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HDM2 and HDMX are key negative regulatory factors of the p53 tumor suppressor under normal conditions by promoting its
degradation or preventing its trans activity, respectively. It has more recently been shown that both proteins can also act as posi-
tive regulators of p53 after DNA damage. This involves phosphorylation by ATM on serine residues HDM2(S395) and HDMX(S403),
promoting their respective interaction with the p53 mRNA. However, the underlying molecular mechanisms of how these phos-
phorylation events switch HDM2 and HDMX from negative to positive regulators of p53 is not known. Our results show that
these phosphorylation events reside within intrinsically disordered domains and change the conformation of the proteins. The
modifications promote the exposition of N-terminal interfaces that support the formation of a new HDMX-HDM2 heterodimer
independent of the C-terminal RING-RING interaction. The E3 ubiquitin ligase activity of this complex toward p53 is prevented
by the p53 mRNA ligand but, interestingly, does not affect the capacity to ubiquitinate HDMX and HDM2. These results show
how ATM-mediated modifications of HDMX and HDM2 switch HDM2 E3 ubiquitin ligase activity away from p53 but toward
HDMX and itself and illustrate how the substrate specificity of HDM2 E3 ligase activity is regulated.

The activity of the RING-E3 ubiquitin ligase HDM2 is tightly
regulated by posttranslational modifications and protein-pro-

tein interactions that control its subcellular localization and inter-
acting partners (1, 2). The best-characterized activity of HMD2 is
the N-terminal interaction between its hydrophobic pocket and
the conserved BOX-I domain of p53, which under normal cellular
conditions promotes p53 polyubiquitination. The nonredundant
HDM2 paralogue HDMX (also called HDM4) is, like HDM2, up-
regulated in human cancers (3–5). Despite the similarity with the
C-terminal RING domain of HDM2 (approximately 75%),
HDMX does not harbor E3 ubiquitin ligase activity toward p53,
and its negative activity is instead linked to suppression of p53
trans activity. Mice lacking either mdm2 (the hdm2 mouse or-
thologous) or mdmx (the hdmx mouse orthologous) die early dur-
ing development in a p53-dependent manner (6–8). It has been
shown more recently that HDMX assists HDM2-mediated degra-
dation of p53 by stabilizing HDM2 via a C-terminal RING-RING
interaction and also by promoting HMD2-mediated polyubiq-
uitination of p53 in the cytoplasm (9, 10).

The ataxia telangiectasia mutated (ATM) kinase is a key regu-
lator of p53 activity during the double-stranded DNA damage
response that helps to induce p53 expression and activity. The
direct and indirect phosphorylation of residues within the p53
BOX-I domain of p53 prevents the interaction with HDM2 and is
linked to an increase in p53 activity (11–13). The phosphorylation
on HDM2 at serine 395 (394 in mouse MDM2) is crucial for p53
stabilization, and animals carrying the S394A mutation have an
impaired response to irradiation (14). The corresponding muta-
tion in the human protein prevents the RING domain of HMD2
from binding the p53 mRNA and avoids the capacity of HMD2 to
induce p53 synthesis following DNA damage (14). HMDX assists
HMD2-mediated degradation of p53 under normal conditions
and switches to support HMD2-mediated induction of p53 syn-
thesis during genotoxic stress (9, 15). This switch in activity is

ATM dependent via phosphorylation on serine 403, which allows
HMDX to bind the nascent p53 mRNA and form an RNA plat-
form to which HMD2 binds (16). Hence, HDM2 and HDMX are
functionally dependent on each other during both the downregu-
lation of p53 under normal conditions and the upregulation of
p53 following ATM activation (3–5, 9, 17, 18).

The phosphorylation events on HDM2(S395) and HDMX(S403)
fall in intrinsically disordered regions (IDR) that serve as regula-
tory links between the acidic and the RING domains. Multido-
main proteins often possess IDRs that connect folded domains
(19). It has recently been shown that more than 30% of eukaryotic
proteins possess predicted IDRs and that these are engaged in
molecular recognition and signaling and are involved in post-
translational modifications (20, 21). For example, phosphoryla-
tion sites share biochemical characteristics with IDRs such as
amino acid composition, sequence complexity, amino acid
charge, or hydrophobicity (22). Along these lines, IDRs have a
much higher frequency of known phosphorylation sites than or-
dered regions, suggesting a strong preference for locating phos-
phorylation sites in regions that are intrinsically disordered. Phos-
phorylation on IDRs can affect the global protein conformation
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by modulating the disposition of the folded domains, thereby reg-
ulating the function of the protein.

Here, we investigated how allosteric interactions control the
ability of HDM2 and HDMX to switch between positive and neg-
ative regulation of p53 depending on cellular conditions. We show
how ATM-mediated phosphorylation events on HDM2 and
HDMX create new interfaces between the two proteins and how
the interaction with the p53 mRNA switches HDM2’s E3 ubiqui-
tin ligase activity away from p53 and toward HDM2/HDMX.
These data not only help to identify novel drug targets to control
HDM2 activity toward p53 but also illustrate the molecular mech-
anisms of the substrate specificity of E3 ubiquitin ligases under
different cellular conditions.

