dynamic and that blocking theN-terminal domain of
mdm2 suffices to allow the transactivation domain of p53
to interact with the transcriptional machinery and activate
downstream genes.

In light of our determination that the second p53 binding
site located in the central domain of mdm2 is critical for the
E3 ubiquitin ligase activity of mdm2 toward p53, we propose
that targeting this second binding site could be an alternative
means of inhibiting the E3 ligase activity of mdm2, leading
to p53 activation.
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Table 2: Summary of Kinetic Constants (average fromn ) 2 determinations) for mdm2-Catalyzed Ubiquitin Transfer to P53a

Ping Pong mechanism RERBBb mechanism

kinetic constant mdm2-FL mdm2-S211 mdm2-FL mdm2-S211

Cy5-Ub-UbcH5b,Km 70 ( 1.7 nM 40( 11 nM 100( 14 nM 51( 14 nM
p53,Km 731( 109 nM 759( 150 nM 764( 101 nM 813( 115 nM
kcat 1.8( 0.1 min-1 3.2( 1.3 min-1 1.8( 0.1 min-1 3.2( 1.3 min-1

Rd NAc NA 332 ( 144 254( 72
a Each specific activity is the mean of two to three replicates( SD. b RERBB, Rapid Equilibrium Random Bi Bi.c NA, not applicable to this

mechanism.d R is the substrate cooperativity factor (e.g., the Michaelis constant is equal toR times the equilibrium dissociation constants when all
other substrates are saturated).

FIGURE 4: Binding of p53 to GST-mdm2 fusion proteins using
GST pull-down. The preincubated mixture containing p53 and GST-
mdm2, mutants, or GST-E1 were incubated with glutathione-
sepharose 4B beads as described in Materials and Methods. (A)
Binding of p53 to GST-mdm2 detected by western blot and
quantified using the Odyssey Infrared Image system. Lane 1, mdm2-
FL; lane 2, mdm2-S211; lane 3, mdm2-E285; lane 4, mdm2-D361;
lane 5, GST-E1 control; lane 6, 1 pmol p53 protein as a control
for antibody detection. MW, molecular mass markers. (B) Fluo-
rescence intensity of bound p53 in western blot quantified using
Odyssey application software and expressed as Relative Fluores-
cence Units (RFU).
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discussions. Protein characterization by mass spectrometry
was performed by the Proteomics and Biological Mass Spec-
trometry Laboratory at GSK, Upper Merion, Pennsylvania.
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