MATERIALS AND METHODS
Plasmids and antibodies. Point mutations of HDMX and HDM2 were
generated by site-directed mutagenesis. The cDNA for HDM2(1-432),
HDM2(1-354), HDM2(1-301), HDMX(1-255), HDMX-N-terminal,
HDM2-N-terminal, HDMX-C-terminal, HDM2-C-terminal, HDMX-Ac
domain, and HDM2-Ac domain were PCR amplified and cloned in
pET28a, pET41, pDUET, and/or pCDNA. Proteins were detected with
4B2, CM1, 5.1-HDMX, and 2A10. YB25-anti-HDM2 is an in-house rab-
bit anti-C-terminal region of HDM2, and chicken-HDMX is an in-house
chicken anti-HDMX; mouse anti-His (Invitrogen) also was used. Immu-
noprecipitations (IPs) were performed using protein G-Sepharose beads
(Sigma) and developed with ECL mix (GE Healthcare).

Purification of recombinant protein. Histidine-tagged recombinant
proteins HDM2, HDMX, HDM2(1-432), HDM2(1-354), HDM2(1-301),
HDMX(1-255), HDMX-N-terminal, HDM2-N-terminal, HDMX-C-ter-
minal, and HDM2-C-terminal were produced in Escherichia coli
BL21(DE3) cells cultured at 37°C and purified using HiTrap nickel col-
umns (GE Healthcare). Lysates in buffer A (50 mM Tris, 200 mM NaCl, 40
mM imidazole, 10 �M ZnSO4, 10% glycerol) were complemented with 10
mg of phenylmethanesulfonyl fluoride (PMSF) (Sigma). The pellet was
resuspended in 10 ml of urea buffer (8 M urea, 50 mM Tris, pH 8.5, 150
mM NaCl, 10 mM imidazole) and incubated for 2 h at room temperature
(RT). After centrifugation, the supernatant was loaded into the nickel
column and washed with the following buffers: 25 ml of urea buffer, 25 ml
of urea buffer plus 0.2% Triton X-100, and 25 ml of buffer A plus 10 mM
�-mercaptoethanol. Recombinant proteins were eluted from nickel col-
umns with buffer B (50 mM Tris, pH 8.5, 200 mM NaCl, 10 �M ZnSO4,
300 mM imidazole). Proteins were dialyzed against phosphate buffer with
10 �M ZnSO and concentrated in Amicon centrifugal filter units (Merck
Millipore). p53 was induced at 15°C overnight and purified on a HiTrap
nickel column from the soluble fraction. Proteins were quantified and
analyzed by SDS-PAGE. For spectroscopy experiments, HDM2 and
HDM2(S395D) were additionally purified by size-exclusion chromatog-
raphy (Superdex 75).

CD spectroscopy. The circular dichroism (CD) spectra of HDM2 and
HDM2(S395D) were recorded using a Jasco J-810 spectropolarimeter in a
wavelength range of 200 to 280 nm for far-UV CD and 250 to 310 nm for
near-UV CD. The protein concentration was 0.5 mg/ml in phosphate
buffer, pH 8, and quartz cuvettes of 0.1-cm path length were used.

Intrinsic fluorescence. The emission fluorescence spectra of the pro-
teins at 0.5 mg/ml in phosphate buffer, pH 8, were recorded in a Perkin-
Elmer LS-55 spectrofluorometer in quartz cuvettes of 1-cm path length at
room temperature. The excitation wavelengths were 280 and 295 nm.
Blanks without protein were recorded and subtracted from the experi-
mental spectra.

Limited proteolysis. Thirty micrograms of HDM2 and HDM2(S395D)
was incubated with 0 to 1,000 ng of proteinase K (Life Technologies) at
30°C for 5 min. The reaction was arrested by the addition of PMSF (3 mM
final concentration). Samples were analyzed by SDS-PAGE.

Enzyme-linked immunosorbent assay (ELISA). Ninety-six-well
plates (Thermo Scientific) were coated with 10 ng/�l of protein in 0.1 M
NaHCO3 (200 �l/well) overnight at 4°C. After incubation, plates were
washed 6 times with 200 �l 0.1% PBS-Tween 20, blocked for 1 h at RT
with 0.1% PBS-Tween 20 containing 3% bovine serum albumin (BSA),
and then washed 6 times with 200 �l 0.1% PBS-Tween 20. The second
bound protein was diluted (from 0 to 10 or 20 �g/�l) and added to the
plate. For ternary complexes, p53 protein (10 ng/�l) or p53 mRNA (10
ng/�l) were mixed with the second bound protein and incubated for 2 h at
4°C prior to loading in the plates (RNaseOUT was added if p53 mRNA was
present). Plates were washed 6 times with 200 �l 0.1% PBS-Tween 20 and
incubated with the primary specific antibody (1:1,000) for 1 h at RT. After
the plates were washed 6 times with 200 �l 0.1% PBS-Tween 20, secondary
antibody was incubated for 1 h at RT. Plates were washed and incubated
with 100 �l/well of ECL mix (GE Healthcare), and luminescence was
measured in a Cary eclipse fluorescence spectrophotometer.

In vitro ubiquitination assays. Ubiquitination reaction mixtures
contained the following: 25 mM HEPES (pH 8.0); 10 mM MgCl2; 4 mM
ATP; 0.5 mM dithiothreitol (DTT); 0.05% (vol/vol) Triton X-100; 0.25
mM benzamidine; 10 mM creatine phosphate; 3.5 U/ml creatine kinase,
ubiquitin, or His-tagged ubiquitin (2 �g); E1 (100 nM), E2 (1 �M), and
the proteins of interest; and p53 at 5 �g, HDMX/S403D at 10 �g, and p53
mRNA at 100 ng when applied. Reactions were started with the addition
of HDM2 or S395D, reaction mixtures were incubated for 15 min at 30°C,
and products were analyzed with 4% to 12% SDS-PAGE followed by
immunoblotting.

In vitro transcription. To produce RNA transcripts, the plasmid DNA
was linearized by restriction digestion downstream of the insert, followed
by gel purification using a DNA gel extraction kit prior to transcription
reactions. One microgram of linearized template DNA was used in the
reaction mixture containing 5� transcription buffer, nucleoside triphos-
phate mix (10 mM each), 50 U RiboLock, and 30 U of T7 RNA polymerase
in diethyl pyrocarbonate-treated water for a final volume of 50 �l. The
reaction mixture was incubated for 2 h at 37°C. Two microliters of DNase
1 was added and incubated for 15 min more to remove the template. RNA
transcripts were purified by standard phenol-chloroform extraction and
ethanol precipitation.

PLA. The proximal ligation assay (PLA) method was performed ac-
cording to the manufacturer’s instructions. Briefly, H1299 cells were
grown on coverslips and transfected with the indicated constructs, fixed in
4% paraformaldehyde for 10 min before permeabilization, and blocked in
1� PBS containing 0.1% saponin and 3% BSA for 30 min. Primary (anti-
HDM2 and anti-HDMX) and secondary (mouse and rabbit) antibodies
were incubated for 1 h each at 37°C. After the cells were washed, PLA
probes were added, followed by hybridization, ligation for 30 min at 37°C,
and amplification for 100 min at 37°C. DNA (blue) and HDMX-HDM2
(red) were visualized after incubation with the detection solution. Slides
were analyzed by fluorescence microscopy.

Far Western analysis. E. coli total cell lysate expressing HDMX was
lysed in buffer A, and 40 �l from the total fraction was loaded into SDS-
PAGE and transferred to a nitrocellulose membrane. The membrane was
washed with 1� PBS– 0.1% Tween 20 for 7 days at 4°C in order to rena-
ture the protein. After blocking with 1� PBS–3% milk, the membrane
was incubated with different constructs [HDM2, HDM2(1-432),
HDM2(1-354), and HDM2(1-301)] at a concentration of 20 mg/ml in 1�
PBS–3% milk overnight at 4°C. The membrane was washed with 1� 0.1%
PBS–3� Tween 20 for 15 min, incubated with 2A10 anti-HDM2 anti-
body, and developed using a standard Western blotting (WB) technique.

RESULTS
Phosphorylation of HDM2 on serine 395 induces conforma-
tional changes in HDM2. Phosphorylation of HDM2(S395) takes
place in a predicted disordered region in the C terminus of HDM2
that connects the Zn finger with the RING domain (23) (Fig. 1a).
This phosphorylation event is mediated by the ATM kinase and
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FIG 1 HDM2 conformational rearrangement promoted by phosphomimetic mutant HDM2(S395D). (a) Cartoon illustrating major domains of HDM2. p53
BD, the p53 binding domain; NLS, nuclear localization signal; NES, nuclear export signal; Ac, acidic domain; Zn, zinc finger; RING, really interesting new gene
domain. The predicted intrinsically disordered regions of HDM2 are shown in the lower panel. Serine 395 is indicated in red and is located at the end of a
disordered region. (b) Recombinant purified HDM2 and HDM2(S395D). MW, molecular weights in thousands. (c) Far-UV CD spectra of the HDM2 and
phosphomimetic mutant HDM2(S395D). (d) Near-UV CD spectra of the HDM2 and phosphomimetic mutant HDM2(S395D). (e) The intrinsic fluorescence
emission spectra of HDM2 and phosphomimetic mutant HDM2(S395D). The spectral center of mass (SCM) at excitation (Ex) wavelengths of 280 and 295 nm
were calculated. All spectra shown were obtained after subtracting the blank (no enzyme) from the experimental values. (f) Limited proteolysis of HDM2 and the
phosphomimetic mutant S395D by proteinase K. Asterisks represent the main differences between the wild type and the mutant, showing that HDM2(S395D)
is less susceptible to proteinase K. One representative experiment of 3 is shown.
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switches HDM2 from a negative to a positive regulator of p53,
which is required for activation of p53 following DNA damage
(14, 15, 24). Previous work has shown that the binding of the
full-length HDM2 to the p53 mRNA requires residue 395 phos-
phorylation, while the RING domain (positions 396 to 491) alone
binds to HDM2 (15). Hence, p53 mRNA binding is likely the
result of a conformational change in HDM2. We set out to inves-
tigate the underlying allosteric changes in HDM2 that allow it to
bind the p53 mRNA and switch its activity toward p53. The phos-
phomimetic mutant HDM2(S395D) has been shown to mimic the
effect of ATM-mediated phosphorylation of HDM2 both in vitro
and in animal models (14). We structurally characterized wild-
type (WT) HDM2 and HDM2(S395D) using in vitro-purified re-
combinant proteins (Fig. 1b). The far-UV circular dichroism
spectra of the two proteins are slightly different, indicating that
phosphorylation induces structural modifications that are re-
flected in the secondary structure of the protein (Fig. 1c). In ad-
dition, the near-UV circular dichroism analysis shows stronger
differences, suggesting substantial changes in the ternary structure
(Fig. 1d). In concordance with this, the intrinsic fluorescence
spectra of HDM2 and HDM2(S395D) show a significant quench-
ing in the fluorescence intensity with a discrete difference of 1 nm
in the spectral center of mass (Fig. 1e). The conformational
change in the structure of HDM2(S395D) was also observed using
limited proteolysis by proteinase K (25, 26). The wild type and
HDM2(S395D) mutant were treated with proteinase K concen-
trations ranging from 1 to 1,000 ng at 30°C for 5 min (Fig. 1f).
HDM2 protein demonstrated a higher susceptibility to proteolysis
than HDM2(S395D), indicating global conformational changes
that expose cleavage sites differentially. Taken together, these data
suggest that the serine 395 phosphorylation event in the IDR near
the RING domain alters the global conformation of the protein.

p53 mRNA-HDM2(S395D) interaction induced after phos-
phorylation inhibits p53 ubiquitination. ATM-dependent phos-
phorylation of HDM2 at serine 395 and the consequent binding to
the p53 mRNA not only promotes p53 synthesis but also prevents
its degradation (15, 24, 27, 28). To test how this event prevents
HDM2-mediated ubiquitination of p53, we performed pro-
tein-protein interaction pulldown assays in which the superna-
tant of transformed E. coli expressing recombinant HDM2 or
HDM2(S395D) was mixed with the supernatant of recombi-
nant p53 and incubated with antibodies against either p53
(CM-1) or HMD2 (YB25). The result shows that both HDM2
and HDM2(S395D) interact equally with p53 (Fig. 2a). This was
further confirmed using ELISA in which plates were coated with
10 ng/�l recombinant p53 and increasing concentrations of
HDM2 or HDM2(S395D) were added. Both proteins were shown
to bind with similar high affinities to p53, with Kd (dissociation
constant) values of 4.1 and 4.8 nM, respectively (Fig. 2b). Hence,
the effect of serine 395 phosphorylation in preventing p53 ubiq-
uitination cannot be explained by a loss of affinity to p53.

On a molecular level, the interaction of HDM2 with p53
mRNA takes place in the C-terminal RING of HDM2, whereas the
HDM2-p53 protein interaction takes place in the N terminus of
HDM2 (29–31). When we tested whether HDM2(S395D) is able
to bind p53 mRNA and protein simultaneously using ELISA with
plates coated with 10 ng/�l p53 protein, we observed that the
presence of 10 ng of in vitro-synthesized p53 mRNA indeed blocks
the interaction between p53 and HDM2(S395D) (Fig. 2c). As the
wild-type HDM2 protein does not bind the p53 mRNA, its inter-

action with p53 was not affected by the presence of the p53 mRNA.
In Fig. 2d we show that the HDM2(S395D) p53 interaction is not
affected by the presence of a control mRNA (Fig. 2d).

To further investigate the role of HDM2(S395D) phosphory-
lation in the stabilization of p53 after DNA damage, we per-
formed an in vitro p53 ubiquitination assay using HDM2 and
HDM2(S395D). Both proteins were able to ubiquitinate p53
in vitro (Fig. 2e). However, when we added 100 ng of p53 mRNA to
the reaction mixture, the p53 ubiquitination by HDM2(S395D),
but not that by wild-type HDM2, was completely blocked (Fig. 2e,
third lanes of both images), confirming that the binding of
HDM2(S395D) with the p53 mRNA but not with a control mRNA
is responsible for inhibiting the interaction and preventing p53
ubiquitination (Fig. 2e, right, fourth lane). Hence, in addition to
the phosphorylation of p53 N-terminal residues, these results of-
fer an additional mechanism to help explain why HDM2, follow-
ing phosphorylation by ATM, does not target p53 for degradation.

p53 mRNA-HDM2(S395D) interaction switches HMD2 E3
ligase substrate specificity from p53 toward HDMX and itself.
HDMX is a paralogous protein of HDM2 that shares the same
structured domains with HDM2 and has high sequence similarity
(Fig. 3a). Despite having a RING domain with 75% similarity to
HDM2, HDMX exhibits no E3 ubiquitin ligase activity. It is, how-
ever, able to bind the p53 protein, block its transactivation activ-
ity, and work in collaboration with HDM2 to degrade p53 by
forming a heterodimer through their RING domains to down-
regulate p53 (10, 32). Additionally, HDMX is a substrate of
HDM2 E3 ligase activity (33, 34). The HDMX(S403D) mutant
has, like HDM2, been shown to act as an ATM phosphomi-
metic (16). First, we tested if the HDMX-HDM2 interaction
changes after ATM-mediated phosphorylation on HMD2 and
HDMX. ELISA of the HDM2-HDMX interaction showed that
HDM2(S395D) and HDMX(S403D) had 3-fold higher affinity
than wild-type proteins (Kd of 49 nM) (Fig. 3b and c). We next
tested if the presence of p53 mRNA also inhibits HDM2 E3 ligase
activity toward HDMX by performing an in vitro ubiquitination
assay using the HDM2(S395D) and HDMX(S403D) mutants in
the presence of p53 protein and in vitro-synthesized p53 mRNA. It
might have been expected that the binding of the p53 mRNA to the
RING domain of HDM2 would block its E3 ligase activity, but to
our surprise, HDMX was still ubiquitinated by HDM2 (Fig. 3d).
Furthermore, we also found that HDM2(S395D) is autoubiquiti-
nated in the presence of p53 mRNA (Fig. 3e). These results sup-
port a model whereby HDM2(S395D) binds to and ubiquitinates
p53, but once the p53 mRNA is present, HDM2(S395D) no longer
binds p53 and the E3 ligase activity instead shifts toward itself and
HDMX. We used the phosphomimetic HDM2 and HDMX mu-
tants and p53 protein with increasing amounts of p53 mRNA in
order to see the effect of the mRNA on the substrate specificity of
HDM2 E3 ubiquitin ligase activity. Figure 3f shows that even with
1 ng of p53 mRNA there is an effect on p53 ubiquitination,
whereas even with 100 ng of p53 mRNA HDMX is still ubiquiti-
nated.

Using the proximity ligase assay (PLA), which gives a specific
signal if two different antibody epitopes are localized within 40 nm
of each other, we tested the interaction between HDMX and
HDM2 in the presence of the p53 mRNA in H1299 cells. Cells were
transfected with HDM2(S395D) and HDMX(S403D) together
with a silent p53 construct (p53sil) that lacks the initiation AUG
codons at positions �1 and �120 and is not able to produce the
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p53 protein. This showed that the p53 mRNA is not able to block
the HDM2(S395D)-HDMX(S403D) interaction in cellulo (Fig.
3g). These findings support the in vitro data and suggest that the
p53 mRNA does not inhibit the E3 ubiquitin ligase activity of
HDM2 but instead controls its substrate specificity.

The HDMX-HDM2 interaction is independent of RING
domains after DNA damage. These data indicate that ATM-
mediated phosphorylation of HDMX and HDM2 increases
their affinity for each other and exposes their respective RNA
binding pockets that together change the substrate specificity
of the HDM2 E3 ubiquitin ligase activity. Based on these re-
sults, we wanted to know if the heterodimer interphase formed

after the ATM-dependent phosphorylation between HDMX
and HDM2 could be different from the RING-RING interaction
previously described. We carried out a deletion series of the
HDM2 C-terminal domain to pinpoint the region of interaction.
The first construct, named HDM2(1-432) (amino acids 1 to 432),
lacks the RING C-terminal domain; the second construct,
HDM2(1-354) (amino acids 1 to 354), lacks the RING domain
plus the IDR where S395 phosphorylation takes place. Finally, the
smallest construct additionally lacked the Zn finger domain:
HDM2(1-301) (amino acids 1 to 301). The three constructs were
well expressed and purified (Fig. 4a).

We first tested the affinity of HDMX to increasing concentra-

FIG 2 p53 mRNA-HDM2 interaction is required to inhibit p53-HDM2 interaction and p53 ubiquitination. (a) Coimmunoprecipitation of HDM2 (upper) or
p53 (lower). Total lysate from E. coli transformed with p53 was mixed with the total lysates from E. coli transformed with HDM2 or HDM2(S395D). (b) ELISA
using a fixed amount of recombinant purified p53 (10 ng/�l) and increasing amounts of HDM2 or HDM2(S395D) (0 to 20 ng/�l). HDM2 and HDM2(S395D)
show similar affinity toward p53, with Kd values of 4.1 and 4.8, respectively. The data shown represent the averages and standard deviations (SD) from five
independent experiments. Purified p53 is shown. (c) Same as panel b but in the presence or absence of 10 ng p53 mRNA. In the presence of p53 mRNA,
HDM2(S395D) lost the interaction with the p53 protein. The data represent the averages and SD from five independent experiments. In the lower panel the
interaction with an mRNA control is shown. (d) p53 and HDM2(S395D) interaction in the presence or absence of the mRNA control. The integrity of the mRNAs
used is also shown. (e) In vitro ubiquitination of recombinant p53 with HDM2 or HDM2(S395D) in the presence or absence of in vitro-synthesized 100 ng p53
mRNA or 100 ng of mRNA control. The left panel shows the wild-type HDM2 reactions, while the right panel shows HDM2(S395D). The presence of the p53
mRNA completely prevents the ubiquitination of p53.
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tions of the full-length HDM2 or the HDM2(1-432), HDM2(1-
354), or HDM2(1-301) construct (Fig. 4b). We observed that de-
letion of the RING domain HDM2(1-432) (amino acids 1 to 432)
abolished the interaction with HDMX. Similarly, a further dele-
tion of HDM2(1-354), which includes the phosphorylation site
for ATM (residue 395), showed a similar profile, in line with di-

verse studies that demonstrate that the lack of the HDM2 RING
domain results in an inhibition of the interaction with HDMX (9,
32, 35–39). Surprisingly, a further deletion including the Zn do-
main [HDM2(1-301)] showed strong affinity to HDMX. Using far
Western blotting we also observed that HDM2 and HDM2(1-301)
proteins, but not HDM2(1-432) and HDM2(1-354) proteins,

FIG 3 HDM2(S395D)-p53 mRNA interaction does not inhibit ubiquitination of HDMX(S403D) and HDM2(S395D). (a) Cartoon illustrating major domains
of HDMX. p53 BD, the p53 binding domain; Ac, acidic domain; Zn, zinc finger; RING, really interesting new gene domain. Serine 403 is indicated in red. (b)
Recombinant purified HDMX and HDMX(S403D). (c) ELISA using a fixed amount of recombinant purified HDMX or phosphomimetic mutant
HDMX(S403D) (10 ng/�l) and increasing amounts of HDM2 or HDM2(S395D) (0 to 20 ng/�l), respectively. The WT HDM2-HDMX proteins show very low
affinity compared to that of the two proteins that mimic ATM-dependent phosphorylation. The figure represents averages and SD from five independent
experiments. (d) In vitro HDM2(S395D) ubiquitination of recombinant HDMX(S403D) in the presence of p53 protein and with or without 100 ng p53 mRNA.
The ubiquitination of HDMX(S403D) is not inhibited by the presence of p53 mRNA. (e) In vitro HDM2(S395D) autoubiquitination assay in the presence of p53
protein and HDMX(S403D) with or without p53 mRNA. In the presence of p53 mRNA, polyubiquitination increases, probably due to the inhibition of the
interaction with p53 protein, which in the absence of mRNA is still able to interact with HDM2(S395D) and become ubiquitinated. (f) p53 mRNA dose-
dependent in vitro ubiquitination of p53 and HDMX(S403D). (g) PLA using anti-HDMX and anti-HDM2. H1299 cells were transfected with the indicated
constructs. Cell nuclei were visualized with 4=,6-diamidino-2-phenylindole (DAPI) (blue).
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FIG 4 HDMX-HDM2 interaction is independent of RING domains after DNA damage. (a) Diagrams of HDM2 stop constructs in the C terminus. Construct
HDM2(1-432) (amino acids 1 to 432) lacks the RING C-terminal domain; construct HDM2(1-354) (amino acids 1 to 354) lacks the RING domain plus the IDR
where S395 phosphorylation takes place. Construct HDM2(1-301) also is lacking the Zn finger domain (amino acids 1 to 301). Recombinant purified proteins
are also shown. (b) ELISA using HDMX (10 ng/�l) and increasing amounts of HDM2, HDM2(1-432), HDM2(1-354), and HDM2(1-301) (from 0 to 10 ng/�l).
Neither HDM2(1-432) nor HDM2(1-354) binds to HDMX. However, the smallest one, HDM2(1-301), binds even more strongly than full-length HDM2. (c) Far
Western analysis of the interaction using the three constructs and full-length HDMX. NS, nonspecific. (d) Same as panel b but using HDMX(S403D),
HDM2(S395D), and HDM2(S395D)(1-432) instead of the wild-type version of each protein. In this case, all of the constructs bind to HDMX(S403D) with affinity
similar to that of the full-length HDM2(S395D), and HDM2(1-301) binds more strongly. (e) PLA using anti-HDMX and anti-HDM2. H1299 cells were transfected with
the indicated constructs. Cell nuclei were visualized with 4=,6-diamidino-2-phenylindole (DAPI) (blue). (f) ELISA using HDMX or HDMX(S403D) (10 ng/�l) and
increasing concentrations of the C-terminal HDM2 or HDM2(S395D) (amino acids 322 to 491), respectively. The C terminus in the wild-type version binds the
full-length HDMX more strongly than the phosphomimetic versions. The recombinant purified C-terminal domains are shown. (g) Alignment of the HDMX(432-491)
and HDM2(431-490) RING domains shows more than 75% similitude and more than 45% identity (ESPript; http://espript.ibcp.fr). (h) Coimmunoprecipitation of
C-terminal (C-ter) domain of HDMX(322-490) and Ac domain(241-335). The positive control is the Ac domain of HDM2 with the C terminus of HDM2(322-491).
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bind the full-length HDMX (Fig. 4c). We then tested the affinity of
the phosphomimetic mutant HDMX(S403D) to HDM2(S395D)
and HDM2(S395D)(1-432). Under these conditions, all HDM2
constructs interacted with HDMX(S403D), but again HDM2(1-
301) showed the highest affinity (Fig. 4d).

Using the PLA and H1299 cells, we observed that these differ-
ent interactions take place mainly in the cytoplasm (Fig. 4e). Ad-
ditionally, we tested the interaction between the HDMX(322-490)
C-terminal domain (amino acids 322 to 490) and the full-length
HDM2 and the phosphomimetic mutant S403D(322-490) C-ter-
minal domain with the S395D full-length protein. Surprisingly,
the interaction between the phosphomimetic mutants was weak
compared with that of the two wild-type proteins (Fig. 4f). As
shown in Fig. 3c, where the full-length versions of the proteins
were used, the interaction between the phosphomimetic proteins
was three times higher than that of the wild-type versions of the
proteins, supporting the hypothesis that the RING domain of
HDMX is not involved in the new architecture of the heterodimer
after ATM phosphorylation.

Recently, Cheng et al. shown that the HDM2 RING domain is
activated by intramolecular interaction with its acidic domain
(40); thus, we hypothesized that the acidic domain in the con-
struct HDM2(1-301) is able to recognize the RING domain of
HDMX, since both RING domains have sequences with greater
than 75% similarity (41) (Fig. 4g). However, coimmunoprecipi-
tation using the acidic domain of HDM2(241-335) (amino acids
241 to 335) and the C-terminal domain of HDMX(322-490)
(amino acid 322 to 490) showed no interaction (Fig. 4h).

The results show that HDM2 and HDMX interact via a novel
N-terminal interface controlled by the Zn domain, and deletion of
the C terminus down to residue 301 [HDM2(1-301)] results in a
protein with strong affinity for HDMX. The results also suggest that
the new interface is formed after DNA damage because of its depen-
dence on the level of phosphorylation of HDM2 and HDMX.

HDM2(S395D) and HDMXS(403D) interact through the p53
binding domain in the N termini of both proteins. To study if the
RING domain of HDMX is implicated or not in the N-terminal
interaction site and to further determine the location of the N-ter-
minal HDM2-HDMX interface, we generated an HDMX con-
struct lacking the RING domain, IRD, and Zn finger domain
named HDMX(1-255) (amino acids 1 to 255) (Fig. 5a). When
transfected in H1299 cells together with the different HDM2
constructs, we observed that HDMX(1-255) interacts with all
of the HDM2 constructs tested using the PLA. However, the
HDM2(1-301)–HMDX(1-255) interaction appears to be stronger,
with more PLA interactions (Fig. 5b). Using the recombinant
HDMX(1-255) and HDM2(1-301) proteins, we performed an
ELISA to estimate the Kd of this interaction at 46.9 nM (Fig. 5c),
which is nearly the same as that observed for the two full-length phos-
phomimetic mutants shown in Fig. 3c (Kd of 49 nM). This suggests
that under ATM phosphorylation conditions, the heterodimer is
formed in a RING-RING-independent interaction fashion.

Finally, we wanted to find the domains involved in the new
heterodimer. We used an N-terminal HDMX domain [HDMX(1-
110)] carrying a glutathione S-transferase (GST) tag to see if we
could pull down the interacting domain of HDM2. Figure 5d
shows that the HDMX N-terminal domain is able to interact with
the N-terminal domain of HDM2 [HDM2(1-100)] but not with
the HDM2 acidic domain HDM2(243-335) (Fig. 5d). Taken to-
gether, these results suggest that ATM phosphorylation in the IDR

of HDM2 or HDMX opens up an N-terminal interacting site that
allows the formation of a second HDMX-HDM2 heterodimer.

Overall, our results demonstrate the ability of HDMX and
HDM2 to form heterodimers with different architectures to gain
versatility of functions in response to changing cellular condi-
tions.

DISCUSSION

HDM2 is considered a hub protein due to its capacity to interact
with a large number of different partners, of which p53 is the most
well described. As a negative regulator, HDM2 can inhibit p53 via
protein-protein interaction, repressing the transcriptional activity
of p53, the same mechanism used by HDMX, or through its E3
ubiquitin ligase activity and p53 polyubiquitination. Despite not
having its own E3 ligase activity, HDMX assists HMD2-mediated
ubiquitination of p53 and can suppress p53 trans activity (10).
One of the mechanisms by which HDM2-mediated suppression
of p53 is prevented following DNA damage involves ATM-medi-
ated phosphorylation of p53 on serine 15, releasing it from the
HDM2 interaction (11–13). An additional mechanism to ensure
optimal levels of p53 protein after genotoxic stress is also mediated
by ATM and relates to phosphorylation of HDM2 at S395 and
HDMX at S403 and not only stimulates p53 synthesis but also
prevents its degradation (15, 16). Under the same conditions,
HDMX is rapidly degraded by HDM2 (33, 34). The results pre-
sented here might help to explain these different observations and
further support the notion that heterodimerization between
HDM2 and HDMX under normal and genotoxic conditions is
important to control HDM2’s E3 ubiquitin ligase activity. Under
normal conditions the heterodimer is formed through the RING
domains of both proteins. Following DNA damage, phosphoryla-
tion events on HMD2 serine 395 and HMDX serine 403 instead
results in a new interface that, together with the binding of the p53
mRNA, prevents the interaction with the p53 protein and instead
turns HMD2 E3 ligase activity toward HMDX and itself (Fig. 6).

The results presented support a model in which after DNA
damage, the phosphorylation event by ATM at serine 395, located
in the IDR of HDM2 between the Zn and the RING domains,
induces a conformational change that exposes a p53 mRNA inter-
acting interface. This in turn induces a second allosteric modification
which promote an HDM2(N-terminal)-HDMX(N-terminal) inter-
action that controls HDM2 E3 ligase substrate specificity.

It will be interesting to determine if the E2 ubiquitin-conjugat-
ing enzyme recruited by the two heterodimers is different and
specific to polyubiquitination of p53 or if it is able to target HDMX
and HDM2 for proteasomal degradation. There are at least 38
different E2 genes in humans (42, 43), and it is well known that a
single E2 protein can interact with several different E3s. It is also
possible that one E3 could interact with diverse E2 proteins (44),
providing more versatility to the system of protein degradation.
The E2-E3 pair could play a role in substrate specificity under
different cellular conditions. Another question that arises from
this work is the role of intramolecular interactions that has re-
cently been described for HDMX (45, 46) and for HDM2 (40).
These intramolecular interactions could add another level of reg-
ulation to the way the domains are exposed to the solvent to allow
highly accurate control of the interactome of HDM2.

Altogether, the data in this work suggest that the architec-
ture of the heterodimer formed by HDMX and HDM2 differs
under normal or genotoxic stress conditions. This rearrange-
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ment involves different interacting domains resulting in differ-
ent specificities. The plasticity of these multidomain proteins
facilitates interaction with many different partners in order to
perform multiple functions but also enables different intramo-
lecular interactions among the interacting proteins, providing

an additional level of regulation. In this context, posttransla-
tional modifications will define some of these interactions, re-
ducing the natural flexibility of the protein and regulating the
formation of multimeric complexes to give the appropriate
cellular response depending on environmental conditions.

FIG 5 HDM2(S395D) and HDMXS(403D) interact through the N-terminal domain of both proteins. (a) Cartoon illustrating the constructs HDM2(1-301) and
HDMX(1-255). Recombinant purified HDMX(1-255) is shown. (b) PLA using anti-HDMX and anti-HDM2. H1299 cells were transfected with the indicated
constructs. Cell nuclei were visualized with 4=,6-diamidino-2-phenylindole (DAPI) (blue). *, P � 0.05; **, P � 0.01; ***, P � 0.001. (c) Constructs of HDMX and
HMD2 lacking the Zn finger and the RING domain were tested by ELISA. The Kd (46.9 nM) of the interaction is similar to the one calculated for the interaction
between the phosphomimetic mutants. (d) The N-terminal HDMX domain was tested for its ability to recognize different HDM2 domains. In a pDUET plasmid
we cloned the N terminus of HDM2(1-100) with a His tag and the acidic domain of HDM2(241-335) without any tag. The total lysate of pDUET construct was
pulled down with GST-HDMX(1-110) to observe if the N terminus of HDMX interacts with one of the two domains of HDM2 cloned in pDUET. The membrane
was probed with anti-HDM2 4B2 (epitope 29-50), showing the N terminus of HDM2, and anti-His, showing both N-termini, because GST-HDMX(1-110) also
has a His tag, and 2A10 (epitope 255-262), which did not react because the acidic domain of HDM2 does not interact with GST-HDMX(1-110).
